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The Eurotherm seminar 103 "Nanoscale and Microscale Heat Transfer IV" is a follow-up of
Eurotherm seminars 57, 75 and 91 « Nanoscale and Microscale Heat Transfer » held in Poitiers,
Reims and Poitiers (France) in 1998, 2003 and 2011. This seminar aims at presenting the state
of the art and the modern trends in nanoscale and microscale heat transfer. It focuses on heat
transfer at short length and time scales where the physical laws used in classical heat transfer
are not valid anymore. Thermal radiation at subwavelength scales or heat conduction driven by
the mesoscopic transport of electrons and phonons are the typical topics tackled by the seminar
as well as applications of these concepts to nano-objects.
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Tutorials’ program

Tuesday, October 14t, 2014
INSA de Lyon

Introductory sessions: concepts and state-of-the-art methods in nanoscale thermal radiation
and heat conduction, both from the theory and modeling, and experimental points of view.

RAD-1 Jean-Jacques GREFFET, Institut d'Optique, France

9h - 12h15

Coffee break:
10h30-11h

Nanoscale thermal radiation: theory and modelling

COND-1 Jennifer R. LUKES, University of Pennsylvania, USA

9h - 12h15

Coffee break:
10h30-11h

Nanoscale thermal conduction: theory and modelling

RAD- 2 Achim KITTEL, Universitdt Oldenburg, Germany

13h30 - 16h45

Coffee break:
15h-15h30

Nanoscale thermal radiation: experimental methods

COND- 2 Olivier BOURGEOIS, Institut Néel, France

13h30 - 16h45

Coffee break:
15h-15h30

Nanoscale thermal conduction: experimental methods

Vil
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Conference program

Wednesday, October 15t, 2014

Institut des Sciences Cognitives

Keynote lecture 1

David G. CAHILL, University of Illinois at Urbana-Champaign, USA

Chair: C. Sotomayor Torres

9h-9h40 D.G. CAHILL, G.T. Coupling of heat and spin currents at the
HOHENSEE and G.-M. CHOI | nanoscale in cuprates and metallic multilayers
Session 1 Atomic simulations

Chair: D. Lacroix

9h40-10h00

S. XIONG, Y.A. KOSEVICH, K.
SAAKILAHTI, Y. NI and
S.VOLZ

Low thermal conductivity design with Si twinning
superlattice nanowires

10h00-10h20

E. LAMPIN, P.L. PALLA,
P.-A. FRANCIOSO and F.
CLERI

Approach-to-equilibrium molecular dynamics:
thermal properties from temperature transient

10h20-10h40

M.B. ZANJAN], A.R.
DAVOYAN, AM.
MAHMOUD, N. ENGHETA
and J.R. LUKES

One-way phonon transport in modulated acoustic
waveguides

Session 2

Subwavelength radiation (1)

Chair: Y. Ezzahri

11h10-11h30

P. BEN-ABDALLAH, S.-A.
BIEHS, K. JOULAIN and
C. HENKEL

Superdiffusive heat transport in nanoparticle
networks

11h30-11h50

A. DIDARI and M.P.
MENGUC

Near-field thermal emission between corrugated
surfaces separated by nano-gaps

11h50-12h10

E. BLANDRE, P.-O.
CHAPUIS, M. FRANCOEUR
and R. VAILLON

Near-field thermal radiation absorbed by a flat
film in the vicinity of a semi-infinite emitter

12h10-12h30

D. COSTANTINI, G.
BRUCOLL H. BENISTY, F.
MARQUIER and J.-].
GREFFET

Thermal emission control with surface waves

Session 3

Experimental heat conduction (1)

Chair: S. Reparaz

14h00-14h20

M. MASSOUD, P.-0.
CHAPUIS, B. CANUT, P.
NEWBY, L.G. FRECHETTE
and J.-M. BLUET

Thermal conductivity of porous silicon irradiated
with swift heavy ions

14h20-14h40

N. ZEN, T.A. PUURTINEN,
T.J. ISOTALO, S.
CHAUDHURI and

Coherent control of thermal conduction in two-
dimensional phononic crystals
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I.J. MAASILTA

14h40-15h00
F. ROBILLARD, S.

V. LACATENA, M. HARAS, .-

MONFRAY, T. SKOTNICK]I,

Reduction of thermal conductivity in silicon thin
film membranes by phononic engineering

E. DUBOIS
15h00-15h20 | C.M. QUINTERO, O. Joule heated micro- and nanowires: A versatile
KRAIEVA, E.M. platform for high spatial and temporal resolution

HERNANDEZ, F.

G. MOLNAR and
C. BERGAUD

CARCENAC, D. LAGRANGE,

thermal investigations

Poster session 1

15h20-16h30

J. DREVILLON, E. NEFZAOU], Y.
EZZAHRI and K. JOULAIN

Radiative thermal rectification using superconducting
materials

T.T.T. NGHIEM, J. SAINT-MARTIN and
P. DOLLFUS

Analysis of thermal conductance of ballistic point
contacts using Boltzmann Transport Equation

S. GLUCHKQO, ]. ORDONEZ-MIRANDA,
L. TRANCHANT, Thomas ANTONI and
S.VOLZ

Focusing of surface phonon-polaritons along conical and
wedge polar structures

J- RANDRIANALISOA and N.
TRANNOY

Modeling of heat transfer through gas molecules
between a hot SThM probe and a cold sample surface

W.JABER, C. CHEVALIER and P.-O.
CHAPUIS

Thermal conductances across silicon sub-mean free
path sources measured with a four-probe electrical
setup

N. ZHONG, S.J. GARCIA and S. VAN
DER ZWAAG

Thermal conductivity restoration by disulfide-based
self-healing polymers

H.-C. ZHANG, Y. ZHAO, H.-P. TAN, Y. LI
and H.-Y. YU

Optimizing design of a thermal protection structure
with PCs meta-material considering micro-scale transfer
characteristics

A. ASSY, S. LEFEVRE, P.-0. CHAPUIS
and S. GOMES

Heat transfer through the water meniscus at the tip-
sample contact investigated with Scanning Thermal
Microscopy

G. KANE, N. VAST and J. SJAKSTE

Thermoelectric  coefficients:
equations and ab initio calculation

coupling  transport

M. AMARA and A. VOSSIER

Thermal and electrical behavior of photon enhanced
thermionic conversion

Y. LIU, D. TAINOFF, M. BOUKHAR], J.
RICHARD, A. BARSKI, P. BAYLE-
GUILLEMAUD, E. HADJI, A. ASSY, S.
GOMES and 0. BOURGEOIS

Thermal properties of a nanostructured Ge:Mn thin film
for thermoelectricity

C.D.S. BRITES, P.P. LIMA, N.J.O. SILVA,
A. MILAN, V.S. AMARAL, F. PALACIO
and L.D. CARLOS

Heat transfer studies Ln3+ based

nanothermometers

using

S. PARK

Xe-Arc Flash Lamp Crystallization of Amorphous Silicon
Thin-Film for Large-Scale Displays

A. BONTEMPI], L. THIERY,
D. TEYSSIEUX and P. VAIRAC

20/3w SThM: improvements and perspectives

A. SAC], J.-L. BATTAGLIA, A. KUSIAK,
R. FALLICA and M. LONGO

SThM measurement of thermal conductivity of a
nanowire Sb,Tes crystal along the c-axis
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Session 4 Numerical heat transfer

Chair: E. Lampin

16h50-17h10 | T. PUURTINEN and Calculation of ballistic and Casimir-limit phonon
I. MAASILTA thermal conduction in thin membranes

17h10-17h30 | S. MERABIA, J. LOMBARD, Interfacial heat transport in liquids and
T. BIBEN and A. ALKURDI nanobubble dynamics

17h30-17h50 | K. TERMENTZIDIS and Thermal conductivity of modulated nanowires
D. LACROIX

17h50-18h10 | ]J. AL-OTAIBIand A comparative study of the anharmonicity of the
G.P. SRIVASTAVA transverse optical phonons in lead chalcogenides

Xi
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Thursday, October 16t, 2014

Institut des Sciences Cognitives

Session 5

Constrictions and wires

Chair: S. Merabia

9h00-9h20 V.]JEAN, K. TERMENTZIDIS, | Phonon transport through constrictions in silicon
S. FUMERON and nanowires
D. LACROIX
9h20-9h40 X. ZIANNI Heat transfer in modulated nanowires with
variable thickness
9h40-10h00 | J. LARROQUE, J. SAINT- Phonon transport in silicon nanowires using a

MARTIN and P. DOLLFUS

full-band Monte Carlo approach

Poster session 2
10h20-11h30

T.STOLL, P. MAIOLI, A. CRUT,
N. DEL FATTI and F VALLEE

Time-resolved measurements and quantitative analysis of
the cooling dynamics of gold and gold-silica nanospheres
in liquid environment

T.T.T. NGHIEM and P.-O. CHAPUIS

Heat transfer through a triangular phononic crystal
column

G. OKYAY, Y. JOUMANI, C. BERTAIL
and F. ENGUEHARD

Morphologies and radiative properties of soot particles
issued from partial oxidation combustions

K. HORNE, M. CHIRTOC, N. HORNY,
T. ANTON], S. VOLZ and H. BAN

Thermal properties of chirped superlattice structures
through molecular dynamics and photothermal
radiometry

Y. EZZAHRI and K. JOULAIN

Vacuum phonon coupling through Casimir force between
two solid dielectric materials

G. DEGLIAME, N. TRANNOY, J-P. Submicrometric scale thermometry: coupling of a
JOUART, M. DIAF, T. DUVAUT and D. | thermal-resistive probe and a photoluminescent
CARON microcrystal

C. HE, M. DANIEL, M. GROSSMANN,
0. RISTOW, D. BRICK, M. SCHUBERT,
M. ALBRECHT and T. DEKORSY

Coherent acoustic phonons in thin films of CoSbs and
partially filled YbxCo4Sb1. skutterudites

E. NEFZAOUI & P.-0. CHAPUIS

A comparative study of different numerical approaches to
the Boltzmann Transport Equation for phonons

Abstracts of the "Work-In-Progress” poster session are not part of the proceedings. They are

provided separately.

Session 6 Surface modes

Chair: K. Joulain

11h30-11h50 | 0. LOZAN, M. PERRIN, B. Ultrafast plasmon heat transfer around
EA-KIM, ]J.-M. RAMPNOUX, subwavelength structures
S. DILHAIRE and
P. LALANNE

11h50-12h10 | S. LANG, M. TSCHIKIN, S-A. | Large penetration depth in  hyperbolic
BIEHS, P. BEN-ABDALLAH, | metamaterials
A. PETROV and M. EICH

Xi
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12h10-12h30

]. ORDONEZ-MIRANDA, L.
TRANCHANT, T. ANTONI
and S. VOLZ

Fresnel-like formulas for the reflection and
transmission of surface phonon-polaritons at a
dielectric interface

Session 7

Experimental heat conduction (2)

Chair: I. Maasilta

14h00-14h20

K. KLOPPSTECH, N. KONNE
and A. KITTEL

In-situ calibration of thermal sensors to measure
absolute heat fluxes at the nano-scale

14h20-14h40

J. BODZENTA, M. CHIRTOC
and J. JUSZCZYK

Quantitative thermal conductivity measurement
by scanning thermal microscopy  with
nanofabricated thermal probes - methodology
and modeling

14h40-15h00

]J. JARAMILLO-FERNANDE?Z,
W. KASSEM,

V. REMONDIERE,

U. SOUPREMANIEN,

E. OLLIER and S. VOLZ

Strain based thermal conductivity tuning on
nanoscale polycrystalline AIN thin-films

Session 8

Phonon simulations

Chair: K. Termentzidis

15h00-15h20

]J.-P. CROCOMBETTE

High temperature increase of the thermal
conductivity of zirconium carbide explained by
atomistic simulations

15h20-15h40

H. HAN, Y.A. KOSEVICH and
S.VOLZ

Phonon interference and thermal conductance
reduction in atomic-scale metamaterials

Keynote lecture 2

Shanhui FAN, Stanford University, USA

Chair: R. Vaillon

16h10-16h50

S. FAN, A. RAMAN, L. ZHU,
M. ANOMA and E.
REPHAELI

Nanophotonic control of thermal radiation:
maximal violation of detailed balance, and
experimental demonstration of daytime radiative
cooling

Session 9

Energy conversion

Chair: P. Ben Abdallah

16h50-17h10

G. BENENTI and G. CASATI

Increasing thermoelectric efficiency: dynamical
models unveil microscopic mechanisms

17h10-17h30

I. LATELLA, A. PEREZ-
MADRID, L.C. LAPAS and

Near-field thermodynamics and nanoscale energy
harvesting

J.M. RUBI
17h30-17h50 | R. COUDERC, M. LEMITI Detailed analysis of heat generation in silicon
and M. AMARA solar cells

17h50-18h10

M. SHIMIZU, A. KOHIYAMA,
F.IGUCHI and H. YUGAMI

Low concentration solar-thermophotovoltaic
system using high-temperature photonics

Xl
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Friday, October 17t, 2014

Institut des Sciences Cognitives

Session 10

Subwavelength radiation (2)

Chair: M. Rubi

9h00-9h20 ]J. MAYO, Y. TSURIMAK]I, P.-0. Thermal radiation between two plates:
CHAPUIS, J. OKAJIMA, A. regime map and analytical expressions for
KOMIYA, S. MARUYAMA, A. the net radiative heat flux from far to near
NARAYANASWAMY and field
R. VAILLON

9h20-9h40 R.INCARDONE, T. EMIG and M. | Heat transfer between anisotropic
KRUGER nanoparticles: enhancement and switching

9h40-10h00 L. TRANCHANT, J. ORDONEZ- Far field diffraction of thermal Surface

MIRANDA, T. ANTONI and S.
VOLZ

Phonon-Polaritons at the tip of micrometric
glass tubes

10h00-10h20

V. KUBYTSKY], S.-A. BIEHS and
P. BEN-ABDALLAH

Radiative thermal memory

10h20-10h40

K.JOULAIN, Y. EZZAHRI and J.
DREVILLON

Super Planckian thermal emission of

subwavelength disks

Keynote lecture 3

Bernd GOTSMANN, IBM Research Zirich, Switzerland

Chair: P.-0. Chapuis

11h10-11h50

F. MENGES, P. MENSCH, S.
KARG, A. STEMMER, H. RIEL
and B. GOTSMANN

Nanoscale thermometry using
thermal microscopy

scanning

Session 11

Phonons and vibrations

Chair: S. Volz

13h20-13h40

N. KONNE, K. KLOPPSTECH and
A.KITTEL

Experimental investigation of single molecule
thermal conductance

13h40-14h00

E. CHAVEZ-ANGEL, R.A.
ZARATE, D. NAVARRO-URRIOS,
J. GOMIS-BRESCO, F. ALZINA
and C.M. SOTOMAYOR TORRES

Modification of Akhieser mechanism in Si
nanoresonators

14h00-14h20

S. PAILHES, V.M. GIORDANO, H.
EUCHNER, R. DEBORD and M.
DE BOISSIEU

The low thermal conductivity of clathrates: a
phononic filter effect

14h20-14h40

M. GROSSMANN, M. KLINGELE,
P. SCHEEL, O. RISTOW, M.
HETTICH, C. HE, R. WAITZ, M.
SCHUBERT, A. BRUCHHAUSEN,
V. GUSEV, E. SCHEER and

T. DEKORSY

Acoustic frequency combs as a tool for
measuring adhesion in a thin two-layer
system

14h40-15h00

B. GRACZYKOWSK], J. GOMIS-
BRESCO, F. ALZINA, ].S.
REPARAZ, A. SHCHEPETOV, M.
PRUNNILA, J. AHOPELTO and
C.M. SOTOMAYOR TORRES

Acoustic phonon dispersion in ultra-thin Si
membranes under static stress field

Xiv
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A. Thermal transport by magnons and magnon-phonon coumg in cuprates.

Heat conduction in materials is typically mediatgdthermal excitations of atomic vibrations (i.e.,
phonons) or thermal excitations of the electronégrdes of freedom (i.e., electrons and holes in
metals and heavily doped semiconductors). Howeamy, thermal excitation of the solid can, in
principle, contribute significantly to the thernm@inductivity if the heat capacity of the excitasas
significant, the excitations have a large disperso that the group velocity is large, and thditiie

of the excitation is not too short. These conddi@re met by the spin degrees of freedom in low-
dimensional quantum magnets based on copper oXBesu,404, LaCuQ,, CaCuyOs;). These
materials have a seemingly unique large magnonmiddeconductivity: near room temperature, the
magnon thermal conductivities are comparable teetbetronic thermal conductivities of metal alloys.
A fundamental question then arises: what limitsrttagnon lifetimes and therefore limits the magnon
thermal conductivity? We are studying the exchanfj¢ghermal energy between the magnon and
phonon systems as a first step toward answeringjthestion.

We use time-domain thermoreflectance (TDTR) to mesathe thermal conductivity of cuprate single
crystals as a function of the frequency of therrfialds. In a time-domain thermoreflectance
measurement, a laser oscillator, typically a Tppbare laser operating at a 80 MHz repetition ree,
used as a pulsed source of light. The outputlisisfp a pump and probe beam. The pump beam is
modulated at a high frequency (between 1 and 20)MHEhe time of arrival of the pump and probe
beams at the sample surface is adjusted by a meahaelay line with picosecond precision. The
time dependence of the temperature excursions @uting the pump provide useful information about
heat capacity of thin metal films and thermal castdnce of interfaces; most of the sensitivity te th
thermal conductivity of the sample, however, coifnes) the out-of-phase response at the modulation
frequency of the pump beam [1]. Approximately Xans ago, we introduced an exact analytical
solution of the diffusion equation (the analyticadlution must be evaluated numerically) for an
arbitrary multilayer sample in a TDTR experiment. [Anisotropy of high symmetry (a thermal
conductivity tensor with only in-plane and throughane values) is easily incorporated. These
solutions have been recently extended to the mtuathere the pump and probe beams are displaced
with respect to each other [3].

Phenomenological two-temperature models have beed for many years to describe the coupled
transport of heat by electrons and phonons in metélere, we apply this concept to the coupled
transport of heat by magnons and phonons in thelagder compound GlaasCu,404;. In this type of
two-temperature modeling, the magnons and phoreperately satisfy a diffusion equation while the
two diffusion equations are coupled to each othesugh a coupling parameter that has units of a
thermal conductance per unit volume. Microscopycathe problem is, of course, much more
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complicated than this single parameter can capiure.single-parameter model will work best if the
magnon occupation humbers can be approximated $iggle magnon temperature and the phonon
occupation by a single phonon temperature. We tlcdascribed how our conventional solution for
the heat diffusion equation in the TDTR geometny ba extended to multiple channels [4].

Because phonons can carry heat across the Al/samtgidace but magnons cannot (there are no
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Figure 1 : Model calculation of the amplitudes of the magaon phonon temperature
oscillations near the surface of a Al/spin-laddeangple during a time-domain
thermoreflectance measurement with a pump moduldtequency of 10 MHz. Near
room temperature, 300 K, the region of non-equiilibr is much thinner than the thermal
penetration depth. At low temperatures, 120 K, tioa-equilibrium region starts to
overlap with the thermal penetration depth.

magnon excitations in the Al film transducer), tAd¢/sample interface creates a strong non-
equilibrium between the magnon and phonon tempest{b]. This region of non-equilibrium
extends over a distance of nanoscale dimensiopspxdmately 50 nm at room temperature and 200
nm at 120 K, see Fig. 1. At low temperatures aigth Imodulation frequencies, the region of non-
equilibrium approaches the thermal penetration ld@ptthe experiment and, as a consequence, the
apparent thermal conductivity is strongly supprdsseWe use comparisons between measured
apparent thermal conductivity at different modwatfrequencies and the predictions of the 2-channel
model [4] to determine the magnon-phonon coupliagagmetey from 80 to 300 K. Near the peak in
the magnon thermal conductivity,~10" W m® K™, approximately two orders of magnitude smaller
than a typical electron-phonon coupling parameter inetal [5].

B. Generation of spin currents by heat currents in metllic multilayers

Cross terms of the electrical and thermal transpofficients, i.e., the Seebeck and Peltier
coefficients, have been a topic of sustained sfodynany decades because of their applications in
sensing, solid-state cooling, and energy harvesiihgre are also cross-terms that involve spin and
charge currents, and cross terms for spin anddugegnts. The cross-terms of spin and charge are a
key topic of study in the field of spintronics. &hross-terms of spin and heat are a core contimera

of an emerging discipline, often referred to as gailoritronics.

One of the most challenging problems in the fieldspin caloritronics is the detection of the spin
density or spin current in a sample: the experialesttdoes not have the meter for spin that is
analogous to of a thermometer or a voltmeter. Qfie@asurements are based on the so-called inverse
spin Hall effect (ISHE) where a spin current emtgra normal (nonferromagnetic) metal with strong
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spin-orbit coupling generates an electric fieldttban be measured as a transverse voltage. The
voltages generated by the ISHE effect are extreragigll and, controversially, a susceptibile to
systematic errors generated by conventional maghetmoelectric effects driven by heat currents
flowing through the electrical contact leads. Weehtaken an alternative approach for detecting spin
that also provides high time resolution: we detin& spin density in a normal metal using the
magneto-optic Kerr effect (MOKE). By performing M@Kmeasurements with a pump probe
apparatus, we can generate enormous heat cursempggsing 100 GW fK™) on picosecond time-
scales and simultaneously detect spin accumulatitmpicosecond time resolution [6].

We are working to better constrain the calibratimihthe Kerr rotation as a function of spin
accumulation in Cu and Au. This is a challengingcpss because we do not have a calibrated source
of spin. Our initial experiments and analysis sigghat the Kerr rotation is determined by the
strength of the spin-orbit coupling in the condoistband and is approximately 5 times stronger in Au
than in Cu.

We study two types of samples that are shown scteatig as Fig. 2. In the first type of sampleeth
spin accumulation in the normal metal is detectgdtime-resolved MOKE (TR-MOKE). In the
second type of sample, the transfer of spin angulamentum (the so-called spin transfer torque) is
detected by the amplitude of the magnetic precedsiat is induced into a very thin (2 nm thick) in-
plane magnet made of CoFeB [6].

Sapphire/Pt(30)/[Co/Pt],,(6)/Cu(80)/MgO(10)/AlOx(5) (in nm)

Probe beam
<

Mmagnetizatig

I B=0.05T

Figure 2: Schematic diagrams of the two types of samplasingbe studies of thermally-driven
spin currents. The numbers in the sample descriptare thicknesses in nm. The pump beam is
incident on the left and heat flows from left-tghi. (Top) Sample design for spin accumulation.
The spin density in the thick Cu layer is detedigdthe magneto-optic Kerr effect (MOKE).
(Bottom) Sample design for spin-transfer torquee $hin transfer torque is measured through
the amplitude of the magnetization precession ®fGbFeB ferromagnetic layer, also detected
optically via MOKE.

We are working to constrain the many parametetieérmodels of heat transport, spin generation and
spin diffusion that we use to analyze the experisiem the initial experiments, we have found that
the spin currents are predominately generated byfdht thermal demagnetization of the (Co,Pt)
ferromagnetic layer. Essentially, raising the terapge decreases the equilibrium magnetization and
the non-equilibrium between electrons and magn@mster a fraction of the spin angular momentum
to the conduction electrons which then diffuse itite adjacent layers. A smaller amount of spin
current is generated by the spin-dependent Seedféett (SDSE) of the ferromagnetic layer. The
SDSE is due to the fact that the product of theb8ele coefficients and conductivities of the up and
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down spin sub-bands are not equal; therefore, duegent passing through a ferromagnet produces a
spin accumulation near the surfaces or interfadethe ferromagnetic layer that can diffuse into
adjacent layers [6].

We argue that the experimental design illustratedrily. 2 will provide a rich platform for studie$ o
the coupling of heat and spin in metallic multillszeWith some advances, we will soon have
calibrated sources of spin and calibrated detectbspin, both with picosecond time resolution. sThi
platform can be used to quantitatively study thémgeaeration of spin currents by the spin-dependent
Seebeck effect and ultrafast demagnetization, #isagéransport physics of spin such as the trarispo
and mixing of spin at interfaces.
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Nanophotonic control of thermal radiation:
maximal violation of detailed balance, and
experimental demonstration of daytime radiative
cooling
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The use of hanophotonic structure opens signifinent possibilities to control thermal radiationttbo

in enabling new thermal physics effects, and irating new application opportunities. In this talle

will review some of our recent efforts in nanophvts-enabled thermal radiation control. In

particular, we will discuss the possibility of ugimon-reciprocal nanophotonic structures to
maximally violate detailed balance. We will alspag some of our recent experimental efforts in the
successful demonstration of passive radiative ngalnder direct sunlight.

1. Maximal violation of detailed balance in non-recipiocal nanophotonic structures

For thermal radiation, the principle of detaileddnge leads to the general form of the Kirchhd&s
which states that

&(c..6,¢) = (., 6,9) )

where e(w,6,¢) is the directional spectral emissivitg(«, 8, ¢) is the directional spectral absorptivity,

Microscopically, Eq. 1 can be proven using thetflation-dissipation theorem, but only for emitters

consisting of materials satisfying Lorentz reciptypdl]. It has been noted theoretically that non-

reciprocal materials, such as magneto-optical negemay not obey detailed balance [2] and hence
may not satisfy Eqg. 1, without violating the secdad of thermodynamics. However, there has not
been any direct experimental measurement or thiearatesign of actual physical structures that

violate detailed balance.

In recent years, significant recent efforts haverbelevoted to the use of engineered photonic
structures, including photonic crystals, opticailemmas, and meta-materials, for the control ofrtiaér
radiation properties. Photonic structures can dittilermal radiation properties that are signifityan
different from naturally occurring materials. Not@lexamples include the creation of thermal enstter
with narrow spectrum or enhanced coherence. AlNipts works on the thermal radiation properties
of photonic structures, however, consider only pexgal materials. Here, using the formalism of
fluctuational electrodynamics, we present a dimaamnerical calculation of thermal emission from
non-reciprocal photonic structures, and introduee theoretical conditions for such structures to
maximally violate detailed balance, i.e. to achieveunity difference between directional spectral
emissivity and absorptivity [3].

Non-reciprocal photonic structures represent anoiapmt emerging direction for the control of
thermal radiation. From a fundamental point of visignificant numbers of theoretical approaches for
the calculations of far-field thermal radiation ude Kirchhoff's law of Eq. 1 by computing the
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absorption properties. Such an approach is no foagglicable for non-reciprocal thermal emitters,
and direct calculations using the formalism of flational electrodynamics become essential. From a
practical point of view, creating non-reciprocagimal emitters can have important implications for
the enhancement of the efficiency for solar céllsahd thermophotovoltaic systems.

2. Experimental demonstration of daytime radiativecooling

Cooling is a significant end-use of energy globalhd a major driver of peak electricity demand. Air
conditioning of buildings, for example, accounts 6% of the primary energy used to generate
electricity in the United States. A passive coolstgategy that cools without any electricity input
could therefore have a significant impact on glayargy consumption.

To achieve cooling one needs to be able to readimamtain a temperature below the ambient air. At
night, passive cooling below ambient air tempemhas been demonstrated using a technique known
as radiative cooling, where one uses a device expimsthe sky to radiatively emit heat to outercgpa
through a transparency window in the atmospherevdst 8-13um [5][6]. Peak cooling demand
however occurs during the daytime. Daytime radé&tiwoling below ambient under direct sunlight
[7][8] was never achieved, because sky accessgltimsday results in heating of the radiative coole
by the sun.

Here, using a thermal nanophotonic approach [9],ineduce an integrated nanophotonic solar
reflector and thermal emitter that reflects 97%imdident sunlight while emitting strongly and
selectively in the atmospheric transparency windévhen exposed to direct solar irradiance of
greater than 850 W/hon a rooftop, the nanophotonic radiative coolédriees 4.8C below ambient

air temperature, and has a cooling power of 40.tn3%t ambient. These results demonstrate that a
tailored, nanophotonic approach can fundamentalfbke new technological possibilities for energy
efficiency, and further indicate that the cold dags of the universe can be used as a renewable
thermodynamic resource, even during the hottestshaitthe day.
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Nanoscale thermometry using scanning thermal
microscopy
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*corresponding author: bgo@zurich.ibm.com wwwicibm.com/~bgo

Keywords:Scanning thermal microscopy, self-heating, nanesieat spots, thermometry, nanowire

Regions of increased heat generation, so-calledguist, deteriorate the performance and reliatolity
nanoelectronic devices [1], while experimental eltarization is restricted by limited spatial
resolution in thermometry. Since local self-heatiagof increasing importance for future devices,
where scaling, integration of novel materials atrdicdures tend to impede heat conduction, new
methods and instrumentations are needed to stuglyctlipling between thermal, electrical and
structural properties at the level of individuakogting devices.

RT thermal resistance Ris KM x107

oQes Qs

Qis+AQs |

0 0.5

1 1.5
distance (um)

Figure 1: Scanning thermal microscopy for thermometry ofasgale temperature distribution.

a) Schematic of the experiment including cantiledeSThM tip with integrated heater/sensor and activ
nanowire (NW) device (InAs NW with Au contacts)T@nperature distribution along the NW extracteshfr
SThM data. c) Reference measurement of the posiéipandent thermal resistance of the tip-sampleéaobiiRg
using an idle sample at RT. d) Repeated measuremitmself-heated NW showing an apparent incredso
locally along the NW. e) Extracted temperaturerdistion map.

With decreasing size of microelectronic devices, ttiiermal hot spots can reach dimensions below
10 nm. On this length scales thermometry is notweey advanced. Scanning Thermal Microscopy
(SThM) [2] appears to be an ideal method to addiesshallenge. By moving a sharp tip attached to
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a heater/sensor in contact with a device of intetesrmal signals relating to thermal conductaanoe
temperature distribution within a sample can beried.

Despite recent progress using the method [3-6] elvew it remains a challenge to extract quantiativ
data from measured SThM images on the nanoscake oQthe reasons for this is the fact that a large
thermal resistance separates the sample regiore tmdasured from the integrated heater/sensor.
Sensor and sample do therefore not equilibrates ftses several calibration challenges and
systematic errors to the SThM method. In this preg®n the most important systematic errors of the
method are discussed and the efforts to elimirfamtwill be described. Application examples and
measurements on nanoscale test structures wiliders

The large thermal resistance between the SThM sdigs@nd the sample is expected to increase
strongly when scaling down to the nanoscale ditface-to-volume scaling. Consider, for example,
the case of an anticipated lateral resolution ohrmOat an accuracy @Tsampe= 1 K. The thermal
resistance of the contact between the contactingnid the sample can then be dominated by the
interface thermal resistance and fall in the ramfg@s = 10 — 10 K/W leading to a heat flux down to

1 nW. In contrast, the electrical leads leadinthiotemperature sensor within the cantilevered SThM
tip have a thermal resistand®..sor Of typically 2 to 4 orders of magnitude smallegading to
temperature rises in the sensolAdf..sor < 1 MK. FurthermoreR,,; varies strongly as a function of tip
position while scanning the sample surface Re= Rs (X,y). Reasons for this are topography artifacts
caused by a varying contact diameter between phentl the sample surface, the variation of thel loca
sample thermal conductivity, and the load forcemeen tip and sample [7]. For the quantitative
interpretation of the data thereforR«(Xy), ATsensofXy) and Rsensor have to be determined
experimentally.

A two-pass method [5] serves to quantify these aignThe thermal resistance of the tip-sample
contactR (consisting mainly oR, and the spreading resistances in tip and sarapdelletermined
from the heat flux from the sensor into the sampleand the temperature difference between the
sensor temperatuiensorand room temperatufeT:

Qts = (Tsensor - RT)/RtS (1)
For a sample at temperatiR& +ATsmpeWe therefore have:
Q’ts = (Tsensor - {RT + ATsample})/Rts (2)

The measurement process is illustrated in Figirst,five measur&s for each image pixel using an
unheated sampldr{(x,y)) from the measured tip-sample heat flux using(E}.as shown in Fig. 1c.
Next, the measurement is repeated on the selfdhea@ple to determine a modified heat fl@¥
from which the sample temperatuk@ can be determined using Eq. (2). Self heatingceffean be
directly seen plotting thapparentthermal resistanc8;; = (Tyensor — RT)/Qs, Se€ Fig. 1d. The
resultingAT is plotted in Fig. 1b and e.

Recently, the proposed method was developed futtherach a resolution &Tg,mpiein the mK-range

at a lateral resolution of below 10 nm [8]. Thektalill describe examples of isolated hot-spots in
nanowire devices (Figure 2) and metal interconrséaictures. Furthermore, effects of Peltier and
Joule heating will be discussed.
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Figure 2: Hot spots in self-heated single vanadium oxideomdre as measured using SThM.

The image shows a topography image of a vanadiude axanowire contacted using gold electrodes and
supported by a silicon nitride substrate. The image is 2.5 0.8 zn? and the height of the electrodes is
40 nm. The color scale denotes the thermal sigmatlayed onto the topography. A local hotspot a th
center of the wire is caused by local defects,tvaoe hot spots can be observed at the contactetmetal
electrodes.

The experimental results shown in the talk wereioled with generous support from Heinz Schmid,
Pratyush Das Kanungo, Ute Drechsler, Emanuel Lagets Mark Lantz, Kirsten Moselund, Christos
Dimitrakopoulos and Meinrad Tschudy.

This work was supported in part by the Swikgtional Science Foundation (Project No. 134771) an
theEuropean Union FP7 Project Nanoheat under Gkgrdement No. 318625.
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Due to the unique thermal transport propertiesgrostructure superlattices (SLs) have been widely
studied [1-6]. It has been shown that, for a ciysta superlattice (SL), the cross-plane thermal
conductivity can be one order of magnitude smahemn the one of bulk materials with a single
component, and in some cases, even smaller tharathe of a random alloy with the same elements
due to the numerous interface scatterings. On ther diand, geometric SLs composed by the same
component have rarely been studied [7]. Nevertbeldms kind of SLs has also vital importance as
they involve nontrivial consequences on the eleostrcand phonon properties of the materials.
Twinning, also known as the planar stacking fasltpne of the most important defects in materials
science and it is most often related to mechanicaperties [8,9]. The impact of twinning on
mechanical [8,9], electronic [10,11], as well as aptical properties [11] has been widely studied
while this impact remains unexplored concerningritfe properties. In this work, we perform
nonequilibrium molecular dynamics (NEMD) simulatioto calculate the thermal conductivity of the
Si NWs with twinning SLs. We show that the therroahductivity of the twinning SL NWs can be
remarkably reduced up to 65% at room temperatumapaoced to their pristine counterpart. A
minimum thermal conductivity due to a geometrieeffis found with a specific SL period.

Fig. 1 shows the structure of the twinning SL whk diameteD and period_p. For a close-packing
structure, there are usually three types of stacgites with exactly the same configuration butihgv

a shift one from another in a specific directioheTthree stacking sites are usually labelled aB,A,
and C. The B and C sites can be obtained from tr@téAwith a shift of (1+8)bv and (2+3)by,
respectively, wherevlis the minimum shift length amis an integer. For Si having a FCC diamond
lattice, bv=2.217 A. The wire firstly grows according to a F&tucture, i.e., following a stacking in
the ABCABC sequence with the same shift given lgy whctorbv between the neighboring layers.
After several ABC periods, a stacking fault is @utaced, instead of stacking a A layer, a B layer is
directly introduced after the C layer with a sloiftovin the opposite direction. After the stacking fault
the stacking sequence changes to CBACBA, whicluiglp symmetrical to the previous stacking. As
a result, a kink is formed with the angke 109.4°.
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Figure 1:Schematic of a twinning superlattice structure va#hriod length p .

All the thermal conductivities are carried out wRlEMD simulations using the LAMMPS ftware

[12]. The commonly adopted Stillinc-Weber potential [13,14] is used to describe therattions
between atoms. With the help of the N-Hoover thermostat [15,16], several layers of atatnthe
two ends of wire were coupled to a hot and a caths having temperaturTo+A/2 andTo-A/2,

respectively. 5 ns runs were performed to react-equilibrium steady state, and another 5 n¢
timeaverage the local temperatT and the microscopic heat fljpalong the z direction. All the NW
thermal conductivities were measureith the same kink leg length of 34.5 nm.
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Figure 2: Thermal conductivity variation with period lengtr Wifferent diameters at 300

Fig. 2 represents the thermal conductivities of$Shéwinning SL NWs as a function of perilLpand
specified diameteD at 300 K. The thermal conductivities of pristine BWith 2, 6, and 10 nm |
diameter are 18.4+0.15, 21+0.1, and 24.5+0.11 W/AK. it is shown in Fig. 2, the thernr
conductivities of the NWs with twinning SL are lahg decreased compared to the of the pristine
NW. When the diameter remains invariant, the ireeda SL period leads the thermal conductivit
decrease first, reaching a minimum value, and qhmq_;ressively to an increase. The minim

16 S. XIONG et al.



Eurotherm 103: Nanoscale and Microscale Heat Transfer IV, October 15-17, Lyon, France

thermal conductivity observed here seems similah&b observed in the hetereostructure SLs [1-4].
However, the mechanism taking place in the twinn8ig NWs completely differs from the one
observed in heterostructure SL. In this latteratiin, the minimum thermal conductivity is attribdt

to the interplay between the phonon coherencelaihterface scattering. For the twinning SL NWs,
thermal conductivity change is fully ascribed te tiwinning induced zigzag geometric effect. This
can be confirmed from the diameter dependent Siog®rcorresponding to the minimum thermal
conductivities. The period length of minimal thetroanductivity increases with the diameter. It has
been experimentally demonstrated that the twinfiogndary has almost no effect on the electrical
conductivity in both bulk [17] and nanowire [18]ses. As a result, the thermoelectric figure of meri
of Si can be notably enhanced with the twinning BWs thanks to the significant thermal
conductivity decrease.

To explain the large thermal conductivity decreasevell as the minimal thermal conductivities, we
checked the normal mode polarization vectors [WW¢ found that at the period with minimum
thermal conductivity, the polarization vectors emadomly distributed on an arc, showing no favored
polarization direction. Consequently, the decrezfstaermal conductivity originates from the loss of
preferential atom polarization orientation and thaimal thermal conductivity arises due to the
disappearance of favored atom polarization direstio
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Molecular dynamics (MD) is a statistical mechanmamputational approach that provides the
opportunity to access basics phenomena involvéldeimeat transfer at the nanoscale. MD is generally
used either to extract bulk conductivities from treat current fluctuations during a NVE simulation
(Green-Kubo or EMD approach [1]), or bulk conduitits and interface resistances from the
temperature profile once the stationary regime betwa hot and a cold reservoir is reached (direct
method or NEMD [2]). We have developed an alteugafiamework of MD simulations for the study
of thermal conductivities and interface resistandé®e method, called approach-to-equilibrium MD
(AEMD), relies on i) the creation of a transientiheurrent and the extraction of the transient geca
time and ii) an original exploitation of the decye to obtain bulk conductivities and/or interface
resistances in a range of configuration from bulixsnterfaces, nanostructures and constrictions,
therefore extending the use of transients to tieraénation of thermal properties.

AEMD starts with the equilibration of the systemNNT under two temperature constraints to obtain
a box like temperature profile (Fig. 1).
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Figure 1: Temperature profiles at the initial state (red)datiuring approach-to-equilibrium (green and blue).

The system is afterwards let free to approach ibguim during a transient of typically a few
hundreds of picoseconds. The temperature decagglthie transient is monitored, it is exponential
(Fig. 2), while the temperature profile (Fig. 1)sisusoidal. These forms are also the solutiorthef
1D heat equation solution [3] although a lengthedglent conductivity has to be introduced.
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Figure 2: Temperature difference between initial blocka d&snction of time.

The length dependent thermal conductivity is giirekig. 3 for a range of good to poor conductors is
given in Fig. 3. Although systems with size over thicrometers were studied thanks to the efficiency
of the method, the convergence is not reachedilfoors. A Matthiessen rule is used to extrapolate t
infinite length.
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Figure 3:Bulk conductivities as a function of length[3].

The method has also been applied to interfaces asiatrystalline silicon (cSi) / amorphous silica
(aSiG), a more challenging system because of the canetsveen bulk conductivities. The total
resistance is given in Fig. 4. Several calculatimrescombined to extract the interface resistarama f
the intercept at origin of the linear evolutionlager aSiQ thickness. The interface resistance is low
but for advanced technologies using an ultra-thinga oxide (20nm), it will contribute significamtl

to the total resistance on the heat path from adtiyer to back-side [4].
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Figure 4: Total resistance of a cSi/aSi®ystem. The crystalline thickness is fixed atiri2the amorphous
thickness is varied in x axis.
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Introduction

Pathbreaking theoretical and experimental advaitemne-dimensional nonlinear lattices [1] and
asymmetrically mass-loaded nanotubes [2] havededsurge in interest in thermal rectificationhe t
last decade [3]. Thermal rectification, in whicle theat current flowing through a system under the
same thermal bias is different in forward and baakivdirections, opens up new possibilities for
controlling heat transport in materials and enallexitical first step toward phononic circuits for
information processing [4]. @)

a

A related but less-studied problem than thermal ———
rectification is one-way phonon isolation, which is =
concerned with the forward and backward transp@f}
of individual phononsas opposed to the entire
phonon spectrum. In one-way phonon isolation, an
individual phonon mode incident on a system frargure 1: Principle of one-way phonon isolation.
one direction is transmitted while the same phon@h Phonon mode incident on waveguide from
incident on the system from the opposite directonright is transmitted; (b) phonon mode incident
blocked. In the example given in Fig. 1, componeff&n leftis blocked

to the right of the waveguide are isolated from thlghtward traveling mode, enabling one-way
transport of the mode in the leftward directionyorfbuch isolation would be of interest for the
interconnects in MEMS acoustic wave signal proecggsievices, in which the waveguide in Fig. 1
represents the transmission line used to guide svheéveen transmitter and receiver modules [5].
Additionally, it may be useful in low temperaturesat transfer applications, where the phonon energy
density is close to Planckian with a well definaeghlp that could potentially be targeted to control a
significant portion of the heat flow.

Previous studies have demonstrated acoustic mttdn in systems with nonlinearity and structural
asymmetry [6-7]. An analogous isolation mechanisnpleying a combination of nonlinearity and
structural asymmetry has also been achieved icamystems [8-9]. The low efficiency of frequency
conversion in the above acoustic systems leadsadrinsmission properties, pointing to the need fo
different approaches to isolation. Here we pursueolaceptually different approach for efficient
phonon isolation that works fdinear, structurally symmetric systems [10]. The mainaid# the
approach is to use spatio-temporal modulations @feguide properties to break the symmetry of
wave propagation in forward and backward directidrss approach was first proposed by Yu and
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Fan [1112] for optical waveguides; here we apply it to @stac waveguides in the lo-wavelength
(continuum) limit.

Approach

To do this, we study shear horizontal wave propagah a two dimensional plate acoustic wavegt
with free boundaries. The governing equation lier $H waves is [1

o°u 0°u 0°u
P~ =Cu—*+Cou—> (1)
oz Mo Moy’
wherepis densityc., is @ component of the elasticffness tensor for a cubic crystal, eu is out-of-
plane displacement. To achieve symmetry breakirgggdensity in the lower half of the waveguid:
modulated using a simple harmonic fa

0= p,+0p cos(Qt-KXx). 1)

Here Qis the frequency at which the density within thamain is modulated arK is the modulation
wavenumber describing the spatial density variagiong the wave propagation direct

Results

Numerical simulations using the finite element roelthindicate that or-way phonon transport

achieved via spatitemporal modulation of density [10]. Figure 2(apwafs the ot-of-plane material
displacements generated by a lowest order symnstdar horizontal mode (“mode 1) incident
the modulation domain from the right; Fig. 2(b) wi3othe corresponding dilacements for mode
incident from the left. In Fig. 2(a), complete cemsion of the incident mode to the lowest ol
antisymmetric mode (“mode 2") occurs within the dom Mode 1 cannot transmit through

domain and thus complete isolation of thisde occurs. In the bottom figure, mode 1 trans

@ = I ek - - eeaad ™
o) = FFFFFTFEIEFTREEE TR T RR R —

Figure 2: Modal displ@ements for (a) mode 1 incident from the left, @dnode 1 incident froi
the right. In (a), mode 1 (blue) is not transmittibdough the waveguide; it instead convert:
mode 2 (red).

unimpeded through the domain.
Discussion

Inspired by the work of Yu and Fan in optical wawelgs [1-12], we have applied spa-temporal
modulation to an acoustic waveguide to break timd apatial invesion symmetry [10]. Usin
numerical simulations, we demonstrated that thjg@gch led to or-way transport via conversion
the rightward traveling lowest order symmetric mqdede 1) to the lowest order antisymme
mode (mode 2). In essence, the ulation triggers an intdpand transition between the two mode:
is important to note that mode 2 still carries ggethrough the waveguide; to block all ene
transport the above isolator could be combined witfilter centered at the mode 2 freqcy
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w=w+Q. While only the shear horizontal modes have beeatad in this work, the approach is
general and can be applied to other waveguide tidima modes.
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It is commonly admitted since the pioneer work ofifrer that the heat conduction in a bulk solid is
governed by a normal diffusion process.

gy
-
S
/ Y
L%
G . - Anomalous
aussian a  (sub/superdiffusive)
(diffusive) : ) 1
Nanopartilcle network
5 2l Mo
#EE
- = Ny ¥
% | o7 L)
My i
™ML 0y
‘b*ﬂfr}ﬁx - '
o >
'e_;_‘ @ .
H e
,h&‘."f'}s" .
i o
Ty f-

Figure 1: Two different transport regimes. (left) Classichifusion of a ink drop in water. The ink particles
follow a random diffusion process governed by a $8&@n probability distribution function of step tgh.
(right) Anomalous (superdiffusive) spreading dfua pendemic . Each contaminated personn can trasieg
different types (walk, car, train, plane) of teport with different transport length. The pdf &dpslength is
algebraic.

Microscopically speaking heat carriers (phononslectrons) move through the atomic lattice of
materials following a random walk [1] with a stemgth probability density which is a Gaussian and
the heat spatial spreading is limited both by thees of heat carriers and by the distance coveyed b
them between two successive collision events. Naosetransport mechanisms, such as the pollution
dispersion (see Fig. 1-left), obey to diffusive gagsses. Nevertheless, many transport mechanigms ar
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governed by long range interactions such as thaseexist in generalized random walks (GRW),
processes where the step length probability isdiraad. Lévy flights [2,3] are probably the most
famous class of GRW (see Fig. 1-right) in whichrextely long jumps can occur as well as very short
ones.

In the present work it is shown (Fig. 2) thatsufch media contain plasmonic structures networgs su
as polar-nanopatrticle networks, heat can be tratexpdy collective interactions mechanims of non-
radiative photons (near-field transport) thoughsthanetworks. We consider a distribution of N
particles at temperaturg $eparated by distances which are assumed to He mgpared with the
thermal wavelengths =ch/(2kgT;). Then, this network can be modeled by a set oftlike dipoles

in mutual interaction. Given an initial temperatutistribution, the time evolution of this field is
governed (at least at the beginning of relaxtiatpss) by the following balance energy equation

. dT, ]
p.CV, (dr ~ > G( ;}_,-}_I)(;rj -T) )

where p;, G and V. denote the density, the heat capacity and themwlof the{' particle while G is
the radiative thermal conductance between twotpeimch can be calculated using the many-body
radiative heat transfer theory [4-6]. This equatisra discrete form of the Chapman-Kolmogorov
master equation

oT; T(r,t) T(r;.t)
= [ plrj, 1')7__]#:' St iy (2)

ot .
Rd
which formally describes a system which is drivgratMarkov process (here d is the space dimension).
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Figure 2: Thermal conductance at T=300 K between two patidh (a) a linear chain of spherical SiC
nanoparticles of radius R=100 nm for different segion distances h inside a (b) in a ramdom disition of
SiC particles (R=100 nm). The statistical averagiagerformed with m = 250 realizations generatdthva
uniform random distribution probability. Particlese immerged in vacuum.

The temperature distribution T(r,t) evolves in $@me way as a generalized random walk, where
jumps between positions r and accur with a probability distribution function aftep length
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proportional to p(r,r)=(1/@V) (r)G(r-r') at a rater(r)= (1/CAV) Jdr'G(r-r). Thus, to analyze the
transport of heat throughout the network, we jastehto investigate the probability distributionstép
lengths x that is to say the spatial evolutionhaf thermal conductance. These evolutions areeplott
in Fig. 2 both for 1D and 3D systems. In linear andiered chains of particles (d=1) we see (Fig), 2-a
at long separation distances, that the thermal wtiadce decays algebraically with the separation
distance following a power law scaling in GAx[? demonstrating so that the moments of the pdf
p(x) of higher order than two are divergent.sThioves the superdiffusive behavior of these chain
for the transport of heat by near-field interactibfore generally a detailed analysis of heat trartsp
(Fig. 2-b)  shows that the transport of heat ssillsuperdiffusive [6] in random networks of
nanoparticles.

The ability to design nanocomposite materials ableansport heat faster than with phonons in solid
opens new practical perspectives. In particulacotld find broad applications in the domain of
ultrafast thermal management.
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Abstract

Near-field thermal radiation with its many potehtgoplications in different fields such as energy

harvesting to nano-scale manufacturing is provebetcrucial in the development of new devices.
Modeling near-field thermophotovoltaics via compiaiaal techniques has been one of the main
focuses of our research group. In the present stuelyshow that near-field thermal emission between
two parallel SiC thin films separated by a nano-gap be modeled via Finite Difference Time

Domain Method (FDTD) when arbitrary-size nanop#tcare present on the surfaces of the emitting
film. We compare different nano-particle shapesdisduss the configurations which have the highest
impact on the enhancement of near-field thermaksimn. Convolutional Perfectly Matched Layer

(CPML) is used as it was determined to be the aptinboundary condition that gives the most

accurate results compared against the other mdtwds for similar configurations. We also discuss
possible future extensions of this work.

1. Introduction

TPV power generation has significant potential &pplications in industrial energy conversion
technologies and in principle is similar to soldrofovoltaic energy conversion. In [1] we have
presented the results obtained for the near-figddntal emission calculations via FDTD method for
perfectly flat, parallel, thin SiC films supportimgirface phonon polaritons and separated by a nano-
gap. We showed a good agreement with analyticalteegresented in [2].

FDTD method is a computational approach with whieldeling wave propagation in complex media,
such as time-varying, anisotropic, lossy, dispersand non-linear media is possible. Having
computational techniques such as FDTD method wherkimg with arbitrary sub-wavelength
structures is very helpful as analytical solutiomay not be easily found for such geometries due to
geometry asperity.

We present here the results based on calculationsas-field thermal emission at nano-gaps formed
between two thin films made of SIiC, with the preseof structured arbitrary-shaped, nano-particles
(gratings) on the surface of the emitting film. Tdeiditional results are currently obtained to shiogv
potential of the analysis to real-time applicatiofibe extension of this idea is indeed applicable t
nano-scale detection and nano-manufacturing piesi3-7].

2. Methodology

The near-field thermal emission is studied throfigite difference time domain method between two
thin SiC films by calculations of local density electromagnetic state (LDOS), where one film has a
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temperature of 300 K (emitting layer) and a thidsyx@f 100 nm and nano-structured gratings of
arbitrary (e.g. ellipses, triangles, squares, &re) placed upon it and have perfect contact whiéh t
layer. The other film is kept at 0 K (non-emittilayer) and has a thickness of 10 nm and is sephrate
by a vacuum gap of 100 nm from the emitting lay&e have studied the effect of each of these nano-
structured gratings on enhancement of LDOS prdfileOS is calculated at\ =50nm above the
emitting layer) and evaluated the impact of théofeing factors on the results: I-the periodicitytbé
nano-gratings, ll-the shape of nano-gratings,hdé-thickness of the nano-gratings. Figure 1 shbes t
schematic of the geometries considered in this work

[ | [ |
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(c) (d)

Figure 1:a) Perfectly flat parallel films separated by nagap. (emitting layer at the bottom, non-emittingdr on top). b)
Rectangular nanoparticles placed on the emittingy fseparated by nano-gap from non-emitting film. Edlipsoidal
nanoparticles placed on the emitting film separadbgchano-gap from non-emitting film. d) Triangulanoparticles placed
on the emitting film separated by nano-gap from-aonitting film.

3. Results and Discussion

We have evaulated the impact of periodicity ofpgiti nano-structred gratings placed on the emitting
layer, on LDOS profile at frequency range of JaB/s-1.9 rad/s. Width and height of the gratirsgs i
shown in figure 1 withw' and‘h’ respectively. The distance of nanoparticles issshwith ‘d" and
NPs stands for Nanopatrticles from hereon. We ltavepared the results of separate scenarios in
which 2, 5, 10, 15, 20 and 25 SiC elliptic nanctigigs were placed in perfect contact with emitting
layer. The size of ellipses was kept fixed and dlg impact of periodicity of the gratings was
observed. Each ellipse hasva600 nm and=20 nm. Herew is chosen based on the fact that the thin
layers are assumed to be very long in x-directartiese FDTD simulations. Henae has to be both
small compared to the total length of the layerd get not too small to make the simulation
computationally too expensive. The distances batw&eb, 10, 15, 20 and 25 nano-gratings were
14700, 3180, 1080, 480, 180, and 60 nm, respegtiVéé kept thex axis dimension and the width of
CPML layers fixed across all simulations. Withinisthconstraint, we could only fit up to 25
nanoparticles across. This provided adequate sioope robust proof of concept. The results shows
that enhancement factor of LDOS profile is diregitgportional with the periodicity of nano-partisle

In the case of 25 NPs each 60 nm apart from eduobr,0¥1% enhancement was observed when
compared with the benchmark scenario in which ne WEre present at the surface of the emitting
layer. We can observe that wheh< 0.0051 (A =1059nm) we obtain maximum enhancement of
LDOS. In the next step, we have compared the LD@S8ile found for 10, the same size nano-
gratings placed on emitting layer with differenfphs. Results for rectangles, ellipses and triangle
are compared with each other in Figure 3. It waseoled that rectangles and ellipses show a similar
impact on enhancement of LDOS when compared agdimmtgles, with a slightly higher
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enhancement observed for rectangles. Nano-gratiege set to havev=600 nm anch=20 nm and
d=1080 nm @ =0.11 ).

Finally, we tested different width sizes (600-1500) for 10 elliptic nano-gratings with=20 nm and
d=1080 nm. The results were monitored to obsentbédfincrease in the width of the elliptic nano-
gratings has any impact on the LDOS value. Thelteeshowed a negligible change in LDOS profile.
Figure 6 depicts the results found for this study.

Enhancement Factor Vs. Periodicity LDOS Increasement vs. Different Shapes of Nanoparticles
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Figure 2: Enhacement Factor vs Periodicity for SiC elliptic Figure 3Enhacement of LDOS (over no-particle
case) vs nano-particles. different shapes of nano-gratings.

We have also studied the effect of different shagfesanoparticles in near-field heat flux. Figure 4
depicts the result found for this study. Rectangbno-particles show the greatest impact on
enhancement of near-filed heat flux when place@miiting layer and compared against elliptic and
triangle nanopatrticles. In Figure 5 we have conghdine results of near-field flux found at 300, 600
and 1000 K when 25 elliptic NPs were placed onaiopmitting layer against the benchmark results in
which there were no NPs present. The results ammalzed to the peak value of the benchmark
scenario. Enhancement of near-field flux at défértemperatures due to the presence of the NPs can
be clearly seen.
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Figure. 4Enhacement of heat flux at the presence of NPs Figure SNear-field heat flux calculation at
and (over benchmark scenario) vs diffiéishapes of 300,d@MMOK at presence of elliptic
nano-gratings. nanoparticles vs the bechmarck agen

4. Concluding Remarks

Near-field thermal radiation has broad range of liagfpons in areas including nano-
thermophotovoltaics. Having a computational techeicsuch as FDTD that can model complex
electromagnetic geometries, in dispersive, anipatrmediums where geometry complications may
not allow analytical solutions can be promising fasth current and future research. We have
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developed a new FDTD method to model arbitrary shagnoparticles and have evaluated their
impact on LDOS profile. The results show an inceeiasthe magnitude of LDOS with an increase in
the periodicity of the nano-gratings, when theatise between the gratings is much smaller than the
wavelength of interest. We evaluated the impacarbitrary shape nano-gratings and observed that
rectangles showed the greatest impact on enhantefheBOS and heat flux value when compared
against ellipses and triangles of the same siEdhancement of near-field flux at different
temperatures due to the presence of the elliptis &Rild be clearly seen when compared against the
scenario in which no NPs were present. It was alserved that an increase in the width of elliptica
SiC nano-particles did not make any distinguishahknge in the LDOS value. While in this work we
have focused on gratings of the same shape, futark would involve arbitrary combinations of
nano-particle shapes.

LDOS Enhancement Vs. Width of Nanoparticles
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Figure 6: Enhacement of LDOS vs width of elliptic nanopaeticl
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It is now well established that thermal retion is different from fafield Planck’s radiation whe
distances are comparable to, or smaller than, Wievelength Ay=10 um at room temperature
Nearfield heat transfer between a s-infinite emitter and a noemitting flat film of finite thickniss
is considered in this study. Amongst other worleg-field radiative heat transfer between thin fil
was already investigated (e.g. in [1,2]), showimat the film sizes can modify the spectral disttiitnu
of the radiative heat flux around the rnances. The case of the radiative heat flux betveeserr-

infinite and a coated metallic material was invgetiéd in [3], where it was shown that the coupth

surface plasmons in the film can enhance the haasfer between the two bodies. Herepecific

objective is to investigate the spatial distribotiof the radiative heat flux absorbed in the filma
function of its thickness and the distance betwienemitter and the film. For materials suppor
surface phonopolaritons, the resonar frequencies and their impact on the absorptioradfative
heat flux in the film are examined in detail. Analysis of the conditions leading to interferen
inside the film is performed in order to determihe impact on the absorbed flux, which i depends
on possible interference effects in the ¢

) (2) (b)

Figure 1:(a) Schematic representation of the consideredigorgtion, which is known to involve radiative hi
transfer due to evanescent waves. (b) The purptanar lepresent the multieflections inside the vacuum g:
while the green ones represent the r-reflections inside the film.,kand k, are the components of t
wavevector respectively perpendicular and paratethe interface

The configuration under consideration is depicted-igure 1(a): medium 1 is se-infinite, while
medium 3 has a finite thicknessThe two bodies are madé¢ the same material and are separate
a vacuum gap of lengtththat can be smaller than the dominant wavelengtheyimal radiation. B
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using the fluctuational electrodynamics theory imir@y dyadic Green'’s functions, the propagative
and evanescent components of the radiative heatflthe entrance of the filla{0) are respectively
given by [2]:

2
O(w T it) (1= [ry] )( — |R3] )
pTOP(Z 0) emt f k dk Z |1 _TZIRY Zlkzzdlz (1)
O(w, Tomir) [© Im(ry,)Im(R}
agon(z = 0) = S me) [ bydhpe |1—(er,3y ay 3|2 @
21

wherewis the angular frequency,is the speed of light in vacuur@® w Temy) is the mean energy of a
Planck oscillator [}, is the Fresnel's reflection coefficient at theeifiace 21 wherg stands for the s

or p-polarizations, andR} is the reflection coefficient of the film. To taketo account all
“directions”, an integral is performed over the gmnent of the wavevector which is parallel to the
interfacek,, which runs also for values larger thanc (evanescent case). The bold terms are the

transmission factoré'e(kp,a)) [4,5]. To separate the contributions of the wavedeso(propagative,

evanescent) in the various parts of the systemattiiative heat flux is divided into three compatisen

- for O<k, <£), the waves are propagative in the emitter, theimacgap and the film (fully-
c

propagative modes),
w nw . o .
- for —<k, <—, wheren is the real part of the complex refractive indéxhe material, the
c c
waves are propagative in the emitter, evanescdheirnacuum gap as a result of total internal
reflection, and propagative in the film (frustradpropagative—evanescent modes),

w : : ,
- for —<k, <=, the waves are evanescent in the emitter, thewagap and the film (fully-
c

evanescent or surface modes).
By depicting the variations of the transmissiortdad. in the k,a) plane, a spectral and directional
analysis of the propagative, frustrated and pueebrescent modes can be made, as a function of the
film thicknesst and the vacuum gap side This gives in particular the conditions for theéséence of
various resonances due to surface phonon-polardodsfor interferences in the vacuum gap and
possibly in the film. Figure 2 shows that when filra is thin enough, the coupling of surface waves
existing at the two interfaces of the film and theonance of the surface wave at the interfacheof t
semi-infinite emitter leads to the apparition ofhad resonance frequency. Equations describing the
behavior of those resonances are under consideifatmur study.

When two bodies are separated by a distance thedrgparable to or smaller than the dominant
wavelength of thermal radiation (i.8y) the propagative modes of the thermally emittedesacan
undergo interferences phenomena due to multiplectedns between the interfaces.
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Figure 3: p-polarized component of the transmission fact, for a constant dielectric functice=20+i 0.01, as
a function of kand w The size of the vacuum gap is d=10 um, and thé&rikis of the film is 100 nm for (a),

and t=10 um for (b). The equation of the blue lincw = ck, while the equation of the green linew = % with
n being the real part of the complex refractivearaf the medium. The color map is in logarilc scale.

Figure 3(a) shows that fa=10 pm, interferences appear for purely propagatioeles k, <C—d) in
c

the vacuum gap, leading to alternating minima amadima. In Figure 3(b), as the film thicknet is
comparable to the wavelength inside the 1%, interferences can also occur in the film. Thishis

case for the fullypropagative modes but interferences can also agistell for the frustrated mod
nw

(% <k, < T)' since they are propagative inside the film (Begure 3(b)). Th amplitude of the

interferences associated to the frustrated modéasrger by several orders of magnitude than
amplitude of the interferences developing for thiéy-propagative modes. This should lead to a st
modification of the spectrum of t thermal radiation.

We now divide the film intoN control volumes in order to analyze the spatiatridistion of the
absorbed radiative power. Radiation absorbed i emntrol volume is given by the differer
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between the radiative heat fluxgat the boundaries of the control volume, which @mputed by
using a scattering matrix approach [6]. Figure gicts the spatial distribution of radiation absaflie

the film q,,=dg/dz. In panel (a), the resonance frequencies correspgrio the surface phonon-
polaritons are clearly visible (around=1.8x 10'rad.s"). As those modes have a latgethey have

a low penetration depth, which explains why thegagequickly. When the depthis larger than the
penetration depth of the fully evanescent modesatisorption is dominated by the frustrated modes,
which have a larger penetration depth. Eventuallyen the film is thin enough, the surface wave at
the opposite side of the film can be excited (dgarE 4(b)), leading to an increase of absorptiearn
that interface.

Iog(qvo\,w)’qvol,w |:W mia (rad Sil)_1i|
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Figure 4: (a): Radiative power absorbed by the film as acfiom of the angular frequencgand the depth
inside the cell z for the case @80 nm and t=10 um. (b): Total radiative power absorbed by thenfihs a
function of the depth inside the film z, for thifedent modes for the case for 130 nm and t=100 nm.

As a conclusion, this study suggests that it isipbs to tune the spectrum and the spatial digidhu
of the radiation absorbed by a film by varying aeuum gap sizd and the film thickness[7]. This
opens up new ways for controlling the location b$a@ption of near-field radiation within layered
structures. Next work could also investigate theaot of surface imperfections, especially with
regard to possible future experiments.
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1. Introduction

IR sources are required for spectroscopic apptinatand gas sensing for instance. Sever lasers
are available. Yet, there is no equivalent of htligmitting diode (LED) in the IR part of the speic.
Hence, incandescent emitters such as globars ombotbranes are still the most common sou
despite many drawbacks including a low eency, a low directivity and the impossibility ofst:
modulation. In this paper, we will introduce diéet strategies to overcome these limitations
taking advantage of surface wav

2. Controlling the spectrum and the directivity

There have beeregeral demonstrations on how to control the divégtiand spectrum of therm
sources [1,2]. Owing to Kirchhoff's law, this amésirto control the directional and spec
absorptivity. Hence, one can take advantage ofrpbien due to resonant exciton of surface waves.
In other words, designing a directional and spégtezlective emitter amounts to design an abso
While several structures have been published detnading) either directional or spectral control o
emission, controlling botBimultaneously is more challenging. In this sectiae will report recer
progress along this line by using a periodic anbgneta-insulatormetal square on a metal substr
The key results are displayed in Figure 1 showirag it is possible to sign a metasurface which
both monochromatic and direction

Frequency (cm'1)

0 50
b) Angle (deg)

a)

Figure 1:a) Metasurface made of a periodic array of patchattie antennasb) Measurement of the emissi\
as a function of angle and frequency. Dare taken at 600°C.
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3. Improving the efficiency

One of the major drawbacks of incandescent sousdegir efficiency. A typical light bulb has a wal
plug efficiency of 3% in terms of useful radiatiemitted in the visible. When using a globar for gas
sensing, the spectral range of interest is versomathereby reducing the efficiency. Here, we répor

hot membrane design allowing to improve signifitattie efficiency for gas sensing applications [3].
We first discuss the different energy leakage meisnas and show how to deal with them. Our design
is based on a hot membrane encapsulated in vaauauappress convective losses. The membrane has
a frequency selective coating in order to reducevamted radiative losses. Finally, we reduce
significantly the conduction losses by heating dhly central part of the membrane.

4. Introducing fast modulation for incandescent sorces

As explained above, the key to a simple model efdbntrol of radiation is the concept of emissivity
As the emitted flux is proportional to the prodo€temissivity and specific intensity of a black lyod

it is possible to modulate the flux by modulatihg emissivity instead of modulating the temperature
In other words, the idea is to have a source thatoscillate between a "mirror” state and "blacktiod
state depending on an applied voltage. Here, waeybrt the first proof of principle of this ide@he
device uses the recently introduced concept of atidn based on the epsilon near zero (ENZ) mode
[4]. The basic concept amounts to modulate then@stoabsorption due to surface phonon polaritons.
This is achieved by modulating the electrical dgnisi a quantum well as discussed in [4]. The first
electrical modulation of the emitted flux has beeported in ref. [5].

0.65
0.6| — —400 mV

0.55|

o
41}

emissivity

=
1N
o

o
IS

0351537

33.8 34 34.2 34.4 34.6 34.8 35 352
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Figure 2: Proof of principle of the electrical modulatiofh@missivity using the ENZ effect.

References

[1] J-J. Greffeet al Nature416, 61, 2002.

[2] C. Watts, X. Liu, W.J. Padilla, "Metamaterkllectromagnetic Wave Absorbefsvanced Optical
Materials24, p OP98, 2012.

[3] G. Brucaoliet al, "High efficiency quasimonochromatic IR emitteRppl.Phys.Lett104, 081101, 2014.

[4] S. Vassanet al, "Epsilon-near-zero mode for active optoelectrataéwices" Phys.Rev.Lettl09, 237401,
2012.

[5] S. Vassanet al, "Electrical modulation of emissivityAppl.Phys.Lett102, 081125, 2013.

Session 2 — Subwavelength radiation (1) 37



Eurotherm 103: Nanoscale and Microscale Heat Transfer IV, October 15-17, Lyon, France

Session 3

Experimental heat conduction (1)

38



Eurotherm 103: Nanoscale and Microscale Heat Transfer IV, October 15-17, Lyon, France

Thermal conductivity of porous silicon irradiated
with swift heavy ions

Mouhannad MASSOUR“, P.-Olivier CHAPUIS Bruno CANUT?, Pascal NEWBY®, Luc G.
FRECHETTE and Jean-Marie. BLUET

®Université de Lyon, Institut des Nanotechnologies yon INL-UMR5270, CNRS, INSA de Lyon, F-
69621 Villeurbanne, France

®Centre de Recherche en Nanofabrication et Nanotérisation (CNRZ2), Université de Sherbrooke,
Sherbrooke, Québec, Canada

“Université de Lyon, Centre d’Energétique et de iigue de Lyon CETHIL-UMR5008, CNRS, INSA
de Lyon, F-69621 Villeurbanne, France

*corresponding author: mouhannad.massoud@insa-fyon.

Keywords:porous silicon films, swift heavy ion irradiatioimermal conductivity reduction.

Silicon (Si) is the main material of electronicslas also a material of choice in the majority otro-
electro-mechanical systems (MEMS) and sensors Waell-known that its thermal conductivity is
close to 150 W.mMK™, which is quite large for non-metallic solids.davices, it is often important to
protect certain areas from heating and thermallansts are required to do so. Among compatible
materials, amorphous silicon dioxide of thermal dumtivity usually close to 1.2 W:AK™* and
silicon nitride can be used. Another choice is perailicon (PSi). Obtained by electrochemical
etching of single crystal silicon wafers (c-Si),iR&n possess an effective thermal conductivity
measured to be 2 orders of magnitude lower thanofhaulk c-Si [1, 2].However, porosification has
also a detrimental effect on the mechanical progeedf PSi [3] and there is a limit to the increasof
porosity, so that there is also a limit to the i&ohun in thermal conductivity that can be achiewath
such process. One additional option is to partiakiize PSi, which can further reduce the effextiv
thermal conductivity by a factor of two [4-5]. Ndieat increased oxidation causes swelling andsstres
in the PSi layer, which is a drawback for many desi[6-7]. In addition, oxygen incorporation
reduces porosity, and it has been found that therthl conductivity increases again beyond a given
limit [4-5]. As a consequence of these drawbadhkete is still plenty of room for the development of
alternative techniques which could lead to the Eatithermal conductivity of silicon-based matevial
Since disorder is commonly associated to locahzbohtion modes and low thermal conductivity [8],
amorphization of Si can provide an interesting i@y this purpose. A reduction of two orders of
magnitude with values ranging between 1 and 5 WKm [9] has been evidenced.

Here, we propose to irradiate PSi with heavy ionender to amorphize the silicon skeleton of the
structure, therefore combining the advantages obgification and amorphization. Previous works
showed that irradiation with 4Me$He" ions can cause a densification of the porous Igy@rdue to
nuclear collision. In order to avoid this processift heavy ion irradiation is selected. This iriggttbn,

in the electronic regime, causes the creation ofliadrical damaged zone (“latent track”) along the
path of the ions [11-12]. Some of us have previpakbwn that irradiation witf*®U ions at energy of
110 MeV leads to amorphization and to a reductibthe thermal conductivity [13]. In the present
study, we present results for various energiesaf®® 91 MeV) and ion masses?( and'*Xe) at
different ion fluences, ranging from f@o 3 13° cm® The PSi porosity after chemical process and
before irradiation is measured optically to be 56%.
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Figure 1: Algaelike structure of PSi after ion irradiationith a fluence of 3 18 cm? at an energy of
29 MeV.

The structures of the samples are analyzed withrseg electron microscopy and various optical
spectroscopic means. The amorphous fraction oirthdiated porous silicon (IPSi) is determined
comparison of a sharp Raman peak associate-Si TO phonon mode and the extended bi
associated to amorphous silicon, as presentedsin Effective thermal conductivities of the samg
are deduced from two types of thermal measuremé@ht®aman termometry, which builds on tf
analysis of the temperatudependent shift of the Raman TO peak when incrgasia illuminating
power [13], and (i) Scanning thermal microscopy 1) [14], which is based on the cooling o
heated AFM probe when set iartact with the sampl

Our results [14]show that increasing the irradiation fluence allo@screasing the therm
conductivity by a factor up to 4.4 in comparisonnir-irradiated samples. The measurements

demonstrate that the effective thermenductivity seems to depend linearly on the crystalfraction
of the materials, as shown in Figure 2. For thgdat fluence and the largest energy, it appeatsha
thermal conductivity can be reduced to the levekitita, between 1 and 2 WK™ Since the
fluences and energies have not been fully optimiz@d now, the results suggest that decreasint
thermal conductivity of a block of silicon to a ualwell below silica is possibl

[
6.5 1 >~
T 67 o y =-0.06x + 6.80
£ 55 R>=0.93 Non-IPSi
E 5 ——Linear (Energy 91 MeV)
54.5 i —Linear (Energy 29 MeV)
2 4
335 y = -0.06x +6.73
2 R?=0.99
o 31
(%]
= 25 1
E 2
&
= 15 |
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Figure 2: Thermal conductivities of the IPSi sales (Xe ions) as a function of their amorph
fraction.

40 M. MASSOUD et al.



Eurotherm 103: Nanoscale and Microscale Heat Transfer IV, October 15-17, Lyon, France

Acknowledgements

We acknowledge the support of the joint internalomsearch unit UMI LN2 between CNRS and
University of Sherbrooke, and of project BQR INSAaNkaTherm. Funding for this project was
provided to M.M. by a CMIRA Explora Doc supportiggant from the Rhdne-Alpes Région.

References

(1]
(2]
(3]

(4]

(5]
(6]
[7]
(8]
(9]
(10]
(11]
(12]
(13]

(14]

(14]

G. Gesele, J. Linsmeier, V. Drach, J. Fricked R. Arens-Fisched, Phys. D30, 2911, 1997.
V. Lysenko, S. Perichon, B. Remaki, and D. ider, Sens. Actuators\99, 13, 2002.

C. Populaire, B. Remaki, V. Lysenko, D. Barbiel. Artmann and T. PanneRppl. Phys. Lett83, 1370,
2003.

S. Périchon, V. Lysenko, P. Roussel, B. Rem&ki Champagnon, D. Barbier and P. Pinas&ns.
Actuators A 85, 335, 2000.

V. Lysenko, S. Perichon, B. Remaki, D. Bartaexd B. Champagnod, Appl. Phys86, 6841, 1999.
K. Imai and H. UnnplEEE Trans. Electron Devicé&d, 297, 1984.

K. Barla, R. Herino and G. Bomchil, Appl. Phys59, 439, 1986.

D. G. Cahill, S. K. Watson and R. O. PdRhys. Rev. &6, 6131, 1992.

Y. He, D. Donadio and G. Gallhppl. Phys. Lett98, 144101, 2011.

A. Simon, F. Paszti, A. Manuaba and A. Z.KIsucl. Instrum. Methods Phys. Resl8 658, 1999.
W. Wesch, A. Kamarou and E. Wendldycl. Instrum. Methods Phys. Re2#5, 111, 2004.

N. Itoh, D. M. Duffy, S. Khakshouri and A. MitonehamJ. Phys: Condens. Matt@d, 474205, 2009.

P. J. Newby, B. Canut, J.M. Bluet, S. GoniMs]saiev, R. Burbelo, K. Termentzidis, P. Chentre, L.G.
Frechette and V. Lysenkd, Appl. Phys114, 014903, 2013.

S. Gomes, P. Newby, B. Canut, K. Termentzidis Marty, L. Frechette, P. Chantrenne, V. Aim&].
Bluet and V. Lysenkayicroelectronics Journadi4, 1029, 2013.

M. Massoud, B. Canut, P. Newby, L.G. Fréabe®.-O. Chapuis, and J.M. Bludtuclear Instr. Meth.
Phys. Res. Bn press (available online), 2014.

Session 3 — Experimental heat conduction (1) 41



Eurotherm 103: Nanoscale and Microscale Heat Transfer IV, October 15-17, Lyon, France

Coherent control of thermal conduction in two-
dimensional phononic crystals

Nobuyuki ZEN, Tuomas A. PUURTINEN, Tero J. ISOTALSaumyadip CHAUDHURI and llari J.
MAASILTA"

Nanoscience Center, Department of Physics, P. ® 3BpFI40014 University of Jyvaskyla, Finland
*corresponding author: maasilta@jyu.fi

Keywords:thermal conduction, phonon heat transport, phanonyistal, ballistic transport

Controlling thermal transport has become more eelein recent years, in light of the strong push to
develop novel energy harvesting techniques basetthenmoelectricity [1], the need to improve the
heat dissipation out of semiconductor devices, thedpush to increase the sensitivity of bolometric
radiation detectors [2]. Traditionally, reductioh thermal conductivity is achieved by including
impurities, nanopatrticles, voids, etc., which imse the scattering of the relevant energy carrying
quanta, electrons and phonons. As the phonon thetraasport component is present in all
conducting and insulating materials, a lot of resedas lately focused on lowering phonon thermal
conductivity using nanoscale structuring of mater{8] to increase scattering. On the other hand,
much less attention has been given to controllihgnpn thermal conductance by engineering the
phonon dispersion relations, in other words thenphdband structure’.

Dispersion relations determine both the group vgland the density of states, and therefore direct
influence thermal conduction. They are normalltedmined by the microscopic details of the atomic
bonding of the material in question. However, mahyhe phonons involved in thermal conduction
actually have wavelengths much larger than the iatéattice constant [4]. Thus, if the material in
question is structured at some longer length sthdephonons with wavelengths around that length
are predicted to undergo strong coherent Bragdesoag and interference. If this extra structuriag
periodic, the devices are called phononic crysfalsin analogy with periodic structures for
electromagnetic wave engineering, photonic crystale to this interference effect, the band stmactu
of the long wavelength phonons is strongly modisedthat changes in both the density of states and
the group velocity, and thus in thermal conductaace expected.

Here, we discuss this line of approach for coritrglithermal conduction and present our recent
experimental and computational studies of therroablactance in two-dimensional phononic crystals
(PnCs) at sub-Kelvin temperatures [6]. Figure 1wsha scanning electron micrograph of a typical
sample, which consist of periodic array of holeghet into a 0.5 um thick silicon nitride membrane.
We compared the results of two PnCs with diffeqggriodicities to an uncut membrane sample and
observed a strong reduction of thermal conductampctn a factor of 30, with a concurrent change in
the temperature dependence. This reduction and eratype dependence was in quantitative
agreement, for both periodicities, with our num&ricomputation based on finite element method
(FEM) simulations of the modified dispersion redat of the PnC devices. Note that the PnCs had the
same amount of material removed and hence shoukltha same reduction in thermal conductivity,
without any change in temperature dependence, oh@h interference were not present. As our
calculation of the thermal conduction was perforrirethe fully ballistic limit, where no scatterirag

all is considered (this is expected in the sub-+kgeaas all bulk scattering processes have beennshow
to freeze out), we have to draw the conclusion ¢bherent, interference-based phonon band structure
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modification is behind the observations. In otherds, there is clear evidence that phonon thermal
conduction can be controlled by using the wave-griigs of phonons, instead of just the particle
(scattering) properties. This idea was also dismliiseoretically recently in Ref. [7].

Figure 1: A scanning electron micrograph of a 2D phononigstal sample fabricated from a SiN
membrane. The heater and thermometer are normallsimstulator-superconductor (NIS) tunnel junctions.

In future studies, we hope to answer several furtjuestions related to coherent control of thermal
conduction, one of them being as simples as: wieathe optimal parameters of a particular lattice
type (such as the square lattice) for minimizatbormaximization of thermal conductance? How will

the situation change, if the holes are arrangedramdom fashion (Bloch’s theorem for band-struectur

not satisfied)? We already know that, for examphaximizing the band gap will not lead to the

minimum thermal conductance.
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Abstract

Thermoelectric generation faces two major drawhbaigkistrinsic efficiency limitation related to the
optimization of antagonist and intricate transpgmoperties, ii) scarcity, cost and harmfulness of
state-of-the-art materials among which Sb, Te PBi, Among promising materials, Si and Ge feature
competitive Seebeck coefficient and electrical prips and compatibility with conventional CMOS
fabrication processes. However, a significant tlermonductivity precludes the use of these material
in thermoelectric generators. Suspended membrané&s phononic engineered structures or
"thermocrystals" were recently proposed in ordehitaler thermal transport in silicon. In this work,
we present a fabrication methodology for such iawif materials and the procedure of integration
onto micrometric thermal measurement platform isspnted. The preliminary experimental results
are supported by thermal conductivity measuremants molecular dynamic simulations by Green-
Kubo methodology.

Introduction

The most commonly used thermoelectric materials Bisge; and SkTe;, but they present the
drawback of being harmful/toxic, expensive and @BtOS compatible. For these reasons attention is
rising toward materials such as Si, Ge or SiGegusanostructuration methods to reduce their thermal
conductivity [1]. To realize a CMOS compatible d=vithe substrate chosen is silicon-on-insulator
(SOI). Silicon is attractive for its high Seebedefficient (400 uV/K) [2] for highly doped p-Si and
doping dependent electrical conductivity. Howevts,elevated thermal conductivity (148 W/m/K)
makes it unsuitable to sustain the necessary maditegits of a thermoelectric device. Nowadays, the
interest in thermoelectric devices based on siliasnthe active medium is increasing due to the
innovative integration approaches to pattern phimenclosures at very high resolution in nano-
devices. Phononic crystals (PCs) are considere@ldstic counterpart of photonic crystals [3]. The
periodically modulated elasticity of these struetimduces a shrinking of the Brillouin zone which
turn gives rise to additional phonon transport prtps such as: i) Full or partial frequency baagg
preventing transport in given frequency rangeg$. aitificially induced anisotropic transport, iii)
negative refraction, iv) reduction of the phonomsug velocity. Considering the different order of
magnitudes of the phonon mean free path (peakétdbdison at 250 nm for Si at 300 K) and electron
one (2-3 nm for Si at 300 K) it is possible to rsalperiodic nano-enclosures with tenths of
nanometers dimensionality, permitting to decoupéeghonon and electron transport to hinder the firs
one, without affecting the electrical conductivitjne phonons transport will be impeded by scatterin
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processes and interference effects due to sucldpernanostructuration of the silicon thin film.
Recently it has been demonstrated [4][5][6] thds ipossible to reduce the thermal conductivity by
periodic patterning of the silicon layer with themaof adding a phononic effect to the 10-fold
reduction of the thermal conductivity due to thimtliim contribution. The desired material has @& lo
lattice thermal conductivity (2 W/m/K) and presesvbe electron conductivity solving the well know
“phonon glass — electron crystal” dilemma of theafeotric materials optimization.

Phononic patterning and device nano-fabrication

The fabrication procedure counts several lithogyagteps to fully suspend the metrology platform.
The substrate used is SOI with a silicon thickrafs& nm. Firstly the nano-enclosures are defined b
electron beam lithography and etched by RIE usidgts-on-the-fly” technique to speed up the
writing process and reaching a high pattern resw#]. Once the holey film has been definedsit i
possible to proceed with the cavities etching,nietallization of heater and sensor serpentinegtand
final BOX and Si-substrate etching. The final devie shown in figure 1(a). The membranes realized
have dimension of 5-10 um of width and 5-10-20-30 @f length. A detail of the nano-inclusions
with a pitch of 60 nm is shown in figure 1(b). Timetrology platform is composed by a central fully
suspended heater and two lateral partially susgkseéesors. In such a way the heat produced by the
voltage applied to the heater will flow through thanostructured membranes and the resistance
variation, temperature dependent, is measurecaahsor.

S/ heater
&L
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e %

/

/
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Figure 1 :(a) SEM image of the suspended membranes 20 ymmxveith Pt heater and sensors, (b) SEM
image details of the patterned holes on the susge660 nm thick membranes (pitch of 60 nm).

Preliminary thermal conductivity measurements Haaen performed to estimate the reduction of heat
transport due to the thin film and the added efflet to the phononic structure. The measuremeats ar
conducted under vacuum (1@nTorr) to prevent convection mechanisms. Measunésrehow values
that are more than one order of magnitude lower tmes obtained for bulk silicon, demonstrating the
reduction of the heat transport due to surfacespaittg.

Molecular Dynamic simulations

The origins of the 100-fold reduction of thermahdactivity in nanophononic membranes is still a
debated question. Indeed, while conductivity reidacin thin films is a well know phenomena that
can be modeled, as an example, using the Fuchdi8omek model, the further decrease of
conductivity is sometimes attributed to variousef$ such as: i) increased silica/silicon interfaes,
i) local disorder induced by the fabrication preses and finally iii) Bragg refraction of the phaso
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on the artificial lattice. To go further, a moleauldynamics simulation scheme using Green-Kubo
formalism is used. The Environment-Dependent &ttenic Potential has been chosen for its realistic
depiction of silicon thermal properties. The sintiaia of bulk silicon are well reproducing the
experimental results found by Glassbrene¢ral. [8]. The same simulation scheme has been
reproduced for demonstrating the reduction of tlargonductivity in thin film and in periodic
cylindrical inclusion in bulky silicon. These sinatibns, despite known limitations, account for a
significant decrease of thermal conductivity wedldw what is expected by porous media models.

Conclusions

A robust process has been established to realicandaometer scale, periodic patterning of SOI
substrates and to integrate them onto suspendedbrares for thermal conductivity metrology based
on electro-thermal generation and sensing. Predirginthermal conductivity measurements by
suspended membranes 4-probes methodology have deated the reduction of thermal conductivity
in the nanostructured thin film membranes. Molecdlnamics aims to justify the relevance of the
patterning methodology developed showing an efiicieeduction of the thermal conductivity.
Perspectives envision to extend these charactiensato the Seebeck coefficients, and electrical
conductivity.
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The development of temperature sensors continugitrect much attention in various areas of science
and technology. Not only has the need for developnmed new thermal nano-characterization
techniques and use of novel nanomaterials dranfigtinareased, but also the demands for measuring
and controlling temperature with nanoscale spagsbolution and high temporal-resolution have
become a major concern for further developments.

Metallic nanowires have the potential for becomisigomicrometer scale heating elements for

temperature control (via the Joule effect, Figujye Oue to their small thermal mass, micro- and

nanowire based devices are particularly interestith regards to their response times and also in
terms of confinement of the induced temperaturengbsa. The thermal characterization of these
heating elements is a critical step; associatet sjipropriate electrical setups, luminescent probes
and/or with scanning probe microscopy techniguesse devices allow for high spatial and temporal
resolution investigation of thermal properties [1-5

Figure 1: Metallic Au wires for localized heatingiqposes. a) Au micro/nano heaters embedded on a chip and
its electrical connector, b) Scanning Electron Miscopy image of 50 nm x 1 um x 80 pm wire anadnitg fi
element simulation of the temperature distribuiiothis wire using COMSOL MULTIPHYSICS.
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Methods

Micro- and nanowires were fabricated ckness: 50 nm, length: 80 um, width: 500 nm or ) and
embedded on a chip by means -beam and photo lithography. The circuit was eleally isolatec
from the underlying silicon substrate by a 300 mick SiC, layer. When heated via the Joule el
using a current source, these wires are expectegordade fast, spatially localized temperat
changes due to their small dimensions and low ¢egadicity. Steac-state and transient (current pul
heating of the wires was characterized by bothtrical (resistance) and optical (luminesce
microscopy) techniques and the experimental resudt®e completed by finite element simulatis
using COMSOLMULTIPHYSICS.

Results

Electrical characterization of the heaters in sfestdte was performed in tvsteps: first, the variatio

of the resistance of the wires as a function ofpmrature was observed; second, the chan

resistance was also studied as a function of aheapglectrical current. From these sets of dats,

possible to establish @lationship between an applied current and the masaation in temperatut

induced along the wire (Figure 2a). The spatidrithstion of these temperature changes was stt

with fluorescence microscopy by depositing a thersemsitive luminescent fbe consisting on
Rhodamine B [1] or spin crossover materials dopé&t Whodamine 110[6]. The results were ¢

compared to finite element simulations. These swdionfirmed the flat and highly confin

temperature variation expected in the vicinityhe heaters (Figure 2b).
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Figure 2: Electrical and optical stea-state characterization of Au heaters) Variation of the temperature :
a function of the applied current for 500 nm andriwide gold wires. b) Temperature profiles of arum x 1
um wire inferred from fluorescence microscopy at diffgrbias. A fluorescent spin crossover thin film \
employed as a thermal probe.

The ideal experimental setup for characterizing dggamics of the temperature jumps-jumps)
induced by an applied step electrical current in the micro/nano wires isan which it is possible t
correlate the integrated electrical response ofyistem to optical imaging measurements. To this
a transient differential resistance setup coupledatgated CCD came (ICCD from Andor
Technologies) was developed to perform p-probe timeresolved luminescence spectroscopy w
simultaneously measuring the electrical and optiesphonses caused by transient heating of the.\
Both observations revealed that aan electrical current step, these types of hea¢aish a stationau
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temperature within the microsecond range (FigureA3)a result, use of these micro/nano wire
heat sources is promising for the development grtimization of cheap and simple h-speed
temperature control ochip strategies. Although the temporal responsdisesie heaters are not as-
as laser setups, it is suitable for characteriaiggeat number of molecular events in bio/chem
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Figure 3 T-jump observationsa) Scheratic of the differential amplifier setup for mormitey the therma
response to a current pulse applied to a heatiegneint. The voltage obtained across a wire is cortpéu tha
of a reference resistance (negligible temperatuepethdence and equal that of the wire at low currents). |
Electrical and optical transient heating respondeacheater covered with a thin layer of Rhodaminea8the
temperature increases, revealing a decrease inrdlsmence. In both cases, a stationary regime istred fter
ca. lus.

Once it is characterized, this simple but very pdweplatform of micro/nano heaters can be cou
to diverse setups. For example, we have employesetieaters together with an epifluoresc
microscope to study the potential of spirated fluorescent spin crossover thin films as se
temperature sensors with high spatial resolutichth® temperature rises, the variation of the af
properties resulting from the phase transition led spin crossover nanomaterial will lead tc
increase on the light emitted by the luminesceernagresent in the film (Rhodamine 110) [7]. Irst
manner, we have been able to image the strongnemméint of the temperature increase due to .
heating in the vicinity of different heaters (Fig 2b).

In a different approach, we have also performedntb-mechanical measurements with an atc
force microscope (AFM) and successfully imaged wagation of the Young’s modulus during t
thermally induced phase transition of the same spssove thin films (Figure 4) [5]. This hot wir
scheme allowed us to induce the phase transitigheofilm in a small sample area inside the re
under observation at will and in a controlled manfreaddition, using this configuration we alswé
an unclanged reference area of the sample just a few bdndanometers away from the hei
independent of the thermal perturbation generayetid wire. Moreover, contrary to the usual hea
stages proposed by AFM manufacturers, our heatersot induce ar thermal drift of the sampl
These three advantages bring a great simplificafmn the observation of thermally induc
phenomena and the corresponding -data analysis while working at high magnificatianditions
such as those of an AFM.
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Figure 4 Detection of a phase transition with AFMMo-mechanical measuremera$:Schematic of the setup
employed to study the thermal phase transitiorpin srossover thin films. b) Young’'s Modulus mags! = 1
mA and 28 mA. c) Young’s modulus dependence asctidn of temperature in the region above the wikes
increase of current applied to the heaters leads teery substantial decrease of the Young moduluis
region [5].

Conclusions

We have shown the versatility of Joule heated mianal nanowires as a platform for high spatial and
temporal resolution thermal investigations. Thisupported by a series of diverse experimental and
finite element simulation studies of the spatioftenal thermal response of sub-micronic gold wires
embedded on electrically insulated silicon subsgatnder this configuration, it is demonstrateat th
these heaters lead to fast (< yus) and spatiallylaadlized (< um) T-jump perturbations driven by a
electrical current. The simplicity of this platfordacilitates its integration to existing on-chip
technologies for thermal excitation and temperatoreasurement purposes. To illustrate this
flexibility, the platform has been coupled to anMFo perform quantitative high spatial resolution
thermo-mechanical measurements for phase trangtiorfilms.
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At room temperature, thermal conduction of dielectranostructures is characterized by structural

properties of the material and phonon scatteringhaeisms, such as phonon-phonon scattering and
scattering from crystal defects or impurities [However, at very low temperatures where the

dominant phonon wavelength becomes large, theseteftan become negligible. Phonon mean free
path can then exceed the system dimensions leawnhgspecular scattering at the boundaries in

effect. In that case we speak of ballistic theromadduction.

Simplifying the system makes it easier to desigucstires with accurate thermal properties. For
instance, in low temperature bolometric applicaidanis essential to the sensor sensitivity to cedu
the thermal conductance of the supporting strudi2keSuspended thin films and beams have been
commonly applied there, but finding an optimal staual design in terms of strength and desired
thermal properties is often a difficult problem.

In Ref. [3] we successfully used periodic hole gating on suspended SIN membranes to alter
phonon dispersion relations in order to reduce femperature thermal conductivity. The measured
data coincided with ballistic phonon model, promigliproof that scattering processes did not play a
role in the thermal transport. Surface roughnesthefsamples was measured to be 0.3 nm (RMS)
which is orders of magnitude lower than the domindronon wavelength at 100 mK.

This leads us to another technique of engineeringctsires with reduced thermal conductivity.
Surface of the structure can be roughened withufeatin the relevant phonon length scale to cause
diffuse scattering in contrast to specular scatterPurely diffusive scattering on the boundarges i
called the Casimir limit, which was introduced fbe case of one dimensional beams in Ref. [4]. We
have previously generalized the diffusive boundsegttering model to two dimensional circular
membranes and have performed numerical calculat@mgemperature profiles in membranes with
diameter to thickness aspect ratios going up to B0 In this work, we compute the thermal
properties of dielectric membranes using ballisnb mode theory and radiative phonon theory in
the 2D Casimir limit, and compare the two limitse\Wxtend the earlier calculations to much higher
aspect ratios, reaching a thickness below 100 nrfafge membranes of diameter 500 pum. We also
discuss the computational limits of the methodsluse
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R =250 um
' h~100nm :

Figure 1:lllustration of the diffusive boundary scatteringdel for 2Dmembranes. Radiative balance
expected to exist between the surface elem; and  on the opposing membrane surfa

In the Casimir model, phonon emission from the aeefelemenr; (see Fig. 1) follows phonc
blackbody radiation with phononic Ste-Boltzmann constant, given by

_ mlkg (2 N 1
7= 120m3 ¢ ¢t
wherec; andc; are the transversal and longitudinal speed of soRadiaive balance must exist

the steady state between the surface elementseomipgper and lower boundary, which lead:s
equation

94 _9 4
;Ti driz cos¥;d€); = ;z T;* cos ¥; dry dQ; + g dr;

J j

where thdeft side corresponds to the total emitted poweelefmenidr; into surface elemendr; and the right
side is the total absorbed power at elendr; from all other elementsrdon the opposite membra
surface (see Fig. 1), in addition to a direct er power load). By transforming the sum to integrati
and by simplifying we derive [5] an integral equatifor the temperature profiZ = Z(r;) = T*(ry)

Z(r) = f dr, G(ry ) Z(ry) + Z(RYH() + Cof ()
0

where kernel functios(ry,r,) and coefficient functioH(r,) are given by

2d%r,(rf + 1§ +d?)

G(ry, 1) = )
(r1,72) (2 + 12 + d?)? — 4r?rf]3/?

7'12 + dZ - R2 1)

1
H(r) = —( +
Y2\ /G + R? + d2)? — 47R?

Functionf (r;) is the characteristic function of the power souleater element) locatedthe center
of the membrane upper and lower surfacesCp is the normalized external power input. Funct
H = H(r;) accounts for the bath temperature at the membraiee edge. The equation {Z(r;) can
be classified as a linear Fredholiquation of the second kind. We use the Nystrom otetfor
solving the equation, which uses the G-Legendre quadrature for discretization [6].
decomposition is used for solving the resulting s#efinear system. For Casimir model, the t
emitted powerP(T) of the heater at temperatLT can be calculated by finding a heating po'Cp
so thatZ(0)/4 =T.

Our ballistic phonon model is based on elastidigory. We approximate the membrane as an ini
isotropic domain of finite thicknes Given the elastic material constants, the allowednpn mode
can be solved analytically following the Rayle-Lamb theory [7]. The resulting dispersion relati
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w; = wj(l?) for each phonon modethen describe thermal behavior of the membranth&yemitted
phonon poweP = Pg(T)

1 . dw;(k dw;(k
Py (T) =ﬁ2fdyfdk ho, () n(w;, T) “;]g )-ﬁye (%)-ﬁy>
Jy K

from the circular heater elementwith temperaturd (see e.g. [3]). This quantity can be compared to
Pc(T), from which a differential thermal conductante= dP/dT can also be calculated.
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Our understanding of heat transport in liquidsrily gartial. Standard textbooks generally menttoa t
Green-Kubo formula for the thermal conductivity @ifiids, which is widely used from a
computational point of view, but which has a linditpredictability for liquids. The main reason is
partly ascribed to the lack of long-range orderjclvtprecludes the classical description in terms of
phonons, i.e. collective propagative excitationsr Ehe same reasons, our understanding of heat
transport in the vicinity of solid/liquid interfaseis also partial. Thermal boundary resistance at
liquid/solid interfaces has been probed experiminid] and from numerical simulations [2] during
the years 2000. The common conclusion of this bmfdyork is that the thermal resistance displayed
by a liquid/solid interface takes values which iaoe different from a solid/solid interface.

Apart from the fundamental point of view undersiagcheat transport in liquids, and especially i@ th
vicinity of solid/liquid interfaces may have imparnt biomedical applications. With the advent of
nanoplasmonics, metallic nanoparticles may be Heapeby a laser pulse, and used as nano-heat
sources creating very large temperature gradiamts iliquid environment. In turn, such large
temperature gradients may be used in hypertheani@to induce pressure waves propagating in the
liquid phase. If the energy supplied by the lasehigh enough, vaporization may be driven by the
nanoparticles generating nanobubbles that may gnodvexpand in the liquid. These nanobubbles
have been experimentally shown to be efficient éamaer cell therapy, as they concentrate large
amounts of thermomechanical stresses that may é&e twwsdestruct diseased genetic material [3].
Despite their promising use, the fundamental dpsori of the mechanisms at the origin of boiling
under the extremely large temperature gradientstilismissing. Under this situation, the thermal
boundary resistance and the very large Laplacesprescreated by the strong curvature of the
interface, should compete to delay boiling. From é&xperimental point of view, our knowledge of
nanobubble formation is still highly controversiabme studies conclude that nanobubble generation
matches the crossing of the spinodal of the flaidhie vicinity of the nanoparticle [4], other stesli
report an energy threshold one order of magnitugkeh, the difference being attributed to the huge
Laplace pressure that should be overcome at thaistdnic scale [3]. Theoretical modeling of the
process at the origin of boiling around heated panticles, is thus highly desired to understand the
basics of liquid phase change under very large ¢eatpre gradients.

In this contribution, we study theoretically hemtnsport in liquids with an emphasis in nanobubble
dynamics. The objective is twofold: first trying tinderstand which are the vibrational modes at the
origin of the thermal boundary resistance betweasid @nd liquid. Second, we aim at a theoretical
description of energy transfer in the vicinity efomgly heated nanoparticles in water, in situaioh
local boiling.
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First, we discuss a viscoelastic model to predietvalue of the thermal boundary resistance at the
interface between liquid water and solid. The madeh generalization of the acoustic model of
Prasher, which accounts for the finite bondingregtle between two materials [5]. We generalize this
model through two aspects: first, we differentittte longitudinal and transverse polarizations, and
more importantly we account for the viscoelastiapgarties of the liquid at high frequencies (Thze W
unveil the important role of the high frequencycaslastic properties of liquids. In particular, we
show that acoustic models which do not accountttier viscoelastic character of high frequency
vibrations in liquids underpredict the thermal bdary conductance by one order of magnitude [6].
On the other hand, a viscoelastic generalizatioth@facoustic model may provide a good description
of the experimental and simulation data available [
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Figure 1:sketch of the system simulated: a hot gold nanmpausurrounded by a vapor bubble
expanding in liquid water.

Second, we will model nanobubble generation drivgieat transfer from heated gold nanoparticles
in water [7]. Because the relevant length scaleg bea micronic, we model this situation using a
mesoscopic model which accounts for the thermodjegof liquid water, and the capillary effects
through a free energy density functional couplethwiydrodynamic-like equations. We show that
nanobubble generation corresponds to the crossitftecspinodal in the liquid at a distance 1-2 nm
from the hot nanoparticle. Capillary effects arevsh to have a minor effect in the value of the gper
threshold for boiling. Comparison with experimerdalta conclude that nanoparticle melting should
proceed before the onset of vaporization. Thisxigagned by the separation of time scales: melting
times being shorter than heating of the fluid whitkurn is shorter than nanoparticle recrystalia

We unveil the critical role played by the thermalubdary resistance at the nanoparticle interface:
close to the vaporization threshold the thermalniglany resistance significantly delays vaporization,
thus allowing heat to be transferred to the flaiffiering optimal conditions for the energy conversi
between the energy supplied by the laser and thehamical work (pressure) necessary for the
nanobubble growth [7]. Beyond the threshold the asiyics of the nanobubble is found to be
asymmetrical, the growth being described by antedia process while the collapse is consistent with
an isothermal evolution of the vapor inside theebThis scenario is confirmed by a Rayleigh-
Plesset analysis of the bubble dynamics showingaben though the bubble is generated under very
large temperature gradients, a bulk-like analystvides a good description of the simulation data.
The same analysis allows to understand the corigpebietween the different terms in the momentum
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conservation equations, and conclude that the laegg Laplace pressures due to the strong curvature
of the bubble are indeed counterbalanced by visstriesses. Because of these viscous stresses, the
internal pressure inside the bubble quickly relaxetd thermal conduction has been allowed to set i
and compete with compression forces to make thblbuollapse isothermal.
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Figure 2: Minimal energy required to drive vaporization aguaction of the nanoparticle radius.
Dashed lines: simulation without and with partiokelting; Open triangles: experimental data
from [4].

We also highlight the major role played by the ratof the energy transport inside the bubble [8].
Energy transport inside the bubble no longer olfeysgier's law, as the dimensions of the nanobubble
becomes smaller than the mean free path of thengdecules. Rather, heat is transported through
ballistic transport of the molecules from the hahaparticle to the nanobubble/liquid interfaceain
manner which is similar to a Knudsen layer. Depegdin the duration of the laser pulse, ballistic
transport inside the bubble may control the maxiwzdlime of the nanobubble, a quantity of prime
importance for biomedical applications. Simulatish®w that with a nanosecond pulse, ballistic heat
transport inside the bubble may enhance the maxuoiaime of the bubble by a factor eight, as
compared to the case of ultrashort pulse duratidfes also discuss the relevance of ballistic heat
transport in interpreting the experimental datardimg the maximum size of the bubbles.

Finally, we will compare the performance of silgald core shell nanoparticles in driving
vaporization [9]. We conclude that core silica-gsltell nanoparticles display energy thresholds for
vaporization almost one order of magnitude lowemtithe inverted configuration-gold core silica
shell, and depending on the nanoparticle size beaeven more efficient in driving vaporization than
bare gold nanoparticles.
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Advances in nanofabrication technologies have neakder the elaboration of nanostructures and
nanostructured materials. Their applications ineuoolar electronics, quantum computers, actuators,
sensors, and molecular machines are rapidly sprgaéliectronics, photonics, biomedical, and energy
harvesting devices [1]Their novel functions involve unique mechanicalerthal, and electronic
properties. Concerning thermoelectric devices, rfaidd nanowires exhibit better thermoelectric
efficiency than pristine constant diameter nanosveiad much better compared to bulk materials [2].
This is mainly due to the reduction of the thergm@iductivity in nanostructured materials.

The parameters that reduce the thermal conductivity defects (impurities, doping, stoichiometry),
geometric modulation (diameter modulation, kink maimes), structural polytypism (fcc, hcp, stuck
default interfaces), roughness of interfaces amé furfaces, amorphisation (core/shell nanowires).
The main reasons for the reduction of the thermahsport are: spatial confinement of acoustic
phonons, increase of the scattering processes éetplgonons and scattering centers (doping, rough
interfaces, surfaces) or changes in the phonorpgrelocity and density of states (DOS).

In this communication, we shall show the effecttlom thermal conductivity of a series of modulated
nanowires, calculated with Molecular Dynamics:

» diameter and structure lattice modulation of SiGavaires (figure-1),

» diameter and core/shell modulated Si and Ge narewiigure-2).
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Figure 1: L eft: diameter modulated SiC nanowires [3]. Rigtrbss-section of a diameter modulated crystalline
core/ amorphous shell Si nanowires [4].

In all cases the thermal conductivity reduces awrably by a factor of 10 compared to the thermal
conductivity of pristine constant diameter nanowjrer by three orders of magnitude compared to the
thermal conductivity of their bulk materials. Fdretfirst case of SiC modulated nanowires, the
reduction of the thermal conductivity is due to #mditional free surfaces, the thermal interfacial
resistance, the confinement of the phonon modestheocase of Si or Ge core/shell nanowires, the
above arguments are always valid and with the ahoarp phases one can add extra scattering
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mechanisms for phonons. Analyzing the vibratiorelgity of states, we proved that the phonons feel
the crystalline/amorphous interfaces effects muckatgr than they are. We modeled smooth
interfaces [5], but as it can be seen in figuré]2the density of states of the atoms in a distafd.5

nm away from the interface at the crystalline pha®a is the same as the density of states ofullke b
amorphous phase.
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Figure 2: Vibrational density of states for groups of ataizse to the amorphous/crystalline interface.
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We have made a comparative theoretical study ofatifearmonic relaxation rate of the low-lying
transverse optical (TO) phonons in lead chalcogenitlVe find that these phonons contribute in the
range of 15%-20% towards the total lattice thercoaiductivity of these materials.

Lead chalcogenides are important thermoelectrieri@s$. These materials, PbTe, PbSe and PbS, are
characterised by the presence of low-lying trarsveiptical (TO) phonons with speeds comparable to
that of the transverse acoustic (TA) branches Tlerefore, when accounting for anharmonic
interactions, the role of optical phonons (in gartar the TO phonons) must be considered with the
same degree of attention as the acoustic phonons.

In order to examine the anharmonic relaxation cétthe TO phonons we have applied an isotropic
continuum model for the dispersion curves of adouss well as optical phonons, an isotropic
continuum model for the cubic crystal potentiald dimst-order perturbation theory, by extending a
previous work [2,3]. Expecting the three-phonon cpsses to adequately describe anharmonic
interactions for acoustic as well as optical phanone modified the expressions in [2] for the
relaxation rates for a phonon mode gs undergoingmidb (N) and Umklapp (U) three-phonon

processes of class 1 tyg 9ST4 €0 € ) and class 2 typeds—as+d s ),

In order to compute results we have used the nahtparameters available in the literature. The
Gruneisen constant is taken as 0.8 for PbTe and Pi®é.8 for PbS. Although it is known that the
Grlneisen constant is mode dependent, being mgttehifor TO than the other modes, we have
considered a single mode average parameter. Figwfgows the room-temperature results for the
-1
anharmonic relaxation ra ‘7 for TO phonons. The total optical phonons anhaimoglaxation
rates in PbTe shows a quadratic frequency deperdsrthe low frequencies range. This result is als
identified by Tianet al [4]. In the long wavelength regime (small phorwesive vectors) we find that
the TO relaxation rate is the highest for PbS.hHe short wavelength regime (towards the Debye
sphere) the relaxation rates for PbTe and PbSrarkus but the TO phonons are comparatively much
longer lived in PbSe. In Fig. 2 we have presentedscattering rate of the TO phonons undergoing
allowed three-phonon processes. The largest scatteate for long wavelength TO phonons comes
via the Normal (N) process TO+TA> TO (N) for PbS. The largest scattering rate ofrsho
wavelength TO phonons is contributed by the progd€ss TA— LO (N) in PbTe.

We find, using the single-mode relaxation time tigedeveloped for acoustic as well as optical
phonons in [3], that for PbTe and PbSe the cortiobuof TO phonons is 20% of the total lattice
conductivity at room temperature, while for PbS peecentage is about 15%, as shown in Fig. 3. The
lattice thermal conductivity results we obtained RibbTe agree with the ab initio study performed by
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Tian et al [4], including the importance of the optical pleas in conducting heat in this material. In
this work, we find that at high temperatures, thetdbution of the TO phonons is comparable to that
of the TA phonons for all the three materials. dididion, the TO branch contribution is the highfest
PbTe and the lowest for PbS. This has been idedtifo result from the combined effect of
anharmonic and impurity scatterings of TO phononthése materials — the impurity scattering being
the strongest for PbS, due to higher impurity cotre¢ion and broader TO frequency spectrum. At
low temperatures, there is a significantly smatlenductivity contribution from the TO phonons, as
these can be expected to be less occupied.
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Figure 1: Anharmonic scattering rate of TO phonons at T= 80r PbTe, PbSe and PbS. Here q is
phonon wavenumber ang & the Debye radius.
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Figure 2: Frequency dependence of the important anharmaaiteying processes for TO phonons at
room temperature: (a) PbTe, (b) PbSe and (c) PbS.
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Figure 3: Percentage contribution of TO phonons towardstfieemal conductivity in
(a) PbTe, (b) PbSe and (c) PbS.
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Heat transport in nanostructures has become aestdblished research domain that addresses several
applicative fields like microelectronics, energyfi@éncy, innovative materials, biophysics, etc.
Besides, it is now commonly accepted that heaspart properties in low dimensional materials are
no longer the ones of the bulk state and they dipemong other parameters on the geometry at the
microscopic scale. For example, nano-devices likgedattices, thin films, nanotubes and nanowires
exhibit outstanding phononic and electronic prdpsrthat can be used for a plethora of applications
So far, the tailoring of these properties by nammstiration techniques is a quite hew subjecthia t
study, we focus on nano-constriction effect on tthermal transport properties of individual silicon
nanowires. The purpose of our work is to apprdisethermal conductandg in these constrictions
and to predict the variations of the overall thdrimanductivity k in silicon nanowires. We will
demonstrate that the shape of the constrictionadisas its magnitude can significantly alter thieia
thermal properties through the modification of fifenon mean free path (MFP) in the considered
nanostructures [1,2]. All the thermal properties derived from the resolution of the Boltzmann
transport equation for phonons in the frameworkhefrelaxation time approximation by Monte Carlo
simulations.

A constriction within a nanostructure, as well agnp contacts between two materials (for example
AFM tip — sample) can be modeled by a more or $sep variation of the diameter of a cylindrical
structure. As an example, Figure 1 depicts twced#ht types of these constrictions.

. c=10"

Figure 1: Modeling of smooth to steep constrictions in aawaire, d,,=115nm, ¢,=57.5nm, Lz = 2um
The above constrictions were obtained assuminghieatanowire diameter follows the law given by:

(1-Rg)

T TCG-z0)2 ; with € > 10* m~2 and Zg = 1lum (1)
~Zo

d(Z) = dmax [1
Whereda is the nanowire maximum diamet&; the diameter ratio R dniw/ dmax Zo the constriction
localization along the axis andC a constant that rules the stiffness of the carigini (typically in the
range of 1¢ to 10" m).
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For these constricted nanowires a Monte Carlo sitrarl tool has been built in order to accurately
depict the 3 phonon scattering processes as wdlioge related to boundary variations. It shall be
noted that even if the global nanostructure MFRediiced by constrictions and nanowire boundaries,
3-phonon processes need to be considered becaisatbrage MFP is in the same range as the
geometric one. Furthermore, they are necessarpdore restoration of the thermal equilibrium. In
this framework, the model lies on a previously deped tool for Cartesian geometries [3] and
includes recent improvements for phonon samplihgHét allows better energy conservation and thus
more accurate results. An illustration of what d¢snderived from such calculations is plotted in
Figure 2 where heat fluxes, temperatures profiled averall thermal conductivities (TC) of two
different constricted nanowires (smooth and stesp)given and compared to a nanowire without
constriction.

, | | - | 301,0 ; smooth constriction
7x10° - ﬁ N steep constriction
| | L no constriction
7 o
6x10 300,5 |- 1
300,0 |- - g
|_
2995 |- -
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Figure 2: Heat fluxes (left) and temperature profiles (rigbt smooth (red - C=16m?), steep (blue - C=16
m®) constricted nanowire and of a nanowire withoanstriction (black) ; ga=115nm, ¢h=57.5nm, Lz =2um

The comparison of these simulation data obviouslyted out the fact that the constriction shape
notably modifies the nanowire thermal conductiagythe introduction of a new resistive process. In
the case of a steep constriction, the TC is redwdeein compared to the unconstricted nanowire
because of the supplementary internal thermalteesgie. This effect is even enhanced for smooth
constriction. An explanation could be proposed mering the geometric MFP variations for steep
and smooth constrictions. In the latter case, gnmller because the nanowire diameter reduction is
less localized and occurs on the larger portiorthef nanowire length. Therefore, considering the
kinetic theory model, MFP lowering induces TC loimgralso. Besides, one can see that heat flux
density ¢, calculated along the nanowire axis z, increasethe vicinity of the constriction. In the
present calculation, 40 cells have been considéied.is enough to have a reasonable description of
the smooth constriction but it is a little bit utistaying to address accurately the case of a Seegph
narrow) constriction. For our calculations in order ensure the stability of the Monte Carlo
simulation, in a given configuration, each cell lias same volume. Thus, an accurate evaluation of
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the maximum heat flux density requires more cétigzigure 3,0 is plotted for the same constriction
geometry with 40 and 180 cells. It can be obsethiatiboth plots are superimposed, but the maximum
value in constriction neck increases for a finaatisp discretization. Yet, calculations of the hitax

® (namely¢ x cross-section) within the structures leads tarlyea constant and equal value for the
two meshes. This is confirmed by the extracted Aaf are also very similar in both cases.
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Figure 3: Heat fluxes and thermal conductivity of a smoathstricted nanowire for two spatial discretization
(black - 40 cells) (red — 180 cells) ;g£115nm, ¢hi:=57.5nm, Lz =2um, C=10m?

More details about the involved mechanisms andltsee$or a broad range of constrictions will be
given during the presentation of this study.
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Low thermal conductivity is needed for limiting tparasitic heat flow and increase the efficiency of
the thermal to electrical energy conversion. Nanesvhave been proposed as efficient thermoelectric
materials because their thermal conductivity degeaignificantly when their width decreases. Very
thin wires are, however, not easy to fabricate #mar electrical conductivity is poor. As an
alternative, it has been proposed to use diameteiuttated nanowires [1]. A schematic representation
of a nanowire with variable thickness is shown iguFe 1. Current state of the art of the fabricatio
technology allows for the realization of modulatednowires with control on the modulation
morphology. For instance, an entirely bottom-up hudthas been developed to modulate nanowire
shape along the growth axis with sub-10 nm spegsglution [2].

In modulated nanowires, the transport propertiedexftrons and phonons are modified. In the chse o
electrons this can be attributed to the modifieergy states [1,3]. For phonons, the modified thérma

conductivity has been studied in two transportmegg: (i) in the ballistic regime where phonons are

treated as waves, and (ii) in the diffusive tramspegime where phonons are treated as particles.
Here, we discuss the thermal conductvity of naneswrith variable thickness in the two regimes.

b AL aﬂ <b>

K of !

Figure 1: Schematics of modulated nanowires with variabiektiess

In the ballistic transport regime, the phonon méae path is big compared with the characteristic
dimensions of the nanosctructure and scatteringcesffcan be neglected. This is valid at low
temperatures. Phonons behave like waves and thendheconductivity is determined by the
transmission probability of the phonon modes
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wherewn, is the cut-off frequency of theth mode and(w) is the transmission coefficient for each
phonon mode and phonon frequeney The integration is over the frequency of the nsode
propagating in the structure

In perfect nanowires, phonons occupy one-dimensiguriabands and the transmission coefficient has
a staircase structure (Figure 2). In modulated waes, the transmission coefficient of the phonon
modes deviate from the stair-case structure [4].pAbnon modes have now a lower transmission
probability as it can be seen in Figure 2. Thisl&xg the reduced thermal conductivities shown in

Figure 3, with respect to the universal vakjg= nzké /3h. The transmission coefficient depends on

the modulation profile, as it is shown in Figuréo2 1 and 5 width modulation segments. It has been
found that the thermal conductance shows a cornespg dependence upon the modulation profile
(Figure 3). It is thereby indicated that in thigiiree, the thermal conductivity can be controlled by
engineering the transmission coefficient of the ulatéd nanowire through designing of the

modulation geometry.

T T T T
width-modulated wire
4 . il
35 nm wire

24 _.-="7 10 nm wire 4 1dot
2 dots
S dots

transmission coefficient

Figure 2: The transmission coefficient versus thEigure 3 : The reduced thermal conductance versus
reduced phonon frequency for a straight wire (uppéemperature for straight nanowires and for wires
solid curve), for a wire modulated by 1 segmentodulated by arrays of identical dots and by arra§s
(dotted curve) and by 5 segment (lower solid curve) non-identical dots.

In thicker nanowires, the phonon energy subbandtspe is denser and eventually turns to a
continuum for thick nanowires. Moreover, the phomoean free path is smaller than the nanowire
characteristic dimensions and scattering domiriegphonon transport. Phonons can be treated like
particles and the thermal conductivitycan be calculated semiclassically using the réi@xaime
approximation:

k=3 > C(k pw?(k pr(k pcos @) 2)

k p

wherek is the phonon wavevectap, is the polarizationp is the group velocity determined by the
dispersion curvesi(k,p)=dw(k,p)/dk, w is the phonon frequencyk,p) is the phonon relaxation time
due to scattering is the angle between the wavevector and the direof the wire, andC(k,p) is the
specific heat per unit volume.

We have studied the phonon thermal conductivitynofiulated nanowires within the kinetic theory
[5]. Boundary scattering was included using a getoicel mean free path. In addition, the
modification of the phonon transmissivity in modelh nanowires was taken into account. A very
significant decrease of the thermal conductivitjhvincreasing nanowire width modulation (Figure 4)
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was found. The decrease was found to be more wignifin thicker nanowires. This behavior |
been confirmed by systematic phonon Monte Carlakitions n the thermal conductivity of wid-
modulated nanowires [6]0Our simulations indicated that wi-modulated nanowires that
relatively thick and operate in the boundary sciatteregime could be used to tune the ther
conductivity. It has been indited the possibility for heat flow control by desium the widtl-
modulation without strict limitations for the modtibn profile. This is enabled by the identifi
scaling behavior: the reduction of the thermal cmigity scales with the transmissivithat is
entirely determined by the modulation geometrysipectively of the material choice (Figure
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Figure 4: Thermal conductivity of Si modulated Figure 5: The ratio of the thermal conductivity

nanowires with wide parts width a = 30 nm and 50 the periodically modulated nanowire over !

versus the width of the narrow parts, e = 300 K. The thermal conductivity of the n-modulated

horizontal lines are for nanowires with constantlithi of nanowire versus the ransmissivity for twe

50 nm, 30 nm, and 10 nm. modulated Si nanowires with a = d, and a = !
nm (red squares) and a=60 nm (blue dots) ve
the constriction width b.

We have performedMonte Carlo simulations for Si nanowires. -~ numerical technique can |
applied to several nberials where the phonon contribution dominatesthi@mal conductivity. Th
obtained scaling behavior of the thermal condutstiwith the modulation geometry should also
for these material®Our work indicates that a wide range of materiala besuitable for efficient
nanoscale heat management by designing the nactost width modulation.
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A Monte Carlo (MC) method to simulate phonon traospn silicon or germanium nanowires is
presented. With an MC algorithm, phonon trajectodee described individually and it is possible to

simulate out-of-equilibrium systems and transiegimes. The specificity of our simulator is to take
into account the anisotropy of the phonon dispersio

The phonon dispersion is obtained from 3D splinerpolation of a numerical calculation. The
reciprocal space is cut in cubes. In each cubeatigelar frequency depends on the 3 components of
the wave vectorf according to the equation (1). In each cube, thet &oefficientswo, Vo, Voy, Vo

aox, Aoy, Ao, andby are calculated to satisfy the continuity criteradrthe eight vertices.

@(T) = ab+ Vo O+ oy Gy + \o, bt Bx G+ Byh G A.KG P % 1)

The values of angular frequency on each knot atiena®d within a semi-empirical method, the
Adiabatic Bond Charge Model (ABCM) [1]. This methades only four adjustable parameters and it
allows obtaining an error lower than 2% with regge@xperimental data in silicon from [2].
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Figure 1:Phonon dispersion in silicon. The solid lines egent the 3D linear spline interpolation. The cesss
represent the values obtained with the ABCM [1].

In this work, one eighth of the Brillouin zone (fgg >0, g, >0 and g, >0) is divided in 16x16x16

cubes. The figure 1 shows the dispersion obtaingd tive spline interpolation on the knots of the
cubes compared with the values obtained with th€MBThe advantages of this kind of interpolation
are the continuity of the dispersion and its edsese. The current MC algorithm does not simulate
optical modes because their low group velocity msalteeir contribution to the thermal transport
negligible.
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The figure 2 presents the cross-sections of theetlaicoustic modes used in the MC algorithm. It
should be noted that the wave veagpand the group velocity = iqw are not usually collinear. This
fact is not taken into account in the common iggtr@pproximation of the dispersion [3-4].

0
0 7 4 6 8

b) k (nmh

k nm D

Figure 2: Cross-section of phonon dispersion fgr@ The color bar is the frequency in THz. a) firsinsverse
acoustic mode, b) second transverse acoustic mode)alongitudinal acoustic mode.

In our MC algorithm, the Brillouin zone is cut id$64x64 cubes. The initial distribution of phonons
in the cubes is the Bose-Einstein distribution. ftenons are randomly chosen to obtain this
distribution. Then the phonons move one by oneg Btep after time step as described in the figure 3

The scattering processes are computed within th&aton time approximation proposed in [3]. The
free flight duration is randomly chosen within ampenential distribution. The expression of
relaxation time is given in [4]. When an interantioccurs the phonon disappears and a new phonon is
randomly chosen according to the distribution aof (@Y, whereT is the temperature,is the relaxation
time, fge is the Bose-Einstein distribution ands the cube index. This modified distribution =eded

to balance creation and destruction mechanisms.

Dy foe (iT)x77H(iT)
N : "y (2)
D fee (I T)xr72(iT)
The spectrum of phonons after the initializatioapsts plotted in figure 3. It reproduces well the

theoretical spectrum obtained by multiplying the @8 Density Of State (DOS) and the Bose-
Einstein distribution.

F(nT)=
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Figure 3: Phonon distributions at 300K. a) frequency disitibn, b) wave vector distribution and c)velocity
distribution along the transport direction. Blueadionds are the product of DOS and Bose-Einstetnilaision.

Green solid line is the distribution of simulateabopons in the MC algorithm.

The figure 4 shows the spectrum for an out-of-elgiilm device. All phonons which go to the right
come directly from the hot source (400K) but sonighem have a wave vector with a negative
contribution along the transport direction. It echuse the frequency decreases atpnga part of the
Brillouin zone as shown in the figure 2. This pheemon does not appear with the common isotropic
approximation of the dispersion.

The full band MC algorithm is able to simulate didpuium and out-of-equilibrium regimes. A
possible evolution is to add non-specular surfaxckreterogeneous interface.

2 nm

Silicon

400K 300K
a)
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Figure 4:a) Schema of the device. b) Velocity and c) waetov spectra of phonons in the central cell of the
device (green solid line). Equilibrium distributi®at 400K (red downward-pointing triangle) and 30(Hue
upward-pointing triangle).
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devices.

Semiconductor electronics and dielectric photoh&ee reached their critical limits in terms of devi
dimensions and operating speed. The further ewawluti this direction is possible througtasmonics
which offers the opportunity to combine the sizenahoelectronics and the speed of photonics.The
key properties of plasmons are that they exhibitaparallel ability to concentrate light in volumes
under diffraction limit (localized surface plasmprand that they can carry light along the metal
surface for comparatively vast distances (surfdasnpon polaritons or SPP).

We apply femtosecond thermoreflectance [1] to imiag&ectly SPP, by detecting the heat dissipated
by plasmons while they propagate. This represenfardield, noninvasiveway to detect the
temperature increase due to energy deposited byStPRs in the metal. Combined with the
femtosecond temporal resolution of the experimesé&tiup, we study also the dynamics of SPPs.
Contrary to all the other techniques, which haveeas to the field component of plasmons in the
dielectric, the particularity of our technique lat we image the profile of the absorbed plasmon
energyin the metal.

This technique allowed us to reveal an anomalogist labsorption profile around the canonical
diffractive single slit. Transmission and scattgriny subwavelength apertures in metal films are
fundamental phenomena of wave physics and are tamtoin modern sciences and techniques [2].
However, little is presently known about the heasighated by the electromagnetic field in the metal
surface around the aperture. Actually, we show; timit propagates away from the slit, this fiedcits
the metal angaradoxicallythe heat dissipated at the surface remains cdnsten a broad spatial
scale of several tens of wavelengths.

For the experiment we consider a subwavelength stithed through a multilayered gold film
deposited on a glass substrate. The slit is illateid from the rear glass/gold interface by a faser
beam (Figl.a). A fraction of the incident energfuisneled through the slit. At the front apertdight

is either diffracted in the far field or is launchen the metal surface and is dissipated as hahtat
air-gold interface. A second laser pulse probes ainagold interface and records the reflectance
variationsAR at a fixed delay of 500 fs. Figure 1.lshows the thermal profile of the front interface
for TM and TE polarizations. We observe that, &nmediate distances from tBEt, surprisingly,the

Session 6 — Surface modes 77



Eurotherm 103: Nanoscale and Microscale Heat Transfer IV, October 15-17, Lyon, France

absorption exhibits a remarkable feature in thenfaf a plateau This plateat displays a nearly
constant absorption over a large spatial inter& um= 18 A). The observeglateat depends on the
complex heat transport that takes place in the Indeténg the experimental tir-window (500fs). We
carried out nmerical simulation, using a fu-vectorial aperiodic-Fouriemodal method [3].
Consistently with the experimental observation, prefile of the absorbed power density A

displays a plateau that is almost constant ové-um spatial interval (Fig.1.c).

AR/R {<104)

30 20 10 ¢ 10 20 30
distance (um}

Figurel: (a) Sketch of the pur-probe slit-experimen) Thermoreflectance images obtained for
polarization (the inset is obtained for TI(c) Data (black dots) are dhined by averaging 40 line scans fri
(b) The solid red curve represents the calculated gitsam profile A(x)

In order to gain physical insight into this anomeddehavior we adopt the d-wave picture in4] by
assuming that the field scattered by the slit isposed of SPPs and gi-cylindrical waves. Base
on this, we have developed an lytical model which well predicts all the salierdgatures of th
absorption profile.According to the model, the “anomalous” absorptiofile is understood ¢
resulting from a beating of a SPP and a c-cylindrical wave.The phenomenon is general s the
sameabsorption plateau occurs for a variety of topaegirrespective of whether the aperture sl
corresponds to ongimensional line (slit) or poi-like (hole) sources.

To conclude, pplication of thermoreflectance technique allowedita reval an anomalous ligl
absorption profile arounthe canonical single s. In the plateau region, the power actually dissigp
can be much weaker than the power lost by the mladaunched at the surface aloThis property
opens interesting perspectivfor optimizing the performance of metallic dedcéor energy
harnessing in complex plasmonic systems that coenbimface plasmons and localized plasm
resonances. More details concerning this worl5].
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We investigate the penetration depth of thermal-fiel heat flux in different kinds of hyperbolic
metamaterials. First we begin with a study of rfeeld heat radiation between two semi-infinite bulk
GaN materials, two hyperbolic multilayer GaN/Geapér structures (mHMM), and two nanowire
hyperbolic metamaterials with GaN nanowires immelis¢o a Ge host (WHMM) as shown in Fig. 1
using effective medium theory and the known expoessfor near-field heat transfer for anisotropic
materials [1]. We show that in the distance regwhere the near-field heat flux is dominated by the
hyperbolic modes [2,3,4,5], the penetration depthiwthe hyperbolic metamaterials can be orders of
magnitude larger than in the GaN bulk materiale (Sig. 2) where the penetration depth is ultrasmall
due to the surface-mode dominated heat flux [6THis finding might be useful in near-field
applications such as near-field thermophotovoltf8¢®,10], for instance.

() (ii)

Figure 1: Systems to be analyzed. Two identical half spaicgstulk GaN, of (i) GaN/Ge layer HMMs and of
(iif) GaN/Ge wire HMMs separated by a vacuum gdpe HMMs are modeled as effective media. The GaN
filling factor of the layer HMM is 50 %, the onetbg wire HMM is 30 %.
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Figure 2: Resulting heat flux (left) and penetration deptpht) for the different systems using effectivelime
theory.

In addition, we study the mHMM structures in momadl within an exact approach based on the
Green's function formalism, S-matrix theory, andtd¥s fluctuational electrodynamics [11]. We
show that the effective medium theory tends to vestémate the penetration depth and to
overestimate the near-field heat flux. Furthermare,study the dependence of the heat flux and the
penetration depth on the design parameters, ie.vtlume filling fraction, the period of the
multilayers and the distance between the mHMMsguaifBloch wave approach. Some of our results
can be seen in Fig. 3 where we compare effectideeaact results of the heat transfer coefficiert an
the penetration depth for a GaN/Ge mHMM such a&im 1 (ii). More detailed discussions and
results including the spectral heat transfer coeffit and the spectral penetration depth can bedfou
in Refs. [7,12]
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Figure 3: Resulting heat flux (left) and penetration deptht) for a GaN/Ge mHMM with a period of 100nm
and a filling factor of 0.5. Obviously the effeetivesults tend to overestimate the heat flux amy tend to
underestimate the phenetration depth.
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The blossoming of nanotechnology involving the iaiization of devices with enhanced rates of
operation requires a profound understanding andnggation of their thermal performance. This is
particularly critical in nanomaterials, due to thigeable reduction of their thermal conductivity as
their size is scaled down. The surface phonon-fiotes (SPPs) are surface electromagnetic waves
generated by the fluctuation of the electrical tipoof polar media (Fig. 1(a)), and they have shown
wide potential to enhance the energy transporutiindhese materials [1-6]. SPP energy is determined
by material permittivities and hence it can be rfiedi by material discontinuities, however their
effect on the heat transport is not well understimodate, especially in absorbing nanomaterials.
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Figure 1:(a) Generation of SPPs by the fluctuation of eleal dipoles. (b) SPP and radiation modes geneatate
by an incident SPP at a dielectric interface. Thetatlic substrate of the polar film of thicknesssdused to
diminish the radiation modes and enhance the SRPggriransport.

In this work, the reflection and transmission cmééhts of a surface phonon polariton propagating
along the surface of a thin film of SiO2 and crogsthe interface of two dielectric media are
analytically determined (Fig. 1(b)). Based on tlkeamsion of the electrical and magnetic fields in
terms of normal modes, explicit expressions for iidectivity and transmissivity of the radiation
fields generated at the dielectric interface ase abtained. The symmetrical Fresnel-like formutas
Egs. (1a) and (1b) hold for nanofilms and their ®iaity represents one of their greater advantage
with respect to previous numerical results repoftedthe analogous problem dealing with surface
plasmon-polaritons [7,8]. For the dielectric intarés of air/BaF2 and air/Al203, it is shown that: i
The polariton reflectivity (transmissivity) decreas(increases) as the film thickness increases (Fig
2(a)), while its radiation equivalent follows theopmsite behavior. ii) The SPP and radiation
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transmissivities are significantly more sensitifiart their corresponding reflectivities to the chesg
on the permittivity mismatch of the dielectric irfece. For a 143 nm-thick film, the polariton
transmissivity (reflectivity) changes by 13.2% .9 when this mismatch varies by 50%. iii) The
reflectivity and transmissivity of the radiatiorelils are smaller than their polariton counterparts,
which together account for around 82% of the ta@aérgy. The proposed formalism fulfils the
principle of conservation of energy with an uncetiaof less than 2%, for describing the reflection
and transmission of both the polariton and radiafields generated at a dielectric interface, asvsh

in Fig. 2.
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Figure 2: Film thickness dependence of the (a) reflectmitygt transmissivity of a SPP propagating along the
surface of a SiO2 film and crossing a dielectrieiface of Air/BaF2 and Air/Al203, and (b)
Reflectivity+transmissivity involved in the SPP agadiation fields.
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Experimental analysis of near field mediated hemtgfer under we-controlled conditions has shov
the predicted increase of heat flow for distances betwéwvo bodies smaller than the theri
wavelength, which is about 10pum at room temperatilirdias even been shown that these near
mediated heat fluxes exceed the far field lim-2]. These andtber outstanding results are enablir
much deeper understanding of the near field cog@igtween two bodies inspiring theoretical w
on this topic [310]. But when it comes to distances in the hanomegime there is a lack of distir
experimentatlata. Published experimental approaches [6,9, X0]atgrobe this regime appropriate
Our experimental approach with the N-field scanning thermal microscope (NSThM) [5] casaive
sub nanometer distances between the probe andfacesult utilize: a probe that functions as

ordinary scanning tunneling microscopy (STM) probich is enhanced with a s-micron
thermocouple. Allowing to record a topographic soaith sul-nanometer resolution and a mapp
of heat fluxes with a lateral resolutiof about 6 nm [11], simultaneously. Furthermore thermal
coupling can be probed as a function of p-surface distance with a sensitivity of about 25 imthe
subnanometer regime. This experiment is done in higiytrolled environment, namely thetup is
held in ultrahigh vacuum (UHV). A scheme of our probe is degddn Fig. 1

25 um Pt-core
200 nm Au

apex diameter

< 50 nm

Figure 1: Illustration and SEM image of the N«field scanning thermal microscope probe. The protesits
of a 25 pm platinum wire, encased with glass araperation coated with about 200nm of gold. The protruc
part of the Au coated Rtire has a diameter of less than 50 nm. This cordition allows standard STI
techniques and measurements of heat fl

Experimental details can be found in [5]. Our seatilpws a profound analysis of the behavior of
near field coupling at subanometer distances [4] as the distance betwedte fod sample is due
the use of STM techniques well defined. This methad led to outstanding results, for example
have recetly shown that a monolayer of NaCl deposited onAaifl11-surface enhances the ni
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field coupling by about a factor of two at distamae# 4 nm [11]. By this our experimental data
influences theoretical work and gives a completedyv insight in the behavior of the thermal near
field. To provide experimental results that are pamable with theoretical predictions prior

experimental and theoretical analysis of our NSTdbe [4, 5] have been done, to be able to
measure absolute heat fluxes. These approachgsiatesophisticated.

Firstly, we present here a new easy to apply in-siethod of characterizing our NSThM-probes.
After characterizing our NSThM-probe in that way ame able to measure absolute heat fluxes with
high accuracy. Therefore, we adopt the in [12] @nésd method of utilizing an AC heated 1um thin
metal wire as a metrological controllable and asités heat reservoir. This wire is held in UHV, so
that convection effects can be neglected. Furthegrtiee wire is heated in such a small manner that
radiative heat losses do not occur. Because ohtige aspect ratio 6000/1 of the wire (6 mm in
length) the situation can be described by the 1&t flex equation in good approximation. In a first
baseline measurement the thermal resistance afiteds determined, by heating the wire with small
AC currents and calculating the wire’s temperatige from the change in its electrical resistivity

a second step the wire is approached by our NSTpMvhich is brought in tunneling distance to the
wire. At these distances the probe couples theyntalthe wire via the near-field and represents an
additional heat sink in the center of the wire aiag its local temperature. Repeating the first
measurement with this configuration will lead tateange in the wire’s temperature distribution as a
specific amount of heat will flow from the wire inthe NSThM-tip. This is depicted in Fig. 2. From
this change in averaged temperature of the wirecanecalculate via Fourier’s law the amount of heat
that flows from the wire to the NSThM-probe. A ma@smnent of the thermo voltage delivered by the
sensor gives the opportunity to determine the imglabetween heat flux and thermo voltage, i.e. a
calibration curve of the NSThM-sensor. Here we shibet a first order linear approximation for
calculation of heat fluxes from the wire in the Nf-probe, which is based upon the Fourier’s law,
is indeed correct. From this linear dependency eetwthermo power and heat flux we determine the
slope for our Gold coated NSThM-probes to be 2.44W. By means of this factor we are able to
determine the absolute value of the heat flux at gimen position of and distance to the sample
surface. This characterization takes place rigloreethe actual measurement and is done under the
same conditions as the actual measurement of hiasffrom a sample to our probe, particularly the
interaction region is exactly the same as lateinguthe actual measurements. As we analyze this
experimental system for characterization with Geumssrror calculation we optimized the method of
characterization with respect to precision. Thialdes us to probe near field mediated heat fluyes b
means of absolute values with overall relative wadeties of about 10%. Furthermore we
investigated the long time stability of the tunngligap between the NSThM-probe and the heated
wire in detail. This proofs that a stable gap isgble, which seems to be quiet surprising becafise
the low mechanical stability of the heated wirestAble tunneling gap leads to a very stable thermal
coupling as the characteristic coupling scaleefrtear field are much larger than the ones ddlalest
tunneling current [11]. Such a stable couplingwaiais not only to calculate the thermal resistiaty
the thermal coupling but the thermal resistivityapfr NSThM-probe. We were able to confirm our
former results published in [5].
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Figure 2 Mean temperature rise of heated platinum wire ¥@rious heating powers. From the slope the
thermal resistance of the wire can be calculatelde bBaseline measurement without the tip in contast a
larger slope, meaning a lager effective thermaligesice, than the wire with the tip approached. iarthis
change in slopes the amount of heat leaving the @an be calculated. This heat flux generates artbhegpower
signal which is measured simultaneously. The tvgeti show schemes of the temperature increase #beng
wire with respect to the surrounding caused byhating current with and without the presence ef N§ThM

tip.

Second we present recent experimental data forfieddmmediated heat fluxes by means of absolute
values and show a detailed analysis with theoregixpectations calculated with the proximity force
approximatiorfor distances up to 5 nm.

Summarizing we utilize standard STM techniquegfdproach samples with our NSThM-probe. With
our NSThM we achieve both topography and laterablked heat fluxes. But even a distance
depended analysis of thermal coupling can be paddr Because a very stable thermal coupling is
achieved it is possible to characterize the bemafidhe near field for various distances up tons. n
We are able to resolve heat fluxes down to 25 n¥i wilateral spatial resolution of about 6 nm. This
enables us with the above described charactenzatiomeasure absolute heat fluxes in the sub-
nanometer regime. Our Au coated NSThM-probes gem&d pV thermo power at a heat flux of 1
HW. This factor of sensitivity has a relative uriagrty of about 10% meaning that we can determine
precise heat fluxes. Because we utilize an enhaBddd technique we are able to study various metal
surfaces decorated with different materials. Asen¢éed in [11] monoatomic layer islands of NaCl on
an Au(111) surface have a significant influencetmnnear field mediated coupling. We will focus on
this topic for a better understanding of the infice of surface layers on the near-field mediated
coupling with our characterized sensors. As weabite to measure exact heat fluxes comparison with
theoretical statements are possible. This evokelsade new theme, namely the possibility to ture th
near field on small scales and demands new thealadpproaches for exact calculations. Only a
complete understanding of the mechanisms wilMakdkocomplete and detailed understanding of the
behavior of near-field radiation at nano-scale.
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This work is intended as a contribution towardsassg the SThM method as a metrological tool for
calibrated local thermal conductivity measuremebts/elopment of the scanning thermal microscopy
(SThM), since its invention in 1986 by Williams avdckramasinghe, has led to work out measuring
methods for quantitative thermal measurement maksg of SThM equipment. Nowadays thermal
probes (TP) for SThM provide spatial resolutiontéethan 100 nm. However all these methods face
the problem with relatively low dynamic range ofamared signal. A few orders of magnitude change
in the thermal conductivitk of the sample causes no more than 20-30% changfeeimeasured
signal. Additionally, the thermal conductivity ofsample is typically read from a calibration curve
obtained with reference samples. To achieve re&$®naccuracy of measurement signals for
investigated and reference samples have to bendiett with low uncertainties.

When the probe is driven by ac current of frequesacyhe signal contain® and 3» components.
With Wollaston wire TPs, detection of the 8@omponent is preferred because of its higher Beibgi

to k. As these probes are relatively massive they hemeresonant frequency and their bending
caused by thermal stresses does not disturb theummaent. In the case of nanofabricated TPs this
effect seriously impedes experiments and can leguldbe damage. To avoid thermoelastic vibration,
the measuring technique in which the probe is dribg a sum of dc and (low) ac currents was
proposed [1]. In this case, the signal additionatiptains a dc component and@a @omponent. All
theoretically predicted components are shown in Eig

It was shown that the sensitivity of thecomponent amplitude tois three times higher than the one
of dc component (fotor << 1).

In practice the determination &fcan be based on measurement of the static U/l ) and dynamic
(Ry = du/dl ) resistances of the TP atr << 1, using the dc and the components, respectively.
Moreover, theRy — R; difference is proportional to the thermal resistato heat transfer between the
probe and the sampR,, which in turn is directly related o Normalization of this quantity for the
TP in air minimizes the influence of environmerftadtors (e.g. instability of room temperature).
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Figure 1: The dc component and amplitude and phases ofrap@oents of the signal of resistive TP driven by
the sum of dc and ac currents. The ratio of dcenirto the amplitude of ac current was 20.

This technique was used for determination of therttal conductivity of thin layers of BaTiO3 [2]
and iron phthalocyanine [3]. The idea of thermabm@gement with the thermal probe driven by the
sum of dc and ac components can be also usefbemmial imaging. It utilizes advantages of lock-in
detection and, what is important in the case ohsitey microscopy, requires shorter time constant
compared with thea detection [1]. This technique was used in invediamn of multilayered photonic
structures [4].

ZNH’

QT

Contact & Coupling
active zone zone

Figure 2: Two-cell quadrupole model of the probe-samplessyst

For nanofabricated TPs, the known model based enluimped approximation of suspended wire
(LASW) containing a single time constant shouldtteated as the simplest approximation. That is
why a more complex model of the probe-sample sysseproposed. It is based on consideration of
the heat exchange channels between electricalljethgarobe, a sample and its surroundings, in
transient and harmonic regimes [5]. Three zonethénprobe-sample system are distinguished and
modeled by using electrical analogies of heat ftomough a chain of quadrupoles built from thermal
resistances and thermal capacitances. The firg iman active zone which embraces the vicinity of
the probe sample contact. Its characteristic dimoenis of the order of lim. The second one is an
active zone [(10 um), where heat sources are localized. The lasti®aecoupling zone{LO0 um),
connecting the active zone with the probe basthdrsimplest case the system can be modeled by the
two-cell quadrupole chain shown in Fig.2. The tharrtransfer function of this circuit in the
frequency domain is

1
= , 1
ZNTP 1+j2&)r+ l ()
R 1
Re* T+ j2ur,
R,
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wherer = RC, andr; = R,C,. Consequently, the system has two characterigtiest describing
dynamic processes in the active and coupling zones.

In Fig 3 results of fitting experimental data witbrves calculated from the LASW and with the two-
cell quadrupole chain model are shown. One mayludedhat the LASW does not properly describe
the system. In the second case an agreement beexperimental data and the model is satisfactory.
Better agreement can be achieved by increasinguimber of cells in the chain model.
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Figure 3: Amplitude and phase dependencies on the frequeribe 3» signal component measured for the
nanofabricated TP together with fitted theoreticatves calculated from the LASW (dotted lines) avaicell
quadrupole model (solid lines)

The validity of the model is examined by comparimgnputed values of discrete RC elements with

results of finite element simulations and with expental data. The performance in dc regime can be
simply obtained in the limit of zero frequency. Geancludes that the low NTP sensitivity to sample

thermal conductivity is due, much like in dc regjrm@ significant heat by-pass by conduction through

the cantilever, and to the presence of probe-saoguitact resistance in series with the sample.

The model can be also useful for analysis of expenis carried out with other TPs with localized
heat sources.
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Heat transport and thermal conductivity control at snsdbles has attracted increasing intere:
recent years due to its importance in a wide raoigapplications, such as phonon engineetl
thermodectric generators, energy dees and thermal managemeént micro and nanoelectrors.

Considering the strong size effects in r-structured thin films, where crystallite sizes eoenparable
to the heat carrier mean free peexternal application oftress/strain should provide a mechanisi
tune the thermaconductivity of materia. Recently, Liet al[1] demonstrated theoretically tl

applying strain/stress affectse thermal conductivity of nanostruct.. However there are limited
experimental results [2,3hat showstress/strain effects on the thed conductivity ofthin films.

In the current work, we aimed at investigatithe influence of an applied macroscopic stron
phonon transport properties of n-structured aluminum nitride (AIN) polycrystallindin films.
First, in order to understargtattering mechanisms at the interface betweendiioh substrate, gra
boundaries and oxygen related dei, AIN monolayer and multilayesamples were prepared
varying the film thickness from 270 nm up to 1500.ror multilayer preparatioideposition process
was interrupted and vacuum was broken periodidallgrow multiple AIN layers, one on top of t
other, intentionally introducing oxyg-related defects at the AIN/AIN interfaces. Fig.lllstrates
monolayer and multilayer AIN sample

Monolayer AIN films:  Multilayer AIN films:

random
oxygen and
VatOy
impurities

Figure 1:Monolayer and multilayer configurations. For mongédas, a periodical interruption ¢
deposition process breaking the vacuum was perfotimereate interfaces with oxyc-related defects or
impurities.

We explored the effect of atomstructure, ystallite sizes and ouwif plane disorientation of grains
the phonon thermal transport propel of nonstrained AIN sputtered thin filr. Texture, crystallite
size, microstructureand interfacialstructure of the films were characterizbg X-ray diffraction,
scanning and transmissi@hectronmicroscopy 3 omega measurements were carried out to ca
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structural features with thermal conductivity. Maover, theoretical calculations based on
Boltzmann transport equation were performed foringd materials and then compared
experimental/alues of thermal conductivity (Fig.2(a)). The stud thermal properties of n-strained
AIN polycristalline was done to furtheunderstand the phonon thermal transport propeitie
complex-structured polygstalline thin fims.
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Figure 2: (a) Comparison between experimental and theoreticalesbf thek.« of grained monolayers ar
multilayers as a function of their thickness anglk; as a function of grain siz

Our theoretichcalculations based on the Boltzmann transporttgun for grained materialare in
good agreement with the experimental valtThe results in Fig. Zhow that therm-conductivity
increases with thicknesand grain siz in both monolayer and multilayeonfigurations and that
clear dependence on the microstructure and growamglitions exists. The overall drop in therr
conductivity for multilayer films indicates thioxygenrelated defects at the AIN/AIN interfac are
created by the interruptionf the deposition process thereby increasing therfate scattering ¢
phonons. The thermal boundary resista(TBR) between AIN films and the silicon substrate \
found to depend on the ndaterface planar microstructure and defects ofAin.

)

(b)
Figure 3:(a) Schematic of the grain structure of the Allh§ilon Si (100) in the crc-plane, according to [-6],

(b) SEM images of monolayer AIN films on Si (1

The theoretical results evidenced that hickness dependence of thetrmanductivityarises from the
evolution ofgrain structure througthe crosglane of the films. Stress releasrowth mechanisms
and crystal lattice mismatch betweAIN and Si causes this structural nbomogeneity of the All
films[4]. Grain structurdn the cros-plane is showed in Fig. 3(a)h& film can be decomposed i
three domains: (3) theolumnarregion of the film where the grain size is largahna preferentic
crystalline orientation, (1the amorphous region near the Si substrate s a disordered structu
within a limited thickness, and ) the microcrystalline transition region betweere thulk anc
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amorphous that features different grain sizes awstalline orientations. In our casthe so-called
effective thermalconductivity aid thethermal boundary resistance (TBR) incl overall resistive
contributions of the amorphous andnsition regionsSEM analysis confirms that crystzation and
microstructure change with thickness thereby madgfyphonon transport propert Fig.3(b).
Additionally we found thathe interruption cthe deposition picess creates oxyg-related defects at
theinterface between AIN layerdegrading the phonon transport.

In the second part of this worlhermal conductivity measurements under ext applied strain were
performed coupling the @-method to a 4 points bending sys (Fig.4).

DAQ
LABVIEW
algoritim
Computer

Figure 4:3 omega method coupled to a 4 points bending system.

In order to investigatdow microstructur and outef plane crystal disorientaticinfluence strain-
thermal properties couplingge measured the thermal conductivityhighly and poorly textured All
monolayersas a function of external applied sti. Additionally, we did the same measurements
AIN/AIN multilayers to determine the influence oxygen related defects on thermal trans
properties Samples with close values of thermal conductigityzero applied stress were used (T
1) for the sake of comparison. Crystallinity, tmelss and the c-of-plane crystal orientatiol
described by th decrease of the full width half maximum of thekiag curve, are given in Table

Sample Crystallinity kyrnon strained, Thickness FWHM

(W K" inm)  RC (%)
Menolaver  [Lighly textured 4,975 640 2,93
Multilayer  Elighly textured 5,369 9035 3,20
Mcnolaver  Poorly textured 41,9941 850 8.5

Tablel:Effective thermal conductivity of poorly and higk-axis oriented monolayer and multilay
AIN films as a function of mechanical stri

The results in Figs show a strong effect of external applied stresthermaleonductivity for poorly
textured films.Thermal conductivity modulation from 4,99 down t®PWm'Ktis achieved under
164,2 MPa.By contrast, in highly textured layt, thermal conductivity wa found to be almo:
independent of stress, excdpt a possibly nc significant 386 decrease in a narrow stress ra
around 80 MPa for multilayersdn order to explain the observed influence of stran therma
conductivity, we calculated the interfi thermal resistance of the 3 samples (Tabl

Sample TBR (m>.K GWT)
Highly textured monolay: 62,736
Highly textured multilaye 62,736
Poorly textured monolay 104,20

Table 2:Interface thermal resistance of poorly and higt-axis orientedmonolayer and multilayer AIN filrr

We found that poorly textured samples have highriacial thermal resistance, which means hi
interfacial disorder.
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Figure 5: Effective thermal conductivity of poorly and higklaxis oriented monolayer and multilayer
AIN films as a function of applied macroscopic stre

We propose that higher interfacial disorder prodsiceng phonon scattering and localization of high
frequency vibrations, thus amplifying the straiestimal conductivity coupling. However, in spite of

the of the highly dislocated AIN layer grown at tB2AIN interface of all samples and the oxygen-
related defects at AIN/AIN interface for the mudiier configuration, non-localized vibrational modes
in highly-textured AIN films lead to non-observalsieain—thermal conductivity coupling.

We are currently extending our work with experinatrtharacterizations of the interface and grain
boundaries atomic structure by transmission elactricroscopy and in situ X-ray measurements
using the BM32 Laue micro-diffraction setup frometlturopean Synchrotron Research Facility
(ESRF) coupled to a four points bending systemmnfonitoring strain-induced structural deformations
and variations of deviatoric lattice parametersirduflexion. Future research in understanding the
mechanisms of phonon scattering at grain boundamekinterfacial structure is crucial to describe
theoretically the underlying physics driving thetnm@onductivity tuning observed in nanoscale

polycrystalline AIN thin films.
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Most practical applications of zirconium carbidevdlve heat generation at high temperature.
Combined with very high melting temperature itshemtgood thermal conductivity is an essential
feature for these applications. The thermal corditiget(k) of ZrC is also interesting from the
fundamental point of view as it exhibits a very ammon variation with temperature: from room
temperature up to melting, the thermal conductisiggs continuously (see [1] and references thgrein
Complete understanding of this increase is stdkilag and has been the subject of controversy for
decades. This behaviour is indeed puzzling, amfgallic systems (such as Zr€should be constant
at high temperatures. Moreover the exact repatitd electronic and phononic heat conduction
mechanisms is still unknown. Two qualitative arguatse have been proposed to explain this
anomalous increase of the conductivity with tempeea First ZrC is a semi-metallic compound, in
the sense that it exhibits a pseudo-gap in itdreleic density of states close to the Fermi leVélen

the Lorenz number (ratio of thermal conductivity ttte product of electrical conductivity and
temperature) should not be constant but ratheea@sing with temperature. Second zirconium carbide
being almost always understoichiometric in carb@ncontains many carbon vacancies. These
vacancies should induce an electrical resistivityiclv is supposed to be constant with temperature.
This additional electrical resistivity induces acriease of the thermal conductivity.

We revisit this puzzle with numerical simulatioridfae atomic scale. We calculate both electronit an
phononic contributions to the conductivity and deeith the effect of non-stoichiometry by
considering various amounts of carbon vacanciearéspg compositions from purely ZrC to Z¢

We obtain values for electrical and thermal condiiis in very good agreement with experiments.
Phononic contribution to heat transport is foundémuch smaller than electronic heat transport at
high temperature. The increase of thermal conditgtivith temperature is quantitatively reproduced.
We are finally able to discuss the origin of ther@ase of thermal conductivity. We find that the
common explanations are partially valid but a madditional source of increase of the thermal
conductivity is brought to light, namely the incseaof density of states at the Fermi level with
increasing temperature.

Vibrational thermal conductivity is calculated thgh empirical potential molecular dynamics. We
use the potential by Leét al. especially designed for ZrC [2]. Technically wdccdate the thermal
conductivity with the homogeneous nonequilibrium Niimalism [3] in which a fictitious external
force is added to the atomic interactions and iedua heat current in the simulation box without a
temperature gradient. This heat flux is then, tetforder, proportional to the thermal conductivity
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Non-stoichiometry is described by the random intiitbn of 1%, 3% and 9% of carbon vacancies in
the 8000 atom simulation box.

As far as electronic thermal conductivity is comes, we consider the scattering of electrons by
phonons and point defects. The Onsager coefficigpjsrelating thermal and electrical conductivity
to temperature and electrical potential gradierda be evaluated in the framework of Kubo-
Greenwood theory. In practice it involves calcuigtivith an electronic structure code, in the presen
work Abinit [4,5], theL; coefficients on a simulation box for various atorpositions to obtain an
average value. To obtain such positions, we usetanohtemperature MD simulations with the same
empirical potential as for the calculation of thibrational part of the thermal conductivity. The
electronic calculation is performed in the generadi gradient approximation of the density functiona
theory (DFT). As in the former calculations varicarmounts of carbon vacancies are introduced to
account for carbon understoichiometry.

Eventually the total thermal conductivity is calatedd as the sum of its phonon and electronic parts.
We restricted our calculations to temperatureserattigher than the Debye temperature (649 K).
Doing so, we can safely disregard any vibrationsrqum effect.
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Figure 1: Thermal conductivity of ZrC as a function of tenapere for various numbers of carbon vacancies
(from ZrC to ZrG.e;). Total, phonon and electron contributions areigaded.

The results obtained for the thermal conductivity summarized in figure 1 which shows, for each
composition, the variation of phonon, electronid aotal thermal conductivity with temperature. The
total thermal conductivity does exhibit an increasgtn temperature. This is true even for the pehjec

stoichiometric material. Second, the phonic cootidn regularly decreases with temperature for all
compositions and the rise of total conductivityigglentirely on the electronic part which is vastly
dominant at temperatures higher than 1500 K. Oneobaerve that phonon transport falls very rapidly
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with the introduction of vacancies. In contrastcaien transport seems much less affected, partigula
at high temperature. This makes the rise of themoalductivity more and more pronounced with
increasing deviation from stoichiometry.
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Figure 2: Total thermal conductivity of ZrC as a functiontefperature. The calculated values for various
stoichiometries are superimposed on a figure okdrpental values gathered by Jackson et al. [1]

Our results are graphically compared with experimiém figure 2. One can first note the rather large
spread of the experimental values. This spreadiéstd the variations of the state of the matenal i
terms of composition, porosity and microstructiNevertheless, our results prove to be quite close t
the experimental values. They are on the higher eidthe experiments. This quite probably comes
from the fact that some sources of thermal resistame not dealt with in our calculations. Indefeal t
thermal conductivity of real materials can be regtlby, e.g. polycrystallinity, presence of impusti

or dislocations, or existence of porosity. All ith the agreement of our results with experiments is
good enough to allow the discussion of the oridithe increase of the conductivity with temperature

First, an increase of Lorenz number with tempegatlure to the pseudo-gap in the electronic density
of states at the Fermi level is indeed observedveé¥er this increase amounts at most to 40% of the
increase of conductivity even for the stoichioneimaterial.

Second, the introduction of vacancies does credteelanal and electrical resistance which in turn
translates into a rise in thermal conductivity &hhtemperature. However this resistance is not
constant with temperature as it is commonly supgp&se rather decreases with temperature.

Eventually, we found an additional phenomenon resiibe for the rise ok: the increase of the
density of states (DOS) close to the Fermi levéctonic conductivity is naturally proportional to
the amount of electrons available to conduct heaharge. This amount is proportional to the DOS at
the Fermi level. DOSs are usually implicitly thotigh be almost constant with temperature. At the
opposite we found an unexpected important increasiee DOS at the Fermi level with temperature.
This increase directly increases the electrical #mefmal conductivity. Moreover, for a given
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temperature, the introduction of vacancies alsaded a rise of the DOS at the Fermi level. This
effect is therefore important for both the stoich@iric and understoichiometric compounds.

In summary, the mysterious increase of thermal wotndty with temperature in this material has
been reproduced and explained. We found that tbeghthermal conductivity is negligible at high
temperatures. For the electronic part, three phenanare responsible for its rise with temperature.
The first two were already identified: the semi-ailid shape of the DOS and the additional electrica
resistivity induced by carbon vacancies. The lhgtn@menon, namely the rise of the DOS close to the
Fermi level with either temperature or the conaaidn of vacancies, was not mentioned before. We
believe the mechanisms highlighted for ZrC to bkdviar other transition metal carbides which also
exhibit an increase of conductivity with temperate.g. TiC, HfC). This study has recently been
published [6]. We plan to check on other metalsikitihg a pseudo gap if the same increase of DOS
is also observed and its relation with thermal emtigity evolution.
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Context and Objective

Two-photon interference can result in a total cdatien of the photon output because of the
coalescence of the two single photons. This interfee effect occurs because two possible photon
paths interfere destructively, which produces thendus Hong-Ou-Mandel (HOM) dip in the
detection probability of the output photons. Simiestructive interference effect which resultsin
total reflection can be realized in a phonon sysfg Constant endeavor has been devoted to the
precisely control of heat conduction. Recent effadncentrated on reducing the thermal conductivity
k via nanostructured materials with superlattice$ @mbedded nanoparticles. Most works attributed
the reduction ink to the increased phonon scattering rate and theisdécreased mean free path
(MFP), which are particle descriptions. Howeveeg thle of destructive phonon-wave interferences is
not well understood in the tailoring of thermalrsport in a wave picture.

Here, we introduce and model a realistic 3D atosagile phononic metamaterial that allows for
manipulating the flow of thermal energy [2]. Phon@flection is generated by exploiting two-path
phonon interference on internal interfaces with edu®ed defects. The 2D planar defects force
phonons to propagate through two paths: throughemuamged (matrix) and perturbed (defect)
interatomic bonds. The resulting phonon interfeeendelds transmission antiresonances (zero-
transmission resonances) in the phonons spectram déin be controlled by the masses, force
constants and 2D concentration of the defect atoms.

Figure 1: A phononic metamaterial with a FCC
lattice containing a defect plane in which an impuatom array is
embedded. The red and blue curve refer to the @hpath through the
impurity atom bonds and through the host atom Bprespectively.
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Model and Methodologies

An atomic presentation of the 3D phononic metantevith a face-centered cubic (FCC) lattice
including a 2D array of heavy defect atoms is depidn Fig. (1). When the defects do not fill egltyr

the defect plane, phonons have two paths to cradsan atom array whereas the phonon path through
the host atoms is blocked when the defect layeofistituted by a uniform impurity-atom arrayg0%
packed with impurity atoms. Two types of atomic ameaterials were studied using realistic
interatomic potentials: a FCC lattice of Argon (Ashere the defects are heavy isotopes and a
diamond lattice of Si with Germanium (Ge) atomsles defects. The interactions between Ar atoms
are described by the Lennard-Jones potential. Tihvalent Si:Si/Ge:Ge/Si:Ge interactions are
modeled by the Stillinger-Weber (SW) potential. poobe the phonon transmission, MD-based
phonon wave packet (WP) method was used to pravideper-phonon-mode energy transmission
coefficient. The spatial width (coherence length) of the WP is taken much larf@n the
wavelengthA, of the WP central frequency, corresponding toptla@e-wave approximation.

Results and Discussion

The transmission coefficient(w) of the WP withl =204, , retrieved from MD simulations of an Ar

metamaterial is presented in Fig. (2). The inciqe@minons undergo a total reflection on the defect
layer at the antiresonance frequeney. Phonon transmission spectra displays an interéere

antiresonance profile since the two phonon pattesfere destructively aty,, analogous to the two-
photon interference which results in the HOM diptatal transmission ad, follows the interference

antiresonance, which is reminiscent of the Fanonasces. For a uniform defect-atom array, the zero-
transmission antiresonance profile will be totallyppressed and replaced by a monotonous decay of
transmission with frequency. In the later caseydhke phonon path through the defect atoms is
accessible.
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Figure 2: Spectra of phonon energy transmission coefficient predlioy equivalent quasi-1D model (solid and
dashed lines) and by MD simulations (symbols) of a 3DnAramaterial with planar defect containing heavy
impurities, with massn=3m,. Dashed-dotted line is the convolution@fw) in Eq. (1) with a Gaussian WP

with | =24.. Red, blue and yellow symbols represent transmission ofiMfP = 204, through the two paths,

one path with a single and two successive layers ofctleftoms, respectively; green symbols represent
transmission of WP witth =24, through two paths. (Inset) Three possible quasi-1D kttimdels describing

phonon propagation through the lattice region contagnihe local defect.
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To further understand the phonon antiresonancesedaby the interference between two phonon
channels, we use an equivalent model of monatomésieglD lattice of coupled harmonic oscillators
[3], depicted in the inset in Fig. (2). In mode}),(phonons propagate through two paths: through the
host atom bonds, and through those of the impatioyms, whereas in model (b) and (c), only the
second channel remains open. The model (a) gieesrtargy transmission coefficient for plane wave:

(@ — 6)* (W — @°)

Q’((A)) = ((4)2 _aé)z(wniax —[4)2)+C&)2(&)2—[,q.2) 21

(1)

where w, ; are the frequencies of the reflection and transimmsresonancesy,,, is the maximal

phonon frequency for a given polarizatian, < w, <aw,,, - C is a real positive coefficient given by the
atomic masses, force constants. Hefrequency exists only in the presence of an aaluti channel

which is open for wave propagation through the blymaound the defect atom, see inset (a) in Fig.
(2). As follows from Eq. (1) and Fig. (2¥(w,) = a(w,,,) =0 and a(w) = a(0) =1. In the transmission

of a narrow WP withl =24_, given by the convolution ofr(w) for plane wave from Eq. (1) with a
Gaussian WP with =21_, the interference effect is weakened by more feeqy components when
the plane-wave approximatioh=$ A.) is broken and the transmissionat is not zero any more, i.e.
a(ay) >0, which is the case also in the two-photon interfiee. As depicted in Fig. (2), an excellent

agreement in transmission coefficients is demoteirébetween the equivalent quasi-1D model
provided by Eq. (1) and the MD simulations of tH2 &omic-scale phononic metamaterial with the
use of realistic interatomic potential.

We calculate the interfacial thermal conducta@cby following the Landauer-like formalism:

i 9 _dk
G = [tk )V, ok V) e (@.T) (@m®’

where 7 is the reduced Planck constamf, the phonon group velocity in the cross-plane dioec

N (W, T) =[exp(iw  k, T)- 11" is the Bose-Einstein distribution of phonons atgeraturerT , k; is the

Boltzmann constant. The integral is carried outrake Brillouin zone and the sum is over the phonon
branches.
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Figure 3: (a) The temperature-dependent interfacial theromiductance across a defect plane 50%-filled with
periodic array of impurities (rectangles) and acsoa uniform defect plane with (pentagons) and witho
(circles) the second phonon path induced by nomastaneighbor bonds, in comparison with that oftanaic
plane without defects (hexagons). @jw) for a uniform defect plane with (pentagons) anthwit (circles) the

second phonon path.
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By embedding defect atoms in a monolayer, we mat@ageduce the thermal conductance3ds in
respect to the case of no defects, as shown in(8&). This destructive-interference induced effect
can be used to explain the remarkable decreagedadfSiGe alloy with very small amount of Ge, with
respect to pristine SiG is further reduced by considering the second iséareghbor bondsC,

between the host atoms on the two sides of th@umiflefect layer in addition to the nearest neighbo
bond C, linking the host and adjacent defect atoms. Taduction comes from the suppression of

phonon transmission at high frequencies, showngn(Bb), which is due to the opening of the second
phonon path through the non-nearest-neighbor ba)dmterfering destructively with the first path

through the nearest-neighbor bonds. The emergence of the second phonon path suladbanti
reducesG by 16% despite the weakness of the corresponding bo@gs:0.08C, in the Ar lattice.

This demonstrates another advantage of the applicadf the two-path destructive phonon
interference for controlling the heat conductionoren heat flux is blocked by the opening of the
additional phonon paths.

Conclusions and Perspectives

In conclusion, we provide comprehensive modelingatmimic-scale phononic metamaterial for the
control of heat conduction by exploiting two-pathopon interference antiresonances. Thermal
phonons crossing a defect array undergo strongudtise interference, pointing out similaritiestbe
phononic phenomena with their photonic counterpaBsch patterned atomic planes can be
considered as high-finesse atomic-scale phononicorai And, at last, we would emphasize that
strong optical reflection observed in stereometanis can also be interpreted as photon interéeren
antiresonances in optically transparent plane, elohdxe with periodic plasmonic nanostructures. Our
results show that the patterning of the defect-atomys can lead to a new departure in thermal
energy management, offering potential applicationshermal filters, thermal diodes and thermal
cloaking.
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The understanding of coupled charge and heat toanspcomplex systems is a fundamental problem,
also of practical interest in connection with thealtenging task of developing high-performance
thermoelectric heat engines and refrigerators,ldhe efficiency of existing thermoelectric devices
being the factor which limits their use. To invgate this problem, we follow new approach which
starts from first principles i.e. from the fundart@nmicroscopic dynamical mechanisms which
determine the phenomenological laws of heat anticpatransport. In this connection, as it is well
known, the enormous achievements in nonlinear dicsrmystems and the new tools developed have
led to a much better understanding of the stasisbehavior of dynamical systems. For example, the
question of the derivation of the phenomenologkaalrier law of heat conduction from the dynamical
equations of motion has been studied in greatlda@tagoretical work in this direction even led tet
possibility to control the heat current and devisat diodes, transistors, and thermal logic gaAés.
are confident that this theoretical approach, comi with the present sophisticated numerical
techniques, may lead to substantial progress omtyeof improving thermoelectric efficiency. An
additional motivation in favor of this approaclthst thermoelectric technology, at small sizes. (atg
micro or nano-scale), is expected to be more efiicthan traditional conversion systems. Indeed the
efficiency of mechanical engines decrease verydmapt low power level. The recent progress in
engineering nanostructured materials opens nowpwasibilities. The study of dynamical complexity
of these structures may lead to the design of neategiies for developing materials with high
thermoelectric efficiency.

We compute the basic transport coefficients (isotlaé charge conductivity, heat conductivity,

thermopower, and Peltier coefficient) starting fréime microscopic equations of motion of stylized
models, including billiard models and single-levaglantum dots. The transport coefficients are
computed by means of nonequilibrium simulation®dsastic reservoirs) and of the Green-Kubo
formula in classical models, while the (multi-tenal) Landauer-Buttiker approach is used for non-
interacting quantum systems.

We show that for systems with a single relevanstamt of motion, notably momentum conservation,
the thermoelectric efficiency reaches the Carnditiehcy in the thermodynamic limit [1]. Such
general result is illustrated by means of numersgalulations in the case of a diatomic chain ofdhar
point elastically colliding particles [1] as weB #or a two-dimensional gas of interacting parsdi].

For systems with broken time-reversal symmetry,slvew [3] thatthe maximum efficiency and the
efficiency at maximum power are both determinedvey parameters: a generalized figure of merit
and an asymmetry parameter, given by the ratibn@thermopowers obtained for opposite directions
of the magnetic field [3-5]. In contrast to the ¢éiraymmetric case, the figure of merit is boundednfr
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above; nevertheless the Carnot efficiency can behed at lower and lower values of the figure of
merit and far from the so-called strong couplingidition as the asymmetry parameter increases.
Moreover, the Curzon-Ahlborn limit for efficiency maximum power can be overcome within linear
response, as we have shown numerically in a fewnpbes (Aharonov-Bohm interferometer formed
with three non-interacting quantum dots, transmissivindows model) [6]. Finally, always within
linear response, it is not forbidden by the lawstl@rmodynamics to have Carnot efficiency and
nonzero power simultaneously [3].

We also discusshe efficiency of a thermal engine working in line@sponse regime in a multi-

terminal configuration [7]. We provide a generalfididon of local and non-local transport

coefficients (electrical and thermal conductan@ey] thermoelectric powers). Within the Onsager
formalism and in the three-terminal case, we deawalytical expressions for the efficiency at
maximum power, which can be written in terms of eyatized figures of merit. Also, using two

examples (single and double dot), we investigataerically how a third terminal could improve the

performance of a quantum system, and under whinbditons non-local thermoelectric effects can be
observed.

While our approach has been so far limited to theal response steady-state regime, we can foresee
his extension to nonlinear transport as well asne-dependent drivings, i.e. to microscopic thdrma
machines performing cycles. Moreover, the aboveudised mechanisms could be tested by means of
molecular dynamics or other kind of simulationsnudre realistic models. We know that symmetry
breaking together with nonlinearity are at the kegredients for thermal diodes and transistorsvaad

are confident that relevant results can be obtaimethe same basis also with regard to the probliem
improving thermoelectric efficiency.
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The amount of energy exchanged between bodiesatedary a submicron distance is notably higher
than that for bodies separated by macroscopic hendi-3]. The tunneling of evanescent
electromagnetic waves is responsible for this eob@ent, an effect that can rise only when the
bodies are close to each other. Due to the conimibof evanescent modes, the local density oéstat
is modified near an interface separating two mediais implies that also the thermodynamic
functions will depend on this contribution and wihow a very different behavior from the
corresponding one in the far field case [4]. Fumtiere, at the interface of polar materials, the
coupling of phononic excitations with the electrgmetic fields results in the so-called surface
phonon-polaritons. When two planar sources supmprsurface phonon-polaritons are placed at a
distance smaller than the thermal wavelength, &s®mance of these modes is responsible for the
considerable increase of the emitted radiation.s€hsurface waves can be thermally excited at the
nanoscale due to their existence in the infrare@l [5

In addition, using the fluctuation-dissipation them, the correlations of electromagnetic fields ban
computed, whence the average Poynting vector aradd [5]. The Poynting vector gives the radiated
energy fluxU(T), and from this quantity the entropy flu(T) can be computed, whefeis the
temperature of the radiating body. Both energy anttopy fluxes depend on the spectral flux of
modesg (w) which contains the information about optical pndigs of the materials. Here, we show
that the maximum work that can be obtained fromttie#mal radiation emitted between two planar
sources in the near-field regime is much largen i@ one corresponding to the blackbody limit [7].
This quantity and an upper bound for the efficientthe process are computed from a thermostatistic
formulation in the near-field regim&oth maximum work flux and efficiency depend on tical
properties of the materials, and the explicit delgzice on the frequency of the surface phonon-
polariton has been obtained. In Figure 1, we shwmvrbaximum work flux and the upper bound for
the efficiency as a function of the temperaturé¢hef hot sourcé), for two materials, hexagonal boron
nitride (hBN) and silicon carbide (SiC), and forondifferent environmental temperatufgs Once the
energy and entropy fluxes are known, the maximurrkviloix is given byW = T,AS — AU, where

AS = $(T,) — S(T},) andAU = U(T,) — U(c), and an upper bound for the efficiency can by asteqb
asf] = W/U(T;,). The maximum work flux is also called the idealrvflux since it is obtained for a
process with no entropy production.
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Figure 1: Efficiency bound and ideal work flux as a functadrthe temperature of the hot source for two
different environmental temperatures (taken frorh ). The materials are modeled by using thedmirz
model for the dielectric constants.

Energy converters can be used with the purposeutuidng thermal energy from their surroundings
and transform it into usable work. Here we consitlés energy harvesting process in an ideal
situation. We consider a semi-infinite medium agtas a thermal energy source at a temperature
higher than the environment temperature. This mediould be a certain component of a device
which, as a consequence of an independent takkptsat a working temperatufg. A second semi-
infinite medium is placed near the first one, watacuum gap separating the (planar) surfaceseof th
two media. The second medium is assumed to beeinmtd equilibrium with the environment at
temperaturd,. Due to the difference of temperatures, a cedaiount of work can be extracted from
the thermal radiation. This function is assignedhi converter, which can be assumed to be coupled
to the medium at temperatufg. The specific mechanism utilized by the convettetransform the
radiation will determine the entropy production attterefore, the efficiency of the process. If this
mechanism is not particularized, bounds for thecieficy and work flux can be obtained by
considering an ideal process. In particular, weugoon the case where the difference of temperature
between the hot medium and the environment isivelgtsmall. Small temperature differences are the
physically relevant situation for energy harvestrghe nanoscale, where near-field thermal ramhati

is the dominant contribution.

The energy flux can be written &5T) = f0°° dw hw n(w, T) @(w), whereh is the reduced Plank

constant, and(w, T) is the average number of photons in a single neddeequencyw. Introducing
the reflection coefficients of the vacuum-matenérfacer, (k, w) for the polarizations = p, s, the
spectral flux of modes for two identical half-spaseparated by a vacuum gap of widtis defined

by

w/c _ 212 9] -2lyld 2
o(@) = z {f de k [1—|Ry(k, w)|?*] +f dik k e™*Mm?[R, (k, w)] }‘ )
0

4m? |1 — e2VIRZ(k, w)|? ), e 7 |1 — e 2V4RE (i, w)|?

a=p,s

wherec is the speed of light in vacuum, ards the component of the wave vector parallel ® th
surfaces satisfying = /(w/c)? — k2. Furthermore, the entropy flux associated to #diation can
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be obtained by considering the thermodynamic wiafi~! = dS/dU and, therefore, be written as
S(T) = f0°° dw kg m(w, T) ¢(w), where kg is the Boltzmann constant and we have introduced
m(w,T) = [1 +n(w,T)]In[1 + n(w,T)] —n(w,T) Inn(w,T). For polar materials supporting
surface phonon-polaritons, the main contributioth® spectral flux of modes in the near-field regim
is due to p-polarized evanescent waves (the setmndin curly brackets in (1) with = p). As a
consequence, the spectral flux of modes in thisrredpecomes [7,8]

Re[Li, (R, (@))]

And?f'(w) ©

¢n(w) = gg(w)d(w — wy), ga(w) =
where § is a Dirac-delta distributionw, is the frequency of the surface phonon-polaritdri,(z) is the
dilogarithm function, and’(w) = Im[R,(w)?]/Im?[R,(w)] so thatf'(w) = df (w)/dw. Thus, using (2), the
considered thermodynamic quantities show an exmlependence on the resonance frequency

The formulation of the thermodynamics in the néeldf regime sheds light on thermal radiation
energy conversion exploiting optical propertiestttd emitters. In particular, our analysis highlght
how these properties influence the performancenadreergy-harvesting process. This analysis can be
further elaborated by taking into account a comcrebnverter and, according to the specific
conversion mechanism, including the correspondimigopy production. This will provide a better
bound for the efficiency, as happens with blackbatiiation.
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Introduction

In recent year the researches devoted to incrdaseieal conversion efficiency have led to theitim
of 25% [1] at standard conditions i.e., AM1.5 spact and cell temperature at 25°C. However, the
performances during their use are lower. This diggran caused by the temperature is generally
described mathematically with a linear expressibthe efficiency given by=ns(1-f(T-Ts)), where

nst IS its value at cell's temperature equal of 258 @eview of § coefficient is summarized by Skoplaki
et al[2].

The general approaches available in literatureréalipt thermal behavior of PV cell, consist to use
empirical correlations which link cell's temper&uto its environmental conditions (ambient
temperature, solar irradiation, etc.) [2]. Othertmoels are based a resolution of energy balance
equation, i.e., the incident solar irradiation absd within the PV panel is balanced between the
electrical and the thermal energy. A good revievihig approach is given by Jonetsal [3]. On the
other hand, there are a few theoretical studiesitaboupling heat transfer and carriers transport in
semiconductor devices [4]-[7]. Only Vailleet al studied silicon solar cells in particular. Howeve
its thermal model based on [6] did not includedtheaurces generated by thermoelectric and Joule
effects outlined by Lindefelt and Watchutka.

The purpose of the present paper is to proposesighi into heat generation in silicon solar cellse
paper starts with the description of the physicalbfem. Then, a detailed analysis of heating and
cooling mechanisms within the photovoltaic cell endhort-circuit conditions are discussed. And
finally, the variation of the temperature of a saall as a function of the applied bias is presédnt

Simulation parameters

To study the thermal and electrical behavior inokrscell, a set of parameters related to the cell
characteristics are listed in Table | and a schefibe studied’p junction solar cell is shown in Fig.
1.

The results are obtained under AM1.5G illuminati®he surroundings areas are modeled as a black
body at 25°C exchanging radiative energy with thlarscell. The ambient temperature is set to 25°C,
and a convective thermal transfer is consideredaviesymmetrical convection coefficiehtat the
boundaries of the cell.

112 R. COUDERC et al.



Eurotherm 103: Nanoscale and Microscale Heat Transfer IV, October 15-17, Lyon, France
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Collimated solar and surroundings irradiations

irradiation

er pooms T ,"-1.-‘\ Base doping (pype, uniform 10" cm?
N |\/ ' o, Emitter doping (nype, 10%cm?
o Emiter Wn Junction drepth 300 nm
z Base Wafer thickness 250 um
;:) Front surface recombinati 1000 cm.8
= Rear surface recombinati 10009 cm.s
— Y - "Wp No front antireflection coatir
freom: Trc0 \\J_’ v/ Si/Air back interfac

Figure 1:One dimension model of "p solar Table 1:Parameters of the simulated solar
cell

The different values used for the symmetrical ection coefficients areh=2 W.n"2.K™* (very low
natural convection, no windp=5 W.n"2.K™* (natural convection, weak wind)=10 W.n">.K™* (strong
natural convection, strong wind) ath=100 W.n?.K™ (forced convection, cooling system). T
simulations e performed thanks to the coupled solution of thdiative transfer problem, ti
continuity equations and the thermal transfer egonailhe operating temperature of the cell dept
on the illumination, the radiative and convectiliertnal transfers ai the efficiency of the ce

Discussion about nornisothermal conditions

The thermal sources and the thermal boundariesteamsldetermine the operating temperature of
cell. Among the thermal sources of a solar celf, Tlnomson and the Joule eff(4] are of particular
interest regarding that they had been ignored thisilpaper for the analysis of the heat generatia
solar cell. For the sake of brevity, we only foamsthese effects iJs:in this absiact.
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Figure 2: Spatial and spectral map of heat generation fromdeffect (a) and thermalization (b)
the charge carriers

Fig.2 portrays the local spectral heat generatighinvthe depletion region due to the Joule eff
Jsc The res of the cell is assumed to be qi-neutral, i.e., E=0. Furthermore, only heat genert
within the base part of the depletion area is shbecause the doping characteristics of the cedisl
to a very thin charge zone in the emitter, i.,= 0.3nm and ¥=341 nm (see Fig.1). Basically, witt
the SCR zone, the maximum value of electric fieddurs at metallurgical junction (top of Fig.2a) ¢
vanishes at its boundaries. The current flow ifauni through the cell. These two facts lead 1
decrease of heat generationdiepth of the depletion zone. As for the low valdeh® Joule hee
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source for the wavelength in between 300 and 400anchin between 1100 and 1200 nm, thi
readily explained by the low value of irradiatiom these spectral ran¢. Fig.2b shows the he
generation from the thermalization of the chargeies atJs.

The Thomson effect reflects the balance betweeméneration and the recombination of carriers
each position in the cell. In regions where thenaginations eceed the generation rate, the Thom
effect generates heat whereas where the generatlugher than the recombination, it carries ou
the cell heat. These behaviors are shown in |
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Figure 3: Spatial and spectral maps of Thomson «: (a) Heat source, (b) Heat si

In the usual analysis, in application of the priheiof superposition, the temperature is determat
Jsc and then considered constant for all polarizataittsough NRR and Joule heat sources vary
voltage. Thesevariations change the thermal equilibrium of thdasaell and consequently tl
operating temperature. Fig.4a represents the diffethermal sources and sinks at s-circuit J,
maximum power poinkl,, and ope-circuit V,c conditions.
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Figure 4:Heat sources and sinks of the solar cells, My, and 4. conditions on the left (a) ar
temperature of the solar cell as a function of épholtage for h = 2, 5, 10 and 100 V2K on the
right (b)

Three sources are considered: therration of the carriers, the Joule effect and the NfeRt source
The sources are very similar for a given voltageafoyh because the sources are quite independe
the convective conditions. Thermalization is almmststant with the applied voltagnd h.

At Jg, the Joule and the thermalization sources arellgqoaortant whereas the NRR source is sr
compared to the two others. The Joule heat sosrzagortant aJs. because the photocurrent los
energy during the crossing of the potenbarrier of the cell via phonon emission whereaV,., no
current flows in the solar cell thus the Joule teaitrce is null. On the contrary, the NRR ther
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source is low afls. and increases with the voltage to reach a maximiig.. The diode is blocked at
Jse SO the recombinations are low, but approachigthe potential barrier of the junction decreases,
increasing the amount of recombination to reachdted amount of photogenerated charges.
Convection is the main heat sink for ahyand any voltage, and the highkr the lower the
temperature at any polarization. The two othersiffthomson and radiative, are weak in comparison
with convection, although they affect the tempemtirig.4b depicts the variation of the temperature
as a function of the applied voltage resulting fritn@ equilibrium between heat sources and sinks. Th
greater the value df, the weaker the radiative sink because the terhperaf the cell is lower hence
the cell emits less than with ldw Convection has little impact on the Thomson simkich falls from

its maximum value afs. where recombinations are low, to zeroVgt where recombinations and
generation are equal.

For largeh, the temperature is rather invariant with respethe bias of the cell. The greater the value
of h, the lower the temperature at any polarizations Mvorth noting that the lowest temperature is
reached close tbl,, which is consistent with the fact that when theceical output is maximal, the
thermal losses that heat the cell are close tonihanum. This is important because the more efficie
a solar cell is, the lower the operating tempegatiil become. One can also note that the temperatu
attains a maximum af,. in accordance with the fact that all the absorbeergy is transformed into
heat atv,.,

Conclusion

A coupled solution of the multiphysics problem takiplace in a solar cell is used to analysis tret he
generation in a solar cell. The detailed analybi®as that the consideration of the variation of the
temperature of a solar cell with the applied bissot negligible wherh is low. Therefore, we
recommend that the nominal operating cell tempegdbe determined &l,, instead ol as defined

in the ASTM standard and to take into account draperature aM,, in the optimization of solar
cells.
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Solar thermophotovoltaic generation systems (ST&¥)a type of a photovoltaic generation system.
In this system, the solar absorber, heated byrtadiated solar energy, causes the emitter to ingat
and radiate thermal energy; the thermal radiatiomfemitters is then converted into electricityaat
photovoltaic (PV) cell as shown in Fig. 1. Someattages over conventional PV generation systems
can be seen in STPV system. For instance, it isilplesto control the thermal radiation spectrum of
the emitter to optimize electron excitation in thherent sensitive region. By such spectral mathin
in a single-junction PV cell, a PV conversion affitcy comparable to that of a triple-junction PW ce
system can be obtained. Furthermore, in this systieenpower generation density is very high, and
unlike a multi-junction cell, the generation effocy is not sensitive to seasonal solar spectrum

fluctuations.
vAg ﬁf
“@- ‘ h
b Vv Q

Solar energy Absorber Emitter Photovoltaic cell
Figure 1: Schematic illustration of solar-TPV system.

In recent years, the study of solar-TPV systems dtasicted attention. In 2014, an MIT group
reported 3% net efficiency of a solar-TPV systefmisTsystem uses an InGaAs cell that has a 0.55 eV
bandgap and an operating temperature of 1285 K g¢ktem efficiencies of STPVs [1-4] have
gradually increased through technological improvetsiebut remain low. The low system efficiency
is mainly a result of excessive heat loss from lingh-temperature absorber/emitter. Therefore,
suppressing energy losses is necessary to oblaghafficiency system.

To obtain high system efficiency on STPVs, two miaisses should be reduced. One is the energy
losses at absorber such as reflection and infrexgihtion losses and the other is at emitter sigch a
spectrum mismatch with spectral response of TP\s.cdlherefore, we can improve the energy
efficiency by controlling thermal radiation spectruwhich we call “High-temperature photonics”, on
both absorber and emitter. In this study, we dgveldigh-efficiency STPV using a monolithic planar
spectrally selective absorber/emitter. Power gditeratests in the fabricated equipment were
conducted using a GaSb TPV cell under a conceotratitio of solar irradiance of several hundreds
using a solar simulator.
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In STPV, solar irradiance is converted into uséfigrmal radiation at the emitter. Therefore, insthe
kinds of systems, regarded as photon-photon coiovesystems, spectral matching with PV cells in
order to attain high operating temperatures withv lmput power is critical for obtaining high
efficiency. With this in mind, we considered theamhr absorber/emitter as being appropriate for a
STPV. Owing to the small surface area, the inpwvgrorequired for a planar type absorber/emitter
can be reduced to one third of volumetric cavitpetyabsorber/emitter for the same temperature.
However, the optical losses of the planer type ddeséemitter cannot be ignored. Therefore, for
efficient photon-photon conversion in STPVs usinganar absorber/emitter, it is important to cohtro
thermal radiation spectrum from both absorber antter surfaces.

The monolithic planer absorber/emitter, which hiasoaber and emitter on the front and back sides of
a single planer metal substrate, is fabricated. ther absorber/emitter, the spectrally selective
properties are obtained by fabricating a multi-tegecoating that consists of thin film tungsten (W)
layer sandwiched between yttria stabilized zircdivi8Z) layers as depicted in the inset of Fig. 2 (a
Spectrally selective absorption, regarded as earissiould be a product of destructive interference.
Therefore, the enhanced wavelength range can lieotted by thickness of the coatings as shown in
Fig. 2 (a). Optimum properties calculated from nueed reflectance of the absorber and the emitter
are shown in Fig. 2 (b). The optical propertiesvaedl consistent with simulated results.
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Figure 2: (a) Contour of absorptance spectra for variouskiniess of lower YSZ layer. (b) Absorptance
spectra calculated from measured reflectance ofidabed absorber and emitter.

The solar-TPV system was designed and fabricatedriduct a power generation test. In this system,
a solar simulator was used as a light source tauwdnthe experiment under stable conditions. The
energy density of the light can be adjusted frortp 8100 W/cm. The incident light reaches the
absorber througlg® mm pinhole. The absorber is fabricated gghmm area at center @fl5 mm
substrate. A silicon dioxide filter is attached ttee emitter with a small gap that blocks infrared
radiation. Gap between a GaSb TPV cell (10 x 15 rang the emitter is 30 mm and the cell is
mounted on the stainless steel water jacket togotedtegradation of TPV cell performance. The test
was conducted under a high-vacuum condition (11@%Pa). Reached temperature as a function of
input power is shown in Fig. 3. The required poweepbtain working temperature can be drastically
reduced from our previous study using blackbodytgaype absorber/emitter [2]. As shown in Fig. 3,
over 1500 K, which is sufficient to perform powegngration by GaSb TPV cell, is obtained by
incident power less than 1000 sun.

Session 9 — Energy conversion 117



Eurotherm 103: Nanoscale and Microscale Heat Transfer IV, October 15-17, Lyon, France

—~~ 1700 T T T T T T T T T T
\!_/ | |
o oom —m— Experimental
S 1600 | —@— Previous study |
o w ‘
] i !
o / i
£ 1500 j
L s
g |
= 1400 :
= ;
E i /
& 1300F/ |
S L/ i
3 [ ; ;
< 1p00.% .+ . .
0 50 100 150 200 250 300

Input power (W)

Figure 3: Temperature of absorber/emitter as a functiompfit power comparing with previous STPV
system [2].

From the test, the system efficiengys.nis calculated from the following formula,

— max
”system - E X Feminer—cell (1)

solar

whereEgq,r is incident light power from the solar simulatBr,. is the maximum output power from
the cell, antFemiter-cen IS View factor between the emitter and the ceflerfore,/sysemindicates the
efficiency when thermal radiation from the emitterfully reached to the cell, i.e. view factor is
assumed to be 1. The higheglsem0of 8% is obtained at 1640 K. The maximum PV cosier
efficiency of 23% was also achieved at 1640 K. Tgiothe incident power density is almost similar to
1 sun, due to smaHemier-cen (= 001) , the achieved efficiency exceeded 20%, which findd as the
Shockley—Quisser limit [5] for a GaSb bandgap eyerfd.67 eV.

In this paper, we describe STPV system using a -tagiperature photonics. For solar
absorber/emitters, reaching very high temperatwiéts low input solar power is essential for high
efficiency. We designed the STPV system using thenatithic planer spectrally selective
absorber/emitter based on multi-layer coating, mdeo to experimentally evaluate the system
efficiency. Temperature of the absorber emitteresched at over 1500 K by input power lower than
1000 sun. This energy density can be easily obtaryeFresnel type concentrator. A PV conversion
efficiency of 23% exceeded the Shockley—Quisseit israchieved due to the spectral matching. High
system efficiency of 8% comparing with the previogaidies is also indicated taking into
consideration a view factor. It is expected thasth results have a great contribution to practical
realization of STPV systems.
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It is now well understood that the net radiativeathBux exchanged by two bodies at different
temperatures depends on the distance between thesbld]. At large distances, the usual laws of
incoherent thermal radiation (use of the speciftensity, Stefan-Boltzmann and Wien'’s law,...) hold.
This is thefar-field regime At distances smaller than the characteristic Veagth for thermal
radiation, usually estimated as being the Wien'selength of thermal radiation (40m at room
temperature), the contribution of evanescent wamgsears. When the distance becomes very small,
the heat flux due to the evanescent waves is derharad can exceed the far-field radiative heat flux
by several orders of magnitude. This is tiear-fieldregimefor thermal radiation.

a' T 1 T 2 b' T T [ T T N T T
far-field : far-field

L near-field i 1
| coherent i incoherent
q
= I dz’ncohfcoh 1
J . | : i ]
H L dﬂux —1min | i

distance between the plates ()

net radiative heat flux

Figure 1:a. Two parallel plates at different temperaturesaid T, exchanging heat through thermal radiation.
b. far-field to near-field regimes for thermal ration between the two plates.

Thetransition zonébetween the near-field and the classical macrosabprmal radiation is the focus
of the present study. It is often estimated thatlhoadband spectrum of thermal radiation does not
allow observing sharp interference features. Foromochromatic radiation, interference of multiply-
reflected waves in the vacuum gap between theltae lead to a decrease of the net radiative heat
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flux, unless the evanescent wave contribution édesrit. The present work shows that a decrease of
the net radiative heat flux in comparison to thefiield value is possible even in the case of bbazaul
thermal radiation. This is a consequence of thetemce of a far-field coherent regime, which had
been overlooked in past studies. We provide theacheristic distances defining (i) the transition
between the far-field incoherent regime and thdiédd coherent regiméi conconand (i) the transition
between the far-field coherent regime and the fielt-regimed.onne- IN addition, we provide the
distance at which the net radiative heat flux isiimum dyy.min for the case of metals and an
analytical expression of the flux valudll the characteristic distances are given by étes

T.d = f(¢), where the functiofi depends on universal constalts, c, # and on the optical properties
of the involved materials.

To do so, we first compute the net radiative hestdfer flux exchanged by two semi-infinite pardalle
plates as a function of the distance between thweplfor various dielectric and metallic materials
using the expression proposed by Polder and VareH2\ Spectral and directional analyses of the
transmission term in the formulation of the propgagacomponent of the flux allow emphasizing the
conditions of existence of constructive interfeesand of reduction of the exchanged radiative heat
flux [3,4]. The temperature and distance dependasicéhe radiative heat transfer coefficient is
investigated. For aluminium, Figure 2.a shows tie& location where the flux starts to decrease
(T.dincon-cop @nd the location of the minimun.¢qux.min) are superimposed for all temperatures [3,4].
For silicon carbide (Figure 2.b), there is not reseeily a unigue minimum and a wavy behaviour can
be observed for the propagative contribution tortitkative heat transfer coefficient.

a. b.
5 T T T ™ T T
10 i i E
] | il
N\ T.d2700 | c
e 10 \ : | 3 .
= - 1 | =
:1_, | 1 E
z ) i i < i
= 10 | T.d = =
= P H
~ 1 1 T ]
o 1p° | =——10.02K i : Ev
a — 1K a
g — K i | =
T | —0K ! !
10 F 100K d ! ]
— 300K | !
—— 1000K i | 4
10-2 1 | | Il I : | )
10" 10" 10’ 10° 10° 10° 10° 10°
T. d [um K] T.d[umK]

Figure 2:a. Far-field (propagating wave) conductance h=tyaT for a metal (Al). b. Far-field thermal
conductance h for a resonant dielectric (SiC)

Then, we derive analytically approximate equatidefining the far-field regime and the regions of
decreasing or increasing fluxes in the transitiegime. We also find analytically the distance aiclvh

a minimum is observed (see [5] for metallic matsjiaAs a result, laws defining boundaries between
incoherent far-field, coherent far-field — whereitists — and near-field regimes of thermal radrmatio

between plates made of the same material are prdpos

Finally, experimental conditions that would alloletobservation of a decrease of the net radiative
heat flux exchanged by two parallel plates madeutif metals, and ways of enhancing the amplitude
of this decrease are discussed. Future analysésnwéstigate the impact on the aforementioned
observations of surface roughness and temperagpendence of the permittivities.
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We theoretically study heat transfer between twis@ropic nanoparticles in vacuum, using scattering
theory [1]. We derive closed expressions for nanigas, whose scattering properties are well
described by their anisotropic dipole polarizalgiit The heat transfer between anisotropic
nanoparticles allows for a large freedom of turigbilFor a typical dielectric material, the transfe
between anisotropic particles (i.e. spheroids) lmar80-40 times as large as for two isotropic object
(i.e. spheres) of equal volumes. Such increaseanmitbotropy is also found for the heat emissioarof
isolated small spheroid. Furthermore, we obsenstrang dependence of transfer on the relative
orientation (factors up to #@r 10 by a simple twist of one of the objects), yieldihg interpretation

as a heat transfer switch.

Considering a typical material for the two intemagtobjects, SiC, we express the dielectric constan

(&(w)) as follows [2]

wz_a{oz"'iwy

el@)=¢, W - W +iwy

(1)
Here&, =6.7, and ), W, and ytake values 0.12, 0.098 and 5.88 14l in eV, see Fig.1.

Re e(w)

20/ Im e(w)

/

0.4 lS .6 0:7

Figure 1: Representation of the imaginary and real parthaf tlielectric constant for SiC.
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SiC supports surface resonances, so called supfameon polaritons, and is hence a good candidate
for radiative near-field heat transfer [3,4]. Figur shows the transfer as a function of the edcigtr

H/HSJherE H/Hsphere

50\ (

—Radiation: Micro
—Radiation: Macro

30;
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— W Lh ~] O
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Figure 2: Heat transfer between two identical parallel sphids with T, =300K and T, =0 K, of fixed
volumes as a function &{ /R (radii that characterize them) in the limit of sthakd curve) and large (black

curve) distance. Inset: Dashed blue and magengsliepresent the heat radiantion of an isolated
microspheroid and a macroscopic spheroid (compbie8tefan-Boltzmann law), respectively. All cuiivethe
figure are normalized by the value for spheres wittumes equal to the spheroid volumes. Note thali ithe

curves, the particles are considered small enougth shat their radiation is proportional to theiolumes.

The inset of Fig. 2 shows the transfer as a functib relative angleg, displaying a pronounced

dependence. Main graph represents the qualitynei@fas the ratio between maximal and minimal
value in the inset, as a function of the ecceyrici
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Figure 3: Heat transfer between two identical spheroidsa &ésnction of angles (see inset). Main graph gives

the quality of the transfer switch as a functionRofR . In the shown limits for d (distance between thieter of
the center of the objects), the transfer assummplsipower laws, such that the given ratios aredkependent.
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One of the main issues of the study of heat trarsfeanoscales is the drastic decrease of thegphon

thermal conductivity of nanodevices, nevertheléss kind of devices has consequently a very high
surface-to-volume ratio, which enables to use serfaffects to enhance the nanoscale thermal
transport. One of the surface energy carriers és ghrface phonon-polariton (SPP), which is an
evanescent electromagnetic wave propagating aleagnterface of polar-dielectric materials. These

surface waves can offset the reduction of phonemthl conductivity if we enhance their propagation

[1,2].

In this work, we investigate the propagation of SR¥hg nanometric-micrometric glass tubes, aimed
at showing that the coupling of these surface wavagases their propagation length and theretore i
enhances the global thermal conductivity of theigey2]. We intend to prove experimentally this
effect, by measuring the diffraction of SPP attipeof micrometric glass tubes. Moreover, the dffec
of the tip geometry (walls thickness, outer/innadius) on the enhancement of heat propagation is
analyzed. We proposed an original experiment, wieichbles us to measure thermally excited SPP
from near field to far field, in a similar way tbe detection of SPP diffracted through surfaceimgyat
[3,4]. In addition, the diffraction of SPP is loiz@d thanks the use of an infrared (IR) Microscope.

The experimental setup is composed of a Fouriensfeam InfraRed (FTIR) spectrometer coupled
with an IR microscope. The radiation is collectbtbtigh a Cassegrain objective between an angle of
23° and 46° (figure 1). A copper coating is depabivn the basis of the glass tube to allow forihgat
the tube by focusing a green laser on it. Tempezataose to 600°C at the focus point can be rehche
through this method. SPPs are thermally exciteadeafocal point and propagate then along the tabe t
be finally diffracted at the tip. This is the reasahy we decided to measure the radiation coming
from the tip set in three positions: horizontalitical, and tilted at 35°. SPP diffraction is exfgetto

be measured for the tilted configuration. Indeedhis position the tip axis is in the direction tok
detection cone of the Cassegrain objective, wigchot the case for the horizontal and vertical ones
Moreover the angular width of the SPP emissionhim far field is estimated to be lower than 20°
which is also the angular width of the detectionesoThis diffraction behaviour is similar to theeon
due to a grating [3,4] except that in our casetadl frequencies are diffracted in the same diractio
along the axis of the tube (see FDTD simulationfgiare 2).
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‘:_.,_._- Maximum angle 46°
Minimum angle 23°

Figure 1: Schematic of the Cassegrain objective used tadtite thermal emission of the tube (figure proside
by Thermo Fisher Scientific).

Figure 2: FDTD simulation of the normalized electric fielHRPP being diffracted at the tip of a glass tulihw
3 microns thick wall. The outer diameter of theisid2 microns. The units are arbitrary.

The emission spectra are shown in figure 3. Thelitudps of the signals collected for each tilt were
very different, which led us to arbitrarily nornmdi the spectra to establish a qualitative compiariso
The peak due to SPP is expected around 1200[2hand we did observe it for a tilt of 35 degrees
and for the horizontal setup. The relatively snpabk for the first configuration could indicate the
presence of SPP. The peak was not expected fandhiezontal setup, its presence could be due to
noise or the anisotropy of the glass tube emisdeiarmined by its geometry. Further studies need to
be implemented to clarify the direction dependen€ehe tube emission. Based on our current
calibration process, these results pave the wagidtecting SPP thermally excited in the far fieleére
though the non linearity problems of the MCT detecre not yet been completely solved. More
guantitative results linking the heating of theelaand the energy radiated by SPP will be possible
with appropriate reference signals not yet avadabtay.
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Figure 3: Normalized emission spectra of the glass tub¢hiee different tilts. A small peak appearing ad02
cmi* could be due to SPP.
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Nowadays, the control of electric currents in soligl the cornerstone of modern electronics devices
which have revolutionized our daily life. Astonisi the same control for heat flows exchanged
between bodies out of thermal equilibrium is noalaso frequent. In 2006 Baowen ¢i al [1] have
proposed a thermal analog of field-effect transisty replacing both the electric potentials and the
electric currents in the electronic circuits byrthestats and heat fluxes carried by phonons through
solid segments. Few years later, several prototghgshononic thermal logic gates [2] as well as
thermal memories [3, 4] have been fabricated aratatterized. More recently photonic analogs of
these devices have been proposed [5-10] to overtioenproblem of the operating speed limitation of
phononic systems. He we pursue these developmgndésbussing the concept of radiative thermal
memory we have recently introduced [11].

The system we consider in this study is sketchellignl-a. It consists in two simple membranes of
silica and vanadium dioxide, a metal-insulator ghawnsition material [12-13], separated by a
vacuum gap and surrounded on the right and on dfiebly two thermal baths at two different

temperatures. These membranes interact togethativaty on one side through the intracavity fields
and on the other side with the fields emitted l®y/ttrermal baths.
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Figure 1: (a) A two membranes SiO2/VO2 system surroundéddyhermal baths at different temperatures TL
and TR. The temperature T2 of the VO2 membranebeatuned (either increased or reduced) using Joule
heating with a voltage difference applied througbaaple of electrodes or using Peltier eleme(tt3 Example
of Trajectories of membranes temperature (pink @mduois lines) for different initial conditions thidél = 62
=1 um. The blue dashed and red solid lines represemidbal equilibrium conditions for each membrane (i
@1 =0and @2 =0). The green and red points denote the stable andablesequilibrium states, respectively.
The temperature of thermal reservoirs are TL = 32011 TR = 358K and the separation distance is d=260
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On the VO2 membrane a volumetric power can be rerldded or extracted through electrodes (by
joule effect) or Peltier elements. By calculatiing tradiative heat flux through all planes paratbel
exchange surfaces using a many body generalizgtiba5] of the Polder and van Hove theory [16],
the temperature fields in both membranes can eileakd at any time. In Fig. 1-b we show the time
evolution of the membrane temperatures withoutresieexcitation for different initial temperatures
by assuming each membrane as isothermal.
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Figure 2: (a) Hysteresis of the VO2 membrane temperaturengu transition between the thermal states "0"
and "1" inside a two membrane SiO2/VO2 system &itlx 62 =1 um (those thicknesses have been chosen to
generate several equilibrium states). The volurogtdwers supplied and extracted from the VO2 layging a
time intervalAtl = 0.4 s and4t2 = 1.5 s are Q2 = 18 W.mn¥ and Q2 = -2.5x10% W.mnt, respectively. The
writing time of state "1" ("0") from the state "@"1") is 4t(0 - 1) = 4 s(4t(1 - 0) = 8 s). (b) Time evolution
T1(t) and T2(t) of SiO2 and VO2 membrane tempeeatufhe thermal states "0" and "1" can be maintdifoe
arbitrary long time provided that the thermosta¥d. (= 320K and TR = 358K) remain switched on likeain
volatile memory.

This evolution is represented by the pink and taisjucurved lines in the (T T,) plane. They
converge toward two points which correspond todllobal thermal equilibrium states highlighting so
the bistable behavior of system. These two stzdesbe viewed asvo binary states "[CJ" and "IF=".
This bistable thermal behavior results from the ggh&ransition of the VO2 membrane around its
critical temperature (F340K) which gives to this layer two radically difent optical behaviors.

The thermal bistability can be exploited to builtharmal memory able tewitch the system from one
thermal state to the oth&Ve illustrate this in Fig.2. We illustrate the oging modes of such a memory
when a thermal power is either added in or extchfitem the VO2 membrane. We see in Fig. 2-a that
the temperatures in the system follow a hyster@sige when the former transits from one state ¢o th
other one showing so the symmetry breaking in ytstesn temporal evolution. In Fig. 2-b we see that
the writing time is of the order of the second. @ly this time could be drastically reduced using
more important thermal powers.
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We calculate by means of fluctuationnal electrodyita and coherence theory, thermal emission of a
circular aperture filled by a vacuum or a mateaiatemperaturd. We show that thermal emission is
very different whether the aperture size is largesmall compared to the thermal wavelength.
Aperture with a size much larger than thermal wangth emits radiation with a well-known
emissivity simply related to the material Fresneflection coefficients. Subwavelength apertures
behave completely differently: thermal emissiorstiongly decreased for wavelength larger than the
aperture size. A simple expression of the emiggigitobtained. In the case of subwalengths aperture
separating the vacuum at temperatlirFom the outside, it is shown that the emissiténds to 0
when the aperture size goes to 0. Moreover, subeagth apertures have a typical radiation variation
law in T° compare to the usudl’ law given by the Planck law. When the disk is tibaed of a
material, it is still found that thermal radiati@an hardly exit from the material. However, if the
material support surface waves or exhibit resorgnitermally excited evanescent resonant modes
are scattered by the aperture. Thermal emissianlimnced so that it occurs at one particularly
frequency and is larger than the usual thermal gorispredicted by the Planck theory. An expression
of the emissivity is here also derived showing thé new enhanced emissivity is strongly related t
the near-field radiation close to the material. ek this behavior could open the way to very ukef
applications such as very narrowband passive source

We now consider thermal emission of a circular aperwith radiusry surrounded by a perfect
reflector. Our goal is to calculate the thermalrggeemitted by such a system and susceptible to be
detected by an optical device. Fluctuational eteltnamics allows to calculate the electromagnetic
field above a planar emitter. More precisely trecgbmagnetic field spatial correlation above aela
semi-infinite interface has been known for morenthadecade [1]. The question addressed here is to
see what is happening when near-field thermal mewignetic field is confined to a certain
subsurface and what is the consequence on theréididted at large distance. Since the seminal work
of Walther [2], it has been shown that coherenap@rties can be related to radiometric quantities
such as the specific intensity. This last quantity actually the Wigner transform of the
electromagnetic fielce the electric field andH the magnetic field), performed over the emitter
aperture

2
L,(r,u) = 3‘2‘0 n2000$6? j (E(r+112)E"(r =11 2)+ pH (r + 11 2)H" (r=r'/2))™ " dr (1)

aperture

where 8 is the angle between the normal to the surfacedamdtionu considered.u_is the unit

vector direction component perpendicular to themadri.e. parallel to the interface,is the point
where the specific intensity is calculated aqadis the angular frequency at which the calculat®on
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performed. The flux emitted by the aperture is alaied by an integration of the specific intensity
over the aperture

= [ cosBL,(r,u)T(nd’rdQ @

where T(r) is the transmission function of the system so th@t) =1 if r is in the domain where

the material emits and O in the opposite case.titionnal electrodynamics field spatial correlatio
function calculation above a planar interface can found in the literature [1,4]. From these

calculations, emission of an aperture can be esptei the formg, = H(T)Se,, whereSiis the

aperture surfaceHg(T) is the blackbody emittance aisy, the effective emissivity where

2kgTo ,[ /Kd_K _‘r p‘z)*]o(/(u)
= [ Wi(u kp)udu 3d F () 3)
0 j K [D(r5)+D(r ") o223, (kv
where F(u)=[sinu-ucos{)]/u* ,  J is the Bessel function of order 0 and

W, (r,r,) = {COS (r/2r))—=r/2ry\1-(r /2r0)2} [3]. Equation (3) has actually to be evaluated in

the limit where the distance to the interfadends to 0.r>° are the Fresnel reflection coefficientsin
and p polarization. This expression is the sum of a Gbuation of propagative waves for which the
normalized parallel wave vectdfis between 0 and 1 and of a contribution of evae@swaves for
which the normalized parallel wave vector is larfem one.

Let us now examine the simple situation of an aperfilled with vacuum. In that case, reflection
coefficients are equal to 0 and

2kgro . _
= | 2sinuSTUOy 4pyan o

0
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Figure 1: Effective emissivity of an aperture wiiQI’o.

which variations are plotted verskgo,.We observe that emissivity tends to unity whenwhgelength
is much larger than the aperture and to zero winen a@perture reaches a subwavelength size.

Session 10 — Subwavelength radiation (2) 133



Eurotherm 103: Nanoscale and Microscale Heat Transfer IV, October 15-17, Lyon, France

Integration over frequency can also be performei $hown that total emission followsTalaw for
large apertures anff law for small one. Transition between the two megg is shown in Figure 2 in
the thick blue curve which converges to the twameg shown in the dashed curves.

Emittance (W m™2)
107 ¢

105
1000}
10§
01f
0.001}
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107 6. 30, 100. 300, 1000. 3000. 10000

Figure 2: Total emission of an aperture of 10um radius vetsmperature (Thick blue). At low temperature,
emission follows a®Tlaw whereas it is a“llaw at high temperature (dashed curves).

We now go the case of disks of materials surrourijed perfect reflector. First of all, one noteatth
both propagating and evanescent waves contributieetonal emission. As it is the case for vacuum
propagative waves, contribution is reduced for samiength disks due to the fact that they can
hardly escape from the apertures. Evanescent wawm#ilmution is very similar to what can be
obtained when one calculate the density of enebgye@a planar interface. Close to an interfacegthe
is an increase of the local density of electrom#égrstates due to the presence of electrostaticesiod
Moreover, this increasing can be even more impoxtduen the material support surface waves.

We plot in Figure 3, the emission spectrum of aoaisk of amorphous silica (SiO2) for different size
of disks. For a large disk radius (here 100 micyotiermal emission is limited to the one of a semi
infinite plane of SiO2. Around 8 and 20-micron w&ngth, emission is very low due to the fact that
SiO2 is a very reflecting material in this specteaige. When the aperture size approaches theatypic
thermal wavelength, emission is increasing. Wetlsaethe disk emits much more than would emit an
ideal blackbody. If thermal emission is normalizedhe one of a blackbody which shape is a disk,
one finds that this body emits with an emissivitgager than one. The more the hole is small, the
more the disk emits compare to its size. What igpkaing actually is due to the fact that the
additional evanescent modes due to the presensrédce waves are scattered by the aperture.
Therefore, in addition to the usual propagative emdhat can escape the system, additional
evanescent modes are coupled to the far-field yperture. The more the aperture is small, the mor
high spatial frequency modes can be scattered atidted and the more classical heat radiation will
be surpassed.
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Figure 3: Emissivity spectrum of SiO2 disks for differerttita Thick blue : 1 micron. Dot-dashed red : 4
microns. Dashed green : 10 microns. Dotted blatR0 microns.

We have shown that thermal emission of a matesigréatly affected by its size. Propagative waves
with wavelength larger than the emitter size carllyeexit from the material so that this contrilmuti

is lowered. An evanescent wave contribution exigien the material is emissive especially if the

material support surface waves. In that case, ittite femitter size scatters evanescent waves g0 tha
thermal emission is enhanced especially at thenesgdovaves frequency. It has been shown that the
emissivity defined as the emitted flux divided I temittance multiplied by the surface emitter can
exceed 1. Applications such as narrow band endtield be designed with this method.
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The characterization of a single molecule is adafihigh interest, with a lot of progress in terais
experimentally probing the electronic nature ofegal/ different individual molecules [1,2]. Despite
this fact, the investigation of the thermal conduttstagnates, mainly due to the experimental
difficulties concerning the needed resolution ia tange of 10 — 100 pW/K as calculated by Segal
al. [3] in case of octanedithiol. This experimenthhilenge is by now circumvented by probing not
the thermal conductance of a single molecule baitiiermal conductivity integrated over a defined
molecular film area, from which a single moleculermal conductance of 6-50 pW/K can be
determined by means of the area per molecule [QBt. ansatz for directly measuring the thermal
conductance of a single molecule is to use ourtselfl Near Field Scanning Thermal Microscopy
(NSThM) consisting of a commercial variable-tempera scanning tunneling microscope (VT-STM)
with a thermocouple at the apex of the NSThM tig. Beans of calibrated sensors and applying a
temperature difference between the tip and the kamp are able to observe simultaneously the
resulting absolute heat flux and tunneling curieiiHV environment (Figure 1).

¥ second metal
layer
Pt wire

thermocouple —s '
octanedithiol \

Au(111) 150K —0O

()

Figure 1: Schematic representation of the NSThM-setup fasdtie thermal conductance measurements on
single octanedithiol molecule.

To contact a single molecule we use the so ci{tganethod introduced by W. Haiss [2]. Therefore, a
Au(111) substrate is covered with a low density olaper of octanedithiol. After transferring our
sample into the ultra high vacuum system (UHV)h&f NSThM the sample is cooled down to about
150 K while the tip stays at room temperature. €aéter, NSThM-tip is brought into close proximity
of the molecules keeping the control loop of the/Sdpened. By recording the tunneling curré(t

as a function of time, the spontaneous formatioa stibstrate-molecule-tip bridge results in distinc
step like current changes in the time trace witjuantized step height per molecule of 1nS, revgalin
the amount of molecules involved in the bridge. Sghsignatures in thgt)-signal are correlated with
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the simultaneous recorded time trace of the theroliage to determine the thermal conductance of a
single molecule.

The NSThM-tip used for our experiments consists ¢flatinum-Chromium-thermocouple for which
the calibration reveals a sensitivity of 14 uV/uWis leads together with a 600 nV noise amplitude
of the thermo voltage and a tip-sample temperadifference of 150 K to a thermal conductance
resolution of about 300 pW/K. We have measured redslof time traces with multiple of the distinct
current step height of 1 nS but not a single sigrain corresponding thermo voltage signal could be
observed. Representative time traces of both sigaral shown in Fig. 2. The step height of 3 n%ién t
electrical conductance (black) corresponds to thigcking of three octanedithiol molecules at once.
The signal to noise ratio for the correspondingrtia conductance (grey) is below one, leading to an
experimental determined upper limit of 100 pW/K #osingle octanedithiol molecule.
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—n glectrical conductance
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Figure 2: The step-like current changes in the electricaldiectance (black) result from the switching of #re
octanedithiol molecules. At the same time the fleatis recorded. In the time trace of the heax fhw signature
of switching can be observed. By means of the wdenl of out sensor one can deduce that each miglenust
contributes less than 100pW/K to the thermal cotahae (grey).

We are currently working on the improvement of baat flux resolution by reducing the noise further
to finally measure the single molecule thermal earance. This is done by an improved experimental
setup and by a more sophisticated data analysisoahet
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Abstract. We consider Si nanoresonator with mechanical nfoeiguencies in the GHz range. In
these a reformulated Akhieser model is validatetickv takes into account the reduction of the
thermal conductivity due to the impact of boundacgattering on the thermal phonons lifetime and
accounts for the observed shortening of the mechaniode lifetime. From this model the thermal
conductivity can be extracted from the measureditife of mechanical modes in the high-frequency
regime, thereby showing that tigefactor can be used as an indication of the theroaluctivity
and/or diffusivity of a mechanical resonator.

Introduction

Advances in nanofabrication processes have enathledprogression from the micro-to nano-
electromechanical systems (MEMS and NEMS). The saepe of their applications ranges from
semiconductor based technology to fundamental sei¢h]. In particular, MEMS- and NEMS-based
oscillators have been exploited as extremely sgasihass [2], force [3], charge [4] and spin [5]
detectors.

As consequence of this miniaturization trend, tiperation frequency of mechanical resonators is
entering into the GHz regime [6]-[13]. Thereforiee ttotal energy dissipation will be limited mainly
by intrinsic damping mechanism arising from phomptionon interaction. This introduces a
fundamental limit in the performance of the resomat which is usually expressed by th@-f*
product of the quality factorQ, and the operating frequencl, As phonon-phonon interaction
processes depend on materials properties, it iortapt to consider the changes arising from
decreasing feature size. In this context, the réolucof the thermal conductivity observed in
nanoscale materials will affect the lifetime of tteermal phonons and, consequently, the intrinsic
phonon-phonon interaction processes will be modlifie

In the present work, we report the impact of madifthermal properties of a mechanical resonator on
the intrinsic Akhieser damping mechanism. The iisié mechanical mode absorption is calculated
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using the Akhieser damping model [14] modified a&et into account the size effect on the thermal
conductivity due to thermal phonons scatteringhat boundaries. Furthermore, we show that from
lifetime measurements it is possible to extractttiermal conductivity. This opens the prospect of
using theQ-factor as a measure of the thermal conductivity andiffusivity of the resonator. As an
example, we calculate the thermal conductivity @Paoptomechanical crystal [12], [13].

Results

The energy dissipation of the nanoresonators igl€ilvinto intrinsic and extrinsic components. While

the first is related to the anharmonic decay, pegnon-phonon scattering processes, the latdues

to scattering from fabrication defects, air dampargl rough surfaces and interfaces. The intrinsic
acoustic phonon attenuation arises from phonon-phanteractions described as Akhieser damping
processes [14], expressed as [14]-[16] :

- _CT iy, 2
T (@)= s 1
= or arairs)” v

whereCy is the volumetric heat capacify,the temperaturgg the mass density; the group velocity
of the modes andy is an average of the Grineisen parameter takentbeeentire spectrum of the

thermal phonons. In general, the lifetime of therthal phononszry, can be expressed as:
Iy = —<— (2)

wherex is the thermal conductivity of the system antthe sound velocity. In this context, it is well
known that thermal conductivity of thin layers amémbranesksm,, decreases appreciably compared
to their bulk counterpart,,. This reduction is mainly associated with decreggihonon mean free
path and, concomitantly, with the phonon lifetimedo diffuse phonon scattering at the boundaries
[17]-20]. As a consequence, the lifetime of thdrptzonons will depend on the system size and the
intrinsic phonon relaxation rate in the Akhiesaginge can then be rewritten as:

:31-& v i (K IC)
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wherea = kym/Cy is the thermal diffusivity an@p the specific heat capacity.

In simple systems the reduction function of thetaysis well known being typically the Fuchs
reduction function. However, in many instances shape of the nano/micro oscillators can be quite
complex and the reduction function and/or the eixpemtal values of the thermal conductivity are
unknown. Taking this into consideration, we propdbe possibility to extrapolate the thermal
conductivity from the experimental values of phonlietime or Q factor of the nano/micro
oscillators. By assuming that the phonon attenofamping of the system is dominated by pure
Akhieser mechanism, it is possible to estimate ttrermal conductivity/diffusivity by fitting the
phonon lifetime oQ-factor with the equation (3) for different valuesthe thermal conductivity. As
an example, we calculate the thermal conductivityaolD optomechanical crystal [12]. The
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complexity of this structure, shown in the insetfigure 1, makes the calculation of the reduction
function virtually unfeasiblefigureshows the experimental and theoretical qualitydiaas a function
of the phonon frequency. The experimental data weken from reference [12]. The thermal
conductivity was extracted from the best fit to #werimental quality factor. The obtained value,
Kbeam= 56.2 WK'm™, is in good agreement with a similar structureorégrl by Marconnett al. [21].

2500 —
S} 2000 —
S~ J )
R / o
AN 1500
I Kbeam = 56.2 [WK 'm '] ° °
Sl | )
1000 —
Theory
@ Exp. J. Gomis-Bresco et al.
500 v T v T y T
4 6 8 10

Frequency [GHz]

Figure 1: Experimental and theoretical quality factor offdient phonons mode in a nano-oscillator.
The experimental data (red dots) were measurebdrstructure reported in reference[12].
Theoretical curve is shown in blue solid line.

The dependence of the lifetime with the thermaldemtivity has a direct impact on the upper limit of
the nano-resonatof3-factor which, depending on the frequency reginoela enhance or degrade the
resonator performance. In addition, we suggesiptmsibility to extract thermal conductivity values
from lifetime measurements, which opens the pdiyitio use theQ-factor as indicative of the
thermal conductivity/diffusivity of nano-resonators

Acknowledgements

The authors acknowledge the financial support floenFP7 project MERGING (grant nr. 309150), as
well as the Spanish MINECO projects nanoTHERM (gran CSD2010-0044) and TAPHOR
(MAT2012-31392). E.C.A. gratefully acknowledges acBs Chile 2010 CONICYT fellowship from
the Chilean government.

References

[1] D. J. Young, C. A. Zorman, and M. Mehregany,EMS/NEMS Devices and Applications,” in Springer
Handbook of Nanotechnology, B. Bhushan, Ed. Be#aidelberg: Springer Berlin Heidelberg, 2004,
pp. 225-252.

[2] Y. T. Yang, C. Callegari, X. L. Feng, K. L. Hldi, and M. L. Roukes, “Zeptogram-scale
nanomechanical mass sensinggno Lett, 6, 583, 2006.

[3] H. J. Mamin and D. Rugar, “Sub-attonewton fodegection at millikelvin temperaturesAppl. Phys.
Lett, 79, 3358, 2001.

[4] A. N. Cleland and M. L. Roukes, “A nanometrextcmechanical electrometeNature 392, 160, 1998.

Session 11 — Phonons and vibrations 141



Eurotherm 103: Nanoscale and Microscale Heat Transfer IV, October 15-17, Lyon, France

[5]
[6]
[7]

[8]

[9]
[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]
[18]
[19]
[20]

[21]

D. Rugar, R. Budakian, H. J. Mamin, and B. WhuG “Single spin detection by magnetic resonance
force microscopy”’Nature 430, 329, 2004.

V. Cimalla, J. Pezoldt, and O. Ambacher, “GrdUmitride and SiC based MEMS and NEMS: materials
properties, technology and applicationk”Phys. D. Appl. Phys40, 6386, 2007.

J. Weber, M. Link, R. Primig, D. Pitzer, W. Waimg, and M. Schreiter, “Investigation of the sagli
rules determining the performance of film bulk astiziresonators operating as mass senstE&€E
Trans. Ultrason. Ferroelectr. Freq. Contyd4, 405, 2007.

J. Chan, T. P. M. Alegre, A. H. Safavi-Naeidi,T. Hill, A. Krause, S. Grdblacher, M. Aspelmeyand

O. Painter, “Laser cooling of a nanomechanical llagor into its quantum ground stateNature 478,

89, 2011.

L. Ding, C. Baker, P. Senellart, A. Lemaitre,3ucci, G. Leo, and I|. Favero, “Wavelength-sizealAS
optomechanical resonators with gigahertz frequentgpl. Phys. Lett98, 113108, 2011.

X. Sun, X. Zhang, M. Poot, C. Xiong, and H. Kang, “A superhigh-frequency optoelectromechanical
system based on a slotted photonic crystal cavitghl. Phys. Lett.101, 221116, 2012.

A. H. Safavi-Naeini, J. T. Hill, S. Meenehad, Chan, S. Groeblacher, and O. Painter, “Two-
Dimensional Phononic-Photonic Band Gap Optomeclar@rystal Cavity”, Phys. Rev. Lett.112,
153603, 2014.

J. Gomis-Bresco, D. Navarro-Urrios, M. Oudi&h,El-Jallal, A. Griol, D. Puerto, E. Chavez, erRec,

B. Djafari-Rouhani, F. Alzina, A. Martinez, and G1. Sotomayor Torres, “A one-dimensional
optomechanical crystal with a complete phononiadogap”,Nat. Comms 5, 4452, 2014.

D. Navarro-Urrios, N. E. Capuj, J. Gomis-Brest. Alzina, A. Griol, A. Martinez, and C.M. Sotayor
Torres, “Synchronization of an optomechanical ¢t and thermal/free-carrier self-pulsing using
optical comb forces,arXiv:1403.6043, 2014.

A. Akhieser, “On the Absorption of Sound inli@s”, J. Phys. USSR, 277, 1939.

B. C. Daly, K. Kang, Y. Wang, and D. G. CahffPicosecond ultrasonic measurements of atteruatio
longitudinal acoustic phonons in silicorPhys. Rev. B30, 174112, 2009.

H. J. Maris, “6 - Interaction of Sound WaveghwThermal Phonons in Dielectric Crystals,” in Bloal
Acoustics: Principles and methods, vol. 8, W. Pstdfaand R. N. Thurston, Eds. Academic Press, 1971,
pp. 279-345.

P. Hyldgaard and G. D. Mahan, “Phonon Knudflew in GaAs/AlAs superlattices”, in Thermal
conductivity 23, pp. 172-182, 1996.

M. Asheghi, Y. K. Leung, S. S. Wong, and K.@&oodson, “Phonon-boundary scattering in thin eilic
layers”,Appl. Phys. Lett.71, 1798, 1997.

W. Liu and M. Asheghi, “Phonon—boundary scattg in ultrathin single-crystal silicon layersAppl.
Phys. Lett.84, 3819, 2004.

G. H. Tang, Y. Zhao, G. X. Zhai, and C. BiH®hon boundary scattering effect on thermal convitict
of thin films”, J. Appl. Phys.110 046102, 2011.

A. M. Marconnet, T. Kodama, M. Asheghi, and K. Goodson, “Phonon Conduction in Periodically
Porous Silicon NanobridgedNanoscale Microscale Thermophys. EAg, 199, 2012.

142 E. CHAVEZ-ANGEL et al.



Eurotherm 103: Nanoscale and Microscale Heat Transfer IV, October 15-17, Lyon, France

The low thermal conductivity of clathrates: a
phononic filter effect

Stéphane PAILHES Valentina M. GIORDANG®, Holger EUCHNER®, Régis DEBORPand Marc
DE BOISSIEY

4Institut Lumiere Matiere, UMR5306 Universite Lyol€NRS, Universite de Lyon 69622
Villeurbanne cedex, France

®Institut fur Theoret. und Angwandte Physik, UniitatsStuttgart, D-70550 Stuttgart, Germany

“Institute of Materials Science and Technology, Weebniversity of Technology, A-1040 Vienna,
Austria

ISIMAP, UJF, CNRS, INP Grenoble, F-38402 St Martitedes, France

Keywords:phonons, heat transport, thermal conductivitythckges, inelastic scattering, complex metallioysl

One of the most challenging tasks for our socieysests in facing the energy crisis by developing
new energy sources which are environment frienaigg aconomically affordable. Although many
different ways have been explored, some are sitilffom realizing their full potential due to seaker
limiting factors in their development and large lecapplicability. Among these there is the
thermoelectricityj.e. the conversion of wasted heat into electricalenirrit is obviously an extremely
interesting and potentially useful way of producerergy as there are many sources of wasted heat in
the day-to-day life. Moreover, thermoelectrical ideg present several advantages with respect to
other energy conversion technologies such as siiyplcompactness, absence of pollution-emission
greenhouse gas emissions, lack of mechanical mmidenconvenience, lack of surfaces exposed to
degradation of natural and/or human, weather-indeget, reliability, long life, etc. Despite these
promising bases, the low efficiency and high cdghe current commercial devices has hindered the
spreading of this technology.

In order to change this status, research in theleoteity needs to go beyond the already existing
thermoelectric materials and look for novel maltsriaith properties allowing for dramatically
decreasing the cost of the device and improvingetiergy conversion efficiency. The challenge is to
realize the Phonon Glass Electric Crystal ideahaerial conducting well the electricity but noeth
heat.

An efficient and economic way to reduce the thermoahductivity of bulk materials, without
degrading their electronic properties, is to profithe nanostructuration or of the complex crystal
structure to reduce the phonons lifetime and their efficiency in heat propagation. In this latteise

a very convenient way is to take advantage of stiglaresonant scattering between heat-carrying
acoustic and non-propagative phonons, arising femated impurities with internal oscillator degsee
of freedom. In cage compounds like skutteruditeslathrates, the network of guest atoms was
formerly regarded as an assembly of isolated haicrmstillators (Einstein oscillators), charactedize
by a discrete frequencies spectrum [1]. The hossginteraction leads then to resonant scattering
phenomena between acoustic phonons of the hostelathd non-propagative guest phonons within
narrow frequencies ranges centered at the Einftequencies. At a macroscopic level and, in the
framework of the relaxation-time approximation bétBoltzmann equation, such resonant scattering
lead to additional resonant relaxation times [2jrently used to fit data of thermal conductivity
measurements [3]. In opposition to this pictureadfeely rattling guest atom in a host cage, recent
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neutrons studies demonstrated that the guest atomscoherently coupled with the host-lattice
dynamics [4,5]. In this circumstance, the mecham$mnergy dissipation through local resonators as
described above cannot be strictly applied andetifiect of the host-guest interaction of the heat
transport is still not understood.

In this talk, I will briefly introduce both neutrenand X-ray inelastic scattering techniques which
probe simultaneously the momentum and the energghofions. | will in particular point out the
difficulties in evaluating the intrinsic energy wid i.e. phonon lifetime, and the dynamical struetu
factor of a phonon mode from the measurement.litiviin show experimental results on a clathrate,
focusing on the mechanisms leading to a low thegoatuctivity in such systems. [5,6].
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Acoustic frequency combs as a tool for measuring
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The influence of interfaces on phonon scatteringuisently of great interest in the context of pbion
lifetimes and heat transport. Wherever two matenidath different properties are in contact with keac
other, the interface between them plays an imporiae. Also the adhesion between two different
materials is dominated by the interface structuethe roughness is a critical parameter.

In this study the influence of different adhesidreisgths between a thin Al film and a Si membrane
on the phonon spectrum is investigated. By moddfirmgadhesion through a spring between the two
layers we are able to simulate the features irspigetra induced by the dilatational mode oscilfatid

the Al film. Due to the small thickness of the Skmbrane the generated phonon pulse passes through
the interface between the two layers up to thirtid@es, which is favorable to study the effect lué t
interface. This is a novel non-invasive approacmieasuring adhesion between two layers.

The coherent acoustic phonons were generated aedtel® by optical pump-probe spectroscopy,
whereby the technique used is asynchronous opsiapling (ASOPS) [1]. ASOPS utilizes two
coupled femtosecond Ti:sapphire oscillators witleetition rate of 800 MHz. An actively stabilized
fixed offset in the repetition rates changes theetidelay between the two laser pulses increasingly,
allowing measuring a time window of 1.25 ns in h&. All investigated samples have the same layer
structure with varying thicknesses. The samplesisbiof a thin Al film on top of a single crystalé

Si membrane. The membranes are obtained from a eotiaity available Si-on-insulator wafer,
which is wet-etched from the backside with potasshydroxide using a silicon-nitride etch mask,
resulting in ~340 nm thick Si membranes. On toghef membranes, 10-20 nm thick Al films are
evaporated or sputtered, leading to a differeneaidim strength.

Previously we showed the results for a Al/Si membravith strong adhesion [1]. We generated
broadband acoustic frequency combs in the 100 GelguEncy range over nearly an octave using
Al/Si membranes. 9 to 45 well separated modes cbeldexcited, given by the harmonics of the
fundamental mode. A frequency shift of the higharnmonics due to the different mechanical
properties of the two layers was observed with tgpeecision. By comparing the individual reflected
pulses it was possible to obtain the lifetimesaorAl/Si layer system over the whole frequency eang
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Figure 1: Time transient spectra of an Al/Si-system. Theeviigectrum and the spectra of individual pulses ar
shown. Additionally the theoretically predicted sfpem is displayed a) for a system with strongesibn, b)
for a system with weak adhesion.

In figure 1 the Fourier spectra of a well adheiigd {a)) and a poorly adhered film (b) are showheT
spectra consist of the spectrum of the whole tiraesient and the first three individual pulseshlesi
in the time transient. Additionally the theoretisplectrum of the first pulse, calculated with ttraia
profile generated by a thermoelastic excitation alelormation potential, is shown, including
reverberation at the Al/Si-interface.

In general one can see that the spectrum of teefirlse becomes damped after one and two round
trips. Thereby one is able to extract the lifetinngshe different frequencies. Additionally duette
cavity-like structure of the two-layer system thieale spectrum resembles an optical frequency comb,
where only the cavity-allowed frequencies are Vgsili-or the individual first pulses, in comparison
with the weakly adhered sample a plateau is vidiblthe spectrum instead of a parabolic behavior.
Modeling the interface by assuming a spring betwdean two layers, we are able to derive an
analytical term for the spectrum of the first pulsely depending on the material parameters and a
variable spring constant. As one can see in figuthe features are described quite clearly. Howeve
the main effect of the weak adhesion reveals ieftdfr the next passing of the interface. An addi

dip at ~200 GHz appears, corresponding to the dicaeigenfrequency of the Al film. The eigenmode
oscillation affects strongly both the damping almel phase of this frequency regime in the spectrum.

In future works the adhesion evaluated here wilveh@a be compared to other measurement
techniques. Also the influence on the heat condanaiue to weak adhesion instead of the damping of
distinctive frequencies has to be investigated.

This work was supported by the DFG (SFB 767).
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Stressinduced changes in the dispersion relations of @Elaustic phonons propagating in 27
thick single crystalline Si memtnes were investigated experimentally and theorsticihe static
tensile stress acting on the Si membranes of Up3dGPa was achieved using an additional s
compensating silicon nitride frame [1]. Thermallgtigated hypersonic phonons were meed by
means of Brillouin light scattering spectroscopy3]2 The theory of Lamb wave propagation \
developed for anisotropic materials subjected toeaternal static stress field using the ela
continuum approximation [3,4]. In addition, we slemivtow Brillouin spectroscopy provides
contactless and nondestructive tool for the stmesgsurements in the I-scale system:

Figure 1 shows the experimental dispersion curvapeoed to the theoretical calculations for
static stress =611 = 62, = 0.304 GPa
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Figure 1:Comparison between experiment and theory of theaéde dispersic
relation of the 27 nm thick Si merane under the applied load= 0.304 GPe

The thermal properties of the samples were stuiliea contactless manner by means of-laser
Raman thermometry [5]. These studies have impaahimnc- and nancelectromechanical syster
(MEMS and NEMS) devefument as well as deep implications in thermal caotidity engineering
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Thermal rectification can be defined as an asymyriatthe heat flux when the temperature difference
between two interacting thermal reservoirs is reedr We present a far-field radiative thermal
rectifier based on high-temperature superconduatiragerials with a rectification ratio up to 80%.
This value is among the highest reported in liteat We examine the heat exchange between a
superconductor (FBa,CaCuyOg) and a black body. Presented results might beulidef energy
conversion devices, efficient cryogenic radiatimsulators engineering, and thermal logical ciréuits
development.

For a system in an initial state characterized lgyvan thermal gradient, the rectification rationdze
defined by

_ drB — qRrB
max(qrp, qrp)

where @g is the heat flux in the initial state (ForwardaBj FB) and g is the heat flux when the
thermal gradient is reversed (Reverse Bias, RB)oAzero rectification means that a reversal of the
thermal gradient induces, in addition to the rezked the heat flux direction, a variation of its
magnitude. The realization of a device exhibitimglsan uncommon behavior, a thermal rectifier, for
instance, can be very useful for thermal insulaégplications. It would also pave the way for the
development of thermal circuits in the manner rnaedr electronic devices marked the genesis of
modern electronics [1]Indeed, as in electronics, thermal logical cirsmieed a thermal diode, which
can be defined as an ideal rectifier, i.e., a oag-Weat transmitter. Consequently, an increasing
interest has been given to thermal rectifiers dyrine past decade. First works focused on heat
conduction devices and led to rectification mod®sed on non-linear lattices [2-5], graphene nano-
ribbons [6,7] and several other interesting mecagi[8,9].Some authors went beyond the thermal
rectification issue and proposed theoretical moddlghermal logical gates [10] and a thermal
transistor [11]. During the last 4 years, a fewhaus tackled the question of radiation-based therma
rectification. A theoretical study and an experima¢isuggestion of a radiative thermal rectifierdzhs
on non-linear solid-state quantum circuits operptn very low temperatures (a few mK) were first
presented [12]. A rectification ratio up to 10% waedicted. Later on, two theoretical schemes of
radiative thermal rectification based on near-figddrmal radiation control were proposed [13,14]. A
rectification ratio up to 30% (according to the g@et paper rectification definition and using the
references data) was theoretically predicted forperature differences ranging between 100K and
300K. Comparable rectification ratios have alsonbesached, for the same temperature differences,
by a Fabry-Pérot cavity based far-field radiatihertmal rectifier we recently presented [15]. We
reported a maximal rectification ratio of 19%. Weak note here that the interacting bodies in all
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these early radiative rectifiers are discrete mooEsonators: bulk materials supporting surface
resonances, surface phonon-polaritemmssurface plasmon-polaritons for instance, nanoogired
materials with cavity modesr nonlinear quantum resonatorRectification is therefore achieved by
controlling the coupling between the two bodies poodwitching from a state where the two thermal
reservoirs modes are strongly coupled, FB, to & sthweak coupling, RB, leads to a decrease in the
exchanged radiative heat flux (RHF), thus to arttarectification.

More recently, the idea of broadband radiativerttarectification (BRTR) emerged with the use of a
phase change material (PCM), ¥ @r instance [16-18];Heat flux contrasts up to 80% and 90% have
been experimentally proven in the far-fielahd the near-field respectively. We emphasize tteat
these contrasts are only observed around W@tal-insulator transition temperature (67°C), chhi
strongly restricts their potential practical scopging these contrasts to design a VO2-based therma
rectifier was then proposed [19-20] and rectifioatratios up to 70% and 90% for small and large
temperature differences were reported, respecti@ynsequently PCM seems to be good candidate
for efficient thermal rectification.

Superconducting materials are a subset of PCM amgmwpose here a far field radiative thermal
rectifier based on high temperature superconduct@eschoose these materials for two reasons. First,
when they are switched from the normal to the sugeucting state, their reflectance significantly
increases to almost 1 in the far infrared, while thid-infrared spectrum remains almost unchanged
[22]. The second reason is that a black body at100 K emits almost 90% of its intensity in the
spectral range above 20n, i.e, in the far infrared. This is exactly theesppal domain where these
materials show large TOP (thermo-optical propertigsich makes them good candidates for radiation
based thermal rectifiers. We investigate here #uéative heat transfer between a black body and the
supercondconductor Ba,CaCyOg(Tc=125 K).

A rectification ratio of almost 80% can be reacheith the proposed implementation for small
temperature differences aroufigk125K. The proposed device is composed of two opabarmal
baths 1 and 2 held at temperatufigsand T, , respectively, and exchanging heat through therma

radiation.
I,
X
d
1 T
dFB
«—
1 2
forward bias reverse bias

T, <1y , qrB < gFB

Figure 1: Two parallel planar bodies separated by a vacuap gf thickness d. In FB
configuration T=T, and = Ty. In RB, T=T, and T=T,.

Figure 1 shows a schematic of the proposed dewisieh is composed of two parallel planar bodies 1
and 2 separated by a gap of thickness d and ckawstt by their optical properties, their emissast

for instance, and temperatures (T1 ), T ) and &, (T, ), T, ), respectively. In FBT,=T, andT,=T,, .
Subscripts | and h stand for low and high tempeeatuespectively. The two bodies temperatures are
swapped in RB. The two bodies are assumed to adoum. Consequently is a RHF density.
Their emissivities and reflectivities &ndp, respectively) are completely governed by thedletitric
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functions and geometries. In the case of opaquéeboénergy conservation and Kirchhoff's laws
combination lead to the following relation betwaha monochromatic emissivity and reflectivity at a
given temperature:

eT,A)=1—p(T,A)
We also assume here that the two bodies are Laiabesburces, i.e., with isotropic radiative
properties. Consequently,andp are direction independent. The gap width d is mgslto be much
larger than the dominant thermal radiation wavellenghe net RHF density exchanged by the two
media reduces then to the far-field contributiondded, the near-field contribution becomes
significant when the distance separating the iotarg bodies is of the order or lower than the
characteristic wavelength of thermal radiation siitds due to evanescent waves. On the other hand,
the far-field contribution, due to propagative wavand described by Planck’s law, is distance
independent for the considered configuration. TéieRHF density can then be written as follows [22]

§(Ti; ) =n| [%4T1) —1°(A, To) |24, T, T2)di,
Ji=0

where

PELT) = Qi’—gjﬁ
is the black body specific intensity of radiatidreaemperature T and
L= pi (LTI = pa(4T2)]
I — p(4,T1)py(4,T2)
is the monochromatic RHF density transmission ¢oiefit between 1 and 2.
25000

(4, T, T2) =

Figure 2. Exchanged spectral radiative
heat flux density in FB (solid line) and

a—1 ] RB (dashed line). Insets: (a)
C e Experimental data of TI2Ba2CaCu208
reflectance in the normal (solid line) and
superconducting (dashed lines). (b)
Spectral transmission coefficient in FB
(solid line) and RB (dashed line) using
L e T the reflectance data shown in inset (a).
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First, consider the case whefe=77 K (liquid nitrogen boiling point) andl, = 140 K. Body 1 is a
black body so that(A,T)=1. Body 2 is made of IB&a,CaCuyOg (T;=125 K). Figure 2 depicts the
resulting exchanged radiative heat flux spectraisig in forward and reverse bias, respectively. A
rectification ratioR=0.7 is obtained. The behavior of the rectificati@iio as a function of the
temperature difference between the two bodies ®wvshin Figure 3. The low temperature is
maintained afl} =77K andT, is given byT,=T, + AT with AT ranging between 1 and 65 K. No
rectification is observed for,<T,. The rectification ratio reaches its maximé&g,.=0.79, when Th is
slightly larger tharT, then slowly decreases. This value is of the oofié¢he maximal experimentally
observed contrasts in far-field radiative heat ¢fan with phase change materials. Since our
calculations are based on experimental reflectaiat®, we also represent in Figure 3 the uncertainty
range of the rectification ratio (dashed lines)responding to a 10% uncertainty on used reflectance
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data. This shows a relative uncertainty on the makrectification ratio ranging over [-10%, +5%].
The inset of Figure 8lustrates the exchanged RHF density in FB (stilid) and RB (dashed line).
Both fluxes increase over the whole range\@sincreases. Whem,<T. , grs=0rs , Since the optical
properties of both the black body and the supengctimg material do not vary betweenand Th.
This leads to zero rectification. Whéh slightly surpasse$., the superconducting material becomes
less reflecting in FB, i.e., whem,=T,, which explains the sharp increase of the exchhrigdF
density. Indeed, &k, > T, in addition to the flux increase dueAd rise, FB RHF density is strongly
enhanced due to the non-linearity of the supercointy material TOP. Such materials with a strongly
variable thermal conductance can find promisindiaegtions in insulation engineering.

] 045
08} ¥ Figure 3: Rectification ratio as a function of the
g o temperature difference with 10% uncertainty on
R = the superconducting material  reflectance
E o1 experimental data (dashed lines). Inset:
04r — exchanged radiative heat flux density in FB (solid
CoAaTK) line) and RB (dashed line) as a function of the
0.2 J l temperature difference.
O i i i i L i
10 20 30 40 50 60
AT (K)
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1. Introduction

In the context of semiconductor device miniatuitzatthermal management at the nanometer scale is
a critical issue. From a theoretical point of vighe modeling of thermal transport in devices agsi
comparable to the phonon mean free path, typiadgut 100 nm in usual semiconductors, must be
able to include not only ballistic but also quaalHstic effects as some scattering events cah stil
occur at this intermediate scale.

Recently, in 2012, Bartsch and co-workers [1] destiated the fabrication of air-gap heterostructures
based on ultra short GaAs pillars with a diametfet@ nm (Fig. 1a). Two different pillar lengths
(between GaAs substrate and the capping layer)nof 4nd 6 nm have been fabricated. The thermal
conductance measured in these structures was kdhyceeveral orders of magnitude compared to
that of bulk GaAs. In their theoretical interprétatof the results, the authors assumed the pidldre
perfect ballistic point contacts and the phonorrenir through the pillars was considered as fully
ballistic, i.e. not influenced by any scatteringafmanism.

In this work, by numerically solving the Boltzmarfmansport Equation (BTE) with an accurate
phonon dispersion, we investigate the influencsaattering mechanisms on phonon transport in such
GaAs pillars. We show that at room temperature, essgattering events occur even in 4 nm-long
pillars and have a significant influence on thettted conductance at high temperature.

(b)
(@)
50 nm GaAs capping layer
4-0 nm air gap with pillars
GiaAs substrate

Figure 1:(a) Scheme of experimental structure from Ref. (1] Schematized view of studied pillar structure
and coordinates.

2. Model

To investigate the thermal conductance of nanorietey pillars, one longitudinal acoustic mode
(LA) and two transverse acoustic phonon modes (@&de considered. For each mode, the BTE was
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used to model the phonon behavior in the crystitéa The common relaxation time approximation
(RTA) was used to model the complex scattering temhe absence of external forces, the steady-
state 1D BTE for phonons (alomglirection) can be written as

ng,sDaNsa(Z'a) —_ NS(Z’ ﬁ) - NsTscattering{ ZH@ ’ (1)
z I

whereNs is the phonon distribution functiosjs the phonon modes is the relaxation time of phonon
mode s and Tscatering the temperature at which the equilibrium distnORtNs rscareringiS Calculated
(according to the Bose-Einstein statistics). Tluattering temperature is provided by the solutibn o
the heat Fourier equation.

A sine approximation is used to model the acoystiocnon dispersion in GaAs. This function was
experimentally calibrated for bulk GaAs in Ref. ft]d written as

w, (q) =™ Bin(%‘j . (2)

wherea is the lattice constant anel™ is the maximum phonon frequency. The valueaJf* are
taken from ref. [3]. As in Ref. [1], the optical @ion modes are neglected. This is a reasonable
approximation since these phonons have low grolgritg and high activation energy [4] and hence
do not strongly contribute to the thermal flux.

Based on the Holland’s model [5], our scatteringapgeters for Normal (N) and Umklapp (U)
phonon-phonon scattering rates have been adjustédthe thermal conductivity in bulk GaAs. All
scattering mechanisms and corresponding paramaterszported in Table 1. The resulting thermal
conductivity in bulk GaAs material matches very Mieé experimental data in the range 2-300K [6].

Scattering type

phonon-phonon TA — Normal TA — Umklapp LA
I7h = Byn@T, with 774 = Brya?/sinh(ha'kgT),  73d = BLaPT3, with
Bry = 1.98x10" K™ with Bry =0 (if w<y), B = 6.8x10™ sK®
Bry= 4.58x10% s (if w> ayy)
phonon-impurity 71 = At with A = 1.25x10M s°
phonon- boundary 15t =Vgs/LF, with L = 0.51x10° m, andF = 0.68

Table 1:Relaxation times for the phonon scattering medrariused in this workg is the Boltzmann constant,
Vgsis the group velocity of modgF is an average form factog,is the phonon wave vectdy,is the roughness
parameter,&g is the incident angle of particle to the surfatbe frequencyy,; = a)(qmax/z) corresponds to

the frequency at which the Umklapp scattering psses for TA phonons become possible.

Besides, in the nanopillar schematized in Fig. He tross-plane phonon-boundary scattering
mechanism is also considered. The correspondiagatbn rate is given by

I, = Dpillar (3)

Veross- plane
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In Ref [1], the pillar diameteD,i,r Was experimentally estimated to be 100 nm. Thelame group
veloCity Veross-piane 1S defined asvi, e p|ane=«/V2gx+ \/Zgy Finally, the total relaxation time (including

phonon-phonon, phonon-impurity and phonon-crosaglédoundary scatterings) is computed by
applying the Matthiessen’s rule. The authors haaxeebbped a similar model for phonon transport in
Si to study self-heating effects in short-chanrahsistors [7].

3. Results and discussion

25 1.8 . -o- S
------- 16 o~ o
,,,, - 2 -
2 x L ’ 4
E 14 _
S 12} 1
£ 15 &
=S g X
5 2
:f‘ ; < 08F
= Ballistic (wio scattering) ‘_(: 06k |
-_:_- x:::izﬁ;';z:‘:i:mdaw scattering g == 4nm with cross—plane bound. scatt.
05 =t With scatterings 6nm i = 0. =4 -4pmw/o cross-plane bound. scatt.
O Estimated Exp. 4nm 0 =—&—6nm with cross—plane bound. scatt.
A Estimated Exp. 6nm ) = ® =6nm w/o cross—plane bound. scatt.
0 50 100 150 200 250 300 0 50 100 150 200 250 300
(a T(K) (b) T(K)

Figure 2: (a) Evolution of the thermal conductance as a fiomcof temperature in single pillar: pure ballisti
pillar (solid green line), only with cross-planednwdary scattering mechanism (dashed green lineh all
scattering mechanism in 4 nm (red line with croaad 6 nm (blue line with add symbol) long pillars.
Estimated experimental data for 4 nm (red circks)l 6 nm (blue triangles) long pillars from [1].)(b
Evolution of the thermal conductivities in 4nm-u@lkriangles) and 6nm-(red circles) long pillarsthwvi
(continuous lines) and without (dashed lines) ttess-plane boundary scattering.

In Fig. 2a, the thermal conductivity is plotted #fonm- and 6 nm-long nanopillars in the case o&pur
ballistic pillar, in which only the cross-plane aary scattering mechanism is considered, and pilla
with a complete set of scattering mechanisms. Ameted, the pure ballistic case gives the highest
value of conductivity. For both 4 nm and 6 nm-lopdlars, with complete set of scattering
mechanisms (phonon-phonon, phonon-impurity and phdroundary), the conductance is lower than
that of ballistic cases for temperature higher th@8 K. This difference suggestss that the scageri
mechanisms limit the heat transfer even in suchrtshano-pillars. This phenomenon is less
pronounced in the 4 nm-long pillar than in the 6lomg ones but it is still significant. The
corresponding thermal conductivities are shownim Bb. It should be mentioned that, due to the
nanostructuring, these conductivities, in the rabgeWm'K™, are more than one order of magnitude
lower than the bulk GaAs conductivity that is egioadté Wni'K ™.

To illustrate the quasi-ballistic nature of phontvansport, the spatial evolutions of the phonon
distributions along a 6 nm-long-pillar are shownHig. 3. For an applied temperature gradient of
20 K, both the LA and TA distributions are presenie the case of three different average
temperatures: 50, 100 and 300 K. If the transpad perfectly ballistic everywhere in the devices th
distributions of phonons with a negative wave ve¢teft side) would have been exactly the same
form as that injected at the cold side (blue lir&inmilarly, the positive part of the distributiohauld

be that injected at the hot contdgt However, in Fig. 3 we can see that, at all sideanperatures,

the evolution of the distributions between the d&ad cold contacts is not fully abrupt, in particutar
phonons with small wave vectgy. This means that although the ballistic regimeléarly dominant
even at room temperature, some scattering events aod have an impact. Indeed, as we can see on
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Fig 2a, only the onset of scattering can explaie tlecrease of thermal conductance observed
experimentally at high temperature.
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Fig. 3. Spatial evolution of the phonon distributim the 6 nm long pillar with ;Tand T, = [60 K, 40 K], [110 K,
90 K] and [310 K, 290 K], from left to right, resptévely. The normalization is done with respecti® phonon
occupation at the hot temperaturg {a) LA phonons. (b) TA phonons. The arrow gitieshiot to cold direction.

4. Conclusion

In this work, the steady state BTE has been sobmtsidering a sine dispersion. This modeling
approach is able to satisfactorily reproduce thawtion of the experimental thermal conductance of
4 nm and 6 nm-long-nanopillars as a function ofgerature. Our work suggests that at temperature
higher than 100K even sub-10 nm-long pillars domeaich the full ballistic regime, which manifests
in the decrease of thermal conductance when thpdeature increases.
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Modern microelectronics technology requires devielgpnore efficient ways of heat extraction and

device cooling at the tens-nanometer scale. Thengédeconductivity of materials decreases as their
characteristic sizes are scaled down, while thkienice of the surface effects increases with the
growth of surface-to-volume fraction. This is whyetsurface phonon-polaritons (SPPs), which are
evanescent electromagnetic waves propagating adolag-dielectric interfaces and generated by the
fluctuation of the electrical dipoles of polar medFig. 1(a)), are expected to lead to a signitican

enhance of the thermal conductivity of these malk®ri1-6]. Focusing of SPPs could be an efficient
way of heat extraction in nanodevices [7], but #ffectis not wellexplored yet.

X 4 B 10 174!
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z
-
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Figure 1: (a) Generation of SPPs due to the fluctuationletteical dipoles. (b) Real£) and imaginary €, )
parts of the permittivity of Sias a function of frequency.

In the present work, the focusing of SPP energyhgloonical and wedge structures of SiO
surrounding by air is analyzed based on the amalytiolution of Maxwell’'s equations. In the conical
structure, the SPPs are propagating along the-&rQnterface toward the point-like tip, where the
SPP energy is focused (Fig. 2(a)), while in the geethis focusing is along its linear edge (Fig.)R(b
The dispersion relations for the cone and the weadgegiven in Egs. (1a) and (1b), whegréw)is
SiO, permittivity as a function of frequenay , &, is a permittivity of the surrounding medium (air),
l,(ad), is modified Bessel functions of first kind and afder n; p®(x) is associated Legendre

function of first order;X =cos@); a is the aperture angle of each structure.
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X&) 1y, 8@ PLEX) PR _ o (12)
& & F)A(l)(_x) F)A(l)(x)
& (a)tanh@a) = -&, tanh@y(n - a)). (1b)

The solutions of these dispersion relations forgtepagation parameters and ;7 are complex, due

to the fact that SiQis an absorbing material with a complex and freqyedependent permittivity, as
shown in Fig. 1(b). The real part of propagatiorapaeters; is associated with the attenuation of the
electro-magnetic field; while its imaginary partredated to the propagation of the electro-magnetic
wave along the Si@air interface. The solution of the dispersion tielafor the wedge structure and
its effect on the electrical and magnetic fieldS&Ps is performed (Fig. 3). The existence of $®Ps

-

Air

Heat
Focusing

Figure 2: Schematics of the (a) conical and (b) wedge atrestof Si@ surrounded by air. The red arrow
indicates propagation of SPPs from the heat sotomdee cone tip and wedge edge.
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Figure 3: Propagation parameter (real and imaginary parts)afunction of frequency for the wedge structure
for different aperture angles of the wedge.

observed only in the regions of frequencies whbeee real part of permittivity is negative, which
corresponds to the results obtained for thin fiamd thin wires, reported in [1, 2, 4, 5]. Accordiing
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the energy conservation law, there are no SPRgiregions of frequency where the imaginary part of
the propagation parameter is greater than 0.5. Be#th and imaginary parts of the propagation
parameter should be positive in order to have mafian of the electro-magnetic field towards to the
tip and to have focusing of the electro-magnettdfalong the Si@-air interface. The focusing effect
increases when the imaginary part of the propagatézameter decreases.
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The knowledge of heat transfer at micro/nanoscalessential for micro/nanotechnologies based on
energy dissipation [1-3]. For the thermal studiethase scales, AFM-based techniques as Scanning
Thermal Microscopes (SThM) have been developed litaio information regarding thermal
properties of materials with nanometer to micromeésolution. [4-7]. This AFM-based technique
requires a specific thermal probe, instead of cotiveal AFM tip, operating at ambient air and giyin
simultaneously topography and thermal property iesagf materials. When this microscope is
equipped with a thermal-resistive probe, the irtéoa between the probe and the sample is ensured
by the heat transfer. Thus, a better knowledgeeatt transfer between the hot probe and the cold
investigated sample is crucial for quantitative sueaments.

When a hot probe-based Wollaston and a cold saarplén contact, heat can be exchanged through
contact solid-solid (probe/sample) conduction, cmtidn (tip/holder), convection, water meniscus
depending on ambient humidity [8]. Due to the prabape, the probe is not a local heat point;
thermal exchange through ambient air takes plagegathe probe filament. This contributes to the
experimental measurement. So it is crucial to havguantitative estimation of the heat transfer
between the tip and the sample as heat transfairbyhis problem concerns also nanoscale device
operating at high temperature or used for techmsiqo& designing thermally storage data [9].
Investigation of 1 mm distances between the protuethe cold surface revealed a thermal resonance
phenomenon of temperature field [10] which is inelegent of material properties but depends only on
the distance between the probe and the samplanlbe interpreted as a resonance, with the behavior
of thermal waves associated with the AC heat diffus due to the experimental geometry
(probe/sample surface). In [10], the Finite Elemmethod was used to study heat transfer through air
between the probe and the sample and the heafaramas assumed in the diffusion regime. In this
paper, we report the development of a quantitgtreslicting tool of heat transfer through the fluid
between SThM probe and sample at distances of neteosnas illustrated in figure 1. It is known that
when the heat source and sink are separated Istandé comparable to the heat carrier mean-free-
path (about tens of nanometers for the gas molsoctdenposing the fluid medium), the classical
macroscopic laws such as the Fourier law and NaStekes equations breakdown. In this case,
advanced microscopic approaches have to be useghrdeg only the heat transfer through gas
molecules, the problem can be modeled using thez®ahn transport equation (BTE). We use direct
Monte Carlo simulation (DMCS) for solving the BTR1]. After the verification of model with
classical cases of heat transfer between parddieepsurfaces, we discuss the effects of the stpara
distance and the size of the heating object onteh@perature field within the fluid and heat flux
transferred to the cold wall.
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Figure 1:(a) 3D geometry used to simulate the heat trarnsfierugh gas molecules (blue region) between a hot
tip (gray cylinder) and a cold sample surface (datane). (b) Typical 2D temperature distributiohtloe fluid
phase for a tip located at 62.6nm above the sasytaces
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The interest for the thermophysical properties ahomaterials has grown in the past years. The
reason behind this interest is related to many iplessapplications in various fields such as
nanophononics [1] and thermoelectric [2]. There lwsn many works in the recent years that showed
the large reduction of effective thermal condutia in nanoscale samples compared to bulk
materials, which results from phonon-boundary sceit), particularly at low temperatures. This
phenomenon has been demonstrated in thin layemn@]in nanowires [4-7], and the results can be
reproduced with the phonon Boltzmann transport ggoialn the samples, the mean free paths (MFP)
of phonons, here denotetl, are controlled and are comparable to the geomdimensions. The
Knudsen numbekn = A/D defines the ratio of the MFR to the characteristic geometric lenddh
(device size). We observe that, at room temperaamesstimation of the average MFP in silicon is
close to 300 nm and that this value becomes lavgen the substrate temperature decreases.

W: 10 pm - 20 nm
Heater/sensor < o

T I e: 100 nm

Phonon MFP's

To Substrate

Figure 1: Geometry of the probed device: The heater (in iethe deposited metallic wire on the top of a flat
substrate (in blue).

The aim of our study is to investigate heat coniductifferent transport regimes. Here, we analyse
the transition between two limit cases, whém < 1 (diffusive regime) and whekin > 1 (ballistic
regime). To do so, the measurements are perforingifferent levels of temperatures and for various
heater sizes. This configuration provides varioegrdes of freedom that allow us to probe different
ranges oKn. Some optical measurements techniques [8, 9] baee introduced to probe this ranges
of Kn and to measure the MFP distribution in siliconsttdtes. The principle of our technique is
similar [10] but in our work, the measurements l¢ thermal conductance of silicon substrates are
performed electrically using a four-probe electripeeasurements technique [11] with small-scale
devices.
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The method consists in depositing a thin metallicewon top of a flat silicon sample to be
characterized. Figure 1 shows a schematic of th&sesection of the deposited device, which acts bot
as a heater and as a thermometer. The wire widtlesabetween 10 pum and 50 nm. The cross-section
profile is controlled using both optical microsco@nd atomic force microscopy (AFM) as
exemplified in Figure 2. Two types of samples hagen fabricated, by UV photolithography (largest
widths) and by electron-beam lithography (smablesths).

pm
4 8 10 12 14
50 100 150 200 250

Figure Representative optical and AFM images of the heater
The measurements are performed by sending an eentl(t)=Il , cost) through the metallic wire.
By Joule heating, temperature oscillations at fezmy 2v are produced. Measuring the wire-voltage
component (dc or ac) across the heater sensoe)ebiical resistance and thus the temperaturbeof t
wire are determined. Four-probe electrical-transpoeasurement allows determining the thermal
properties of different materials at room and ceyug temperatures. The sample temperature was set
and controlled in a liquid-helium cryostat, fromoro temperature down to ~10K.

Numerical simulations based on Finite Element Métlhdgth a commercial package (Comsol) were
performed in order to estimate the temperatureilproh the sample surface (see Figure 3).

Surface : Temperature (K)
353.73
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Figure 3: FEM-simulated profile around a Joule-heated depmbinetallic wire on top of the substrate.

The obtained results are compared to previous arpatal results with similar geometry [10] and
also to numerical simulations based on FEM andhen Roltzmann transport equation (BTE) for
phonons.
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Thermal Interface Materials (TIMs) are widely usad gap-filler materials to improve the heat
dissipation of electronic devices such as lightténg diodes (LEDs). The aging of TIMs leading to
cracks and delamination generally ends up withidks of heat transfer and premature device failure.
In this work we introduce a new concept to autonosho repair cracks and delamination ultimately
leading to the recovery of the necessary heatpdien for a proper device function. For the pugos
we use intrinsic self-healing polymers. In thegeetpf polymers covalent or non-covalent reversible
bonds are included in the main network allowingpmu@n external trigger, enough mobility to the
networks so as to fully or partially restore dansags.

In our previous work we introduced the concept eif-Bealing TIMs showing both adhesive and
cohesive healing [2]. However there is no reporhow filler size and surface treatment influence th
healing ability. In the present work, we used aal®ol-gel based hybrid polymer as the self-healing
matrix [3]. This polymer is a dual organic (epoxyiae)-inorganic (siloxane) crosslinked network
containing non-reversible crosslinks and reversipleups based on tetra-sulfides as explained in
detail in [3]. The presence of the dynamic disdfidonds allows for multiple healing events at
relatively low temperatures (between 50 and 708T)1h order to evaluate the effect of the particle
size in the healing performance glass beads dréift sizes were employed as fillers. The firstiltes
show how the cohesive healing efficiency increasél the particle size as well as with the healing
time (Figure 1). The cohesive healing efficiencyswalculated as follows:

Healing efficiency= Greded x 1009 (1)

virgin
whereoneaea@Ndoyigin is the ultimate tensile strength of healed saraplevirgin sample respectively.

In order to gain a major understanding of the djlthe particle-matrix interface in the healing pess
several surface pre-treatments were implementetha@oglass beads, namely (3-mercaptopropyl)-
trimethoxysilane and bigH(triethoxysilyl)-propyl]-tetrasulfide, here on ¢ed -SH and -S-S-
respectively. Figure 2 shows how the surface pa&tients by silane coupling agents increase the
mechanical performance of the systems while atdime time allow for much higher healing
efficiencies. The developed TIM films show on-demhaestoration of the thermal conductivity as
result of the recovery of the particle-matrix ifiéee. In this work we will show the effect of the
particle size and surface pretreatment in the hgalerformance as well as restoration of the therma
conductivity using good and poor thermally condegparticles in the same healing polymer matrix.
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Figure 1: Effect of particle size and healing time on thalimg efficiency of a self-healing polymer-baseMT]I
containing 50% volume glass beads.
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Figure 2: Effect on the mechanical properties and self-imggaéibility of a self-healing polymer-based TIM
containing 50% volume glass beads with differenfase treatments.
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Photonic Crystals (PCs) are kind of artificial miak [1] which consist of different dielectrics
periodically, and it has the ability to control pemation of electromagnetic transfer through phioton
band gaps(PBG). Thermal control structure integratth PCs become an emerging hot topic to
protect the internal components of energy and posystem from the damage caused by high
temperature and heat flux, in view of effectivdeaefion of electromagnetic energy through PCs band
gap [2-5]. Through reasonable design, a kind ofarmediterial based on PCs can be developed with
high emissivity and high reflectivity in the infed region, which can modulate heat transfer. This
paper demonstrates optimizing design of thermaltegtimn structure with PCs meta-material
considering micro-scale transfer characteristics.

In case of hypersonic aircraft, the main ways daitheansfer is aerodynamic heating [6], which is
illustrated as objective of thermal protection b@sFcoating in the current study. Through numerical
simulation of aerodynamics and heat transfer [Ghg,following operation conditions are obtained fo
future consideration of thermal protection, inchgli flight speed 6 Ma, maximum aircraft surface
temperature 1075.55 K, heat flux to aircraft swist97954.30W/fmas the worst flight environment,
and so on.

There are several kinds of forms of PCs can bectgglein the current study, FCC lattice structgre i
considered, because it is the easiest way to fooonaplete band gap [8], without protrusion at the
edge of the Brillouin zone. When the PCs are irdegt to the thermal protection system, the reduced
amount of energy flux to the aircraft substrate loardenoted by the following equation:

AE=Ey — E=(14+7)e0T* —e0T* = (e, +ne,— ) oT* 1)

The optimal design of the thermal protection sysierbhased on the simulation of 3D-PCs PBG, the
preliminary equation is derived from vector Helntaaquation [9-12], which can be expressed as the
following:

I:Hk:(ik+D)X(£(1X)(ik+D)JXUk:(ZJZUk ®)

Simulation was carried out with RSoft software. NVdtarting the CAD tool, a three-dimensional
periodic structure was rendered, as shown in figur@he simulation was based on plane wave
expansion (PWE) algorithm, with plane waveleng&ug.
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Figure 1: Three-dimensional periodic structure as diamondCH@ttice(a=1, 7x3x%20)

The effect of dielectric sphere size on 3D-PCs bstndcture was simulated, with fixing refractive
index 3.5 and the diamond lattice. The sphere sadite specified as 0.2, 0.2Z2im, 0.2um,
0.26um, 0.28m and 0.28m respectively, and the distribution of PBG certan be referred in
Figure 2. It can be inferred that: with the inceea$ dielectric sphere radius, the PBG center agpea
in a certain location; as the dielectric spheréusdontinue to increase, the PBG center will gadigiu
decrease and will eventually disappear.
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Figure 2: Distribution of the PBG center with varying spheaglius

The effect of dielectric sphere refractive index3i+PCs band structure was also simulated, which
can be referred in Figure 3, which shows its efeecPBG center, with fixing sphere radius Q22 It

can be inferred that: with the increase of refracindex, the PBG center will reduce gradually and
tends to disappear.
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Figure 3: Distribution of the PBG center with varying reftae index of the dielectric sphere

The so-called “sphere radius optimization approaish’proposed to optimize the design of PCs
structure by regulating dielectric sphere radiud eafraction index simultaneously. Figure 4 shows
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the ratio of the reflected energy by PCs to totatkbody radiation energy, and it can be inferieat t
the energy density entering into hypersonic velsdlestrate material can be reduced by 4.26 percent.
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Figure 4:3D-PCs radiation reflection ratio with the dielectsphere radius

The so-called “refractive index optimization apmioais also proposed. Figure 5 shows the ratio of
the reflected energy by PCs to total blackbodyatiaih energy, and it can be inferred that the gnerg
density entering into hypersonic vehicle substragéterial can be reduced by 7.68 percent.
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Figure 5: 3D-PCs radiation reflection ratio with the refragh index

Therefore, the above optimization approaches camdupled together to improve the protection
effect, and result of PBG band structure was showfigure 6. It can be inferred that the energy
density entering into hypersonic vehicle substragéterial can be reduced by 7.99 percent.
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Figure 6: The optimization of three-dimensional PBG disttibn

The PBG is free of scale, therefore, when theckattionstant is not a constant, the band structilre w
correspondingly changes. In this view, two desigipraaches were proposed, i.e., wavelength
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approximation and lattice constants increasingetiuce the energy density entering into hypersonic
vehicle substrate material as 5.77 and 6.27 perespectively.

This work demonstrates optimizing design of thermadtection structure with PCs meta-material
considering micro-scale transfer characteristidsh WMa hypersonic aircraft aerodynamics heating
conditions as objective for thermal protection stuwe design. The effect of dielectric sphere radiu

and refractive index on 3D-PCs band structure viaslated. Several optimization approaches were
proposed, showing good effect on reducing the enei@nsity entering into hypersonic vehicle

substrate material.
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Based on atomic force microscopy using a thermas@e Scanning Thermal Microscopy (SThM) is
one of the key tools for performing micro/nano-scaéat transfer analysis. In this study, we foaus o
the heat transfer through the water meniscus abstate contacts by using this method. Two facts
have motivated this work. First of all, little infoation is available on this heat transfer and few
results are subject to controversies. This heaitsten mechanism deserves to be analyzed more in
depth for an improved use of quantitative SThM.d®ely, its understanding and management could
support the design and optimization of new devioeslving water meniscus. As an example, stiction
remains an issue that can damage the performafd¢éEMS/MEMS devices. While working under
ambient conditions, the main origin for stictiontie liquid meniscus that is formed at the small
contacts due to capillary condensation. Stictiorcde can be reduced by changing the surface
properties or by reducing the contact area. Thdyrcahtrolled devices may be another alternative
that is not yet explored.

In order to investigate a large meniscus, a Wallastire SThM probe was used. The probe is made
of a Pt 90%/ Rd 10% wire of diameter 5 um and ler830 um. The wire, bent in a V-shape with a
curvature radiu®, of 15 um, is obtained by electrochemical etchinghefsilver shell of a Wollaston
wire of diameter 75 um. In this study, we seleaegermanium (Ge) sample of hydrophilic nature.
The capillary forces are the dominant of the pffilforces while working under ambient conditions
[1, 2]. We investigated the meniscus at the tipgamcontact by performing pull-off forces
measurements as a function of the probe mean temopet,, (T,=30 °C and relative humiditigH=40

%). Using Wheatstone bridge with a feedback cirdii¢ probe mean temperature was maintained
constant during the measurements. Figure 1 shosveahation of the pull-off forces as a function of
T It is observed that the pull-off forc€g, decrease until reaching a certain temperaturendréu
beyond which they become almost constant. It iotesl that the pull-off forceB,, decrease until
reaching a certain temperature aroundvhere they become almost constant. The individome-
distance curve takes about 15 seconds. The cdintacbetween the tip and the sample is larger than
one second and we observed that there is no \ariafi the pull-off forces for larger contact times.
This is in agreement with the study of study ofgBir[3] where the meniscus reached the state of
thermodynamic equilibrium after a certain limittbe contact time.

We noticed a hysteresis in the measurements wiileeasingT,, and decreasing,, (see Figure 1).
This could be related to the reported hysteresismgwevaporation and the capillary condensation at
the tip-sample contact as observed by Crassbak[4].
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Figure 2: Variation of the pull-off forces s as a function of ffor the sample of Ge.

Using the expressions of the Kelvin equation [5§ @éine meniscus radii of Crassoesal [4] and
Sirghi [3], the variation of the largest radiusaainction ofT,, was determined. Figure 2 represents a
schematic of the probe apex in contact with theptanThe total thermal conductance of the meniscus
Gt can be determined taking into account the condgeta at the interfaces of probe-meniscus and
meniscus-sample [6]. The variations of the totatal conductance of the meniscus as a function of
T are shown in Figure 3. When the meniscus is lattgge,values oG, are at most one order of
magnitude smaller than the values of the thermatiaotance due to the heat transfer through air for
the same probe [7, 8]). As a consequence, the glermmductance through the water meniscus is not
predominant in the thermal interaction betweenpitede and the sample [9].

Figure 2: Schematic of the meniscus when the probe is itacbwith the sample.

This work clarifies the role of the heat transféirough water meniscus in scanning thermal
microscopy and will allow an improved use of quetive SThM. We underline that our analysis
justifies SThM calibration methods that have be&wetbped previously with the same kind of
microprobes at temperaturd@s, larger than 100 °C. As the meniscus is almost enzipd at these
relatively high temperatures, it has a smaller ictgan the heat transfer to the sample and simplifie
the analysis. The thermal conductance through temmeniscus is not predominant in the thermal
interaction between the probe and the sample slrilsing that our findings are in accordance with
observations made with a nanoprobe, even thoughtdbkled sizes are very different. The
methodology used with the Wollaston probes in plaiger can be extended later for the case of smaller
probes and is one of the perspectives of this J@jrk
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The search for materials that can produce elettp@aer from a temperature gradient - the Seebeck
effect-, has gained significant interest in recggdrs. Indeed thermoelectric materials have proved
be viable solutions for the remote generation etwical power in satellites [1]. The reverse (ieejt
effect allows to cool down electronic componentgd@vices through a cold pole obtained with an
electrical current passing through a junction ob teonductors. The efficiency of a thermoelectric
material is characterized by the figure of merit Z], which is proportional to the electrical
conductivity (o) and to the square of the Seebeck coefficient §QJl, inversely proportional to the
thermal conductivity £).

712997 1)
K

Improving the efficiency of thermoelectric deviaesgjuires an understanding of the mechanisms that
control electronic transport. In particular, in seomductors, the Seebeck coefficient increases
drastically as the temperature decreases [3-4]s Thiknown as the phonon drag effect: phonons
carrying a thermal current tend to drag the elextwith them from the hot side to the cold sidéhef
sample. The phonon drag effect leads to the impneve of the figure of merit ZT. However, the
phonon drag effect cannot be described in the fwaorie of usual Boltzmann transport equations
(BTE) [5-6]. In the first part of this presentatjome will present the approach to study the phonon-
drag effect in materials [7].

At the same time, solving the transport equationtf® electrons requires the knowledge of the
electronic structure and of the carrier interadigelectron scattering on impurities and electron-
phonon scattering). A good description of thesesp@f mechanisms is achieved by parameter-free
calculation in the framework of density functiondleory (DFT) [8]. In a second part of the
presentation, we will describe an approach baseth@wcoupling of the Boltzmann transport equation
with DFT calculations of the electronic structureahe electron-phonon coupling [6-7]. It has been
successfully applied to the determination of therriioelectric properties of bulk silicon [9]. This
approach has the advantage of reducing the nuniflsdjustable oad hocparameters in simulation

of transport properties and thus leads to a bemelerstanding of the underlying physical laws (in
particular the phonon drag phenomenon), as showRefn[8-9].
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Introduction

Thermionic emission is based on the ability of aemal to emit electrons whose energy is greater
than the work function of the material, which idided as the difference between the vacuum energy
level and the Fermi level. Basically, the thermoobnverter material is made of a low work function
metal, and requires a very high temperature (> 0P order to achieve high conversion efficiency.
A new solar energy conversion concept, based onctimbination of photon absorption using a
semiconductor material and thermionic emission, wesently suggested [1]: Photon Enhanced
Thermionic Emission (PETE).,

Cathode Anode

Figure 1:the energy diagram of the PETE energy conversiongss

Absorption of solar photons leads to an increasédth the minority carrier concentration in the
conduction band and the quasi-Fermi level splittidg a result, the energy barrier between
conduction band and vaccum is reduced and the tatpe level required for the electrons to be
emitted from the surface is dramatically lowered.

In this paper, we present a self-consistent modétiwpredict the thermal and electrical behavior of
the PETE diode cell.

Material and method

We present in this section the mathematical moti¢he PETE diode cell. Assuming a lumped-heat
transfer model, the cathode energy balance is diyen

Ef,n_Ef,p
Psm+JA(¢A+2kTA)+RNRR(Eg+3kTC):aT4+JC(¢C+2kTC)+P{e ke — } (1)
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where:
* ¢4+ 2kT, is the energy carried away by electron from thedafheating process) [2]
*  ¢c + 2kT, is the energy carried away from cathode (coolirggess)
*  Rwrr(Egt3KTc) is the energy supplied by the non-radiative remioation

« o T"is black body emission

Ef,n_Ef,p
Po{e kTC —1} is the no-equilibrium radiative recombinationer{3]

The cathode ¢) and anode §) currents are calculated as the difference betvikercathode total
optical generation (G) and recombination (R) ragggen by the equation:

L(G—R):ﬁ
q

whereL is the charge carriers diffusion length, assurodaktequal to the cathode thickness.
The cathode emission current is given by :
J.= T qVv, N(E) f(E) dE=q<v> nexp(—i)
Byt KT,

where Eg,y and <v> are respectively the bandgap, the elettaffinity, and the thermal velocity of
carriers. The anode current density is calculatdguthe standard expression of thermionic current
for metals :

N

J, = AT
¢4 is the anode work function and A the Richardsostoan constant : 1.201x1@ m? K2
The generation rate is given by:
_N (E>E,)
L
where N(E> Eg) is the number of photons with eneriggve the band gap. The 3 main recombination

processes (radiative, Auger and SRH) were accoufttedn the model, as well as the thermal
dependence of the main electrical parametegsnE.) .

Results and discussion

Figure 2 depicts the variation of electrical comi@n efficiency as a function of temperature for
various values of the electrical affinity. It iscstn that a higly value leads to an increase in the diode
voltage V =y +E; —Er —¢,). As a consequence, the cathode work functioesriand the
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temperature required for the electrons to overceua an energetic barrier by thermionic emission is
increased

Figure 3 shows the different flux contributions #or illumination equivalent to 15 suns (where 1 sun
= 1 mW/mm?2) for both silicon and gallium arsenideniconductors. At low applied voltage, the heat

removed by the cathode electron emission and teemd radiation applies a low temperature
compared to high voltage.

35 . T T
x=0.4
X=0.6

30 X:O 8
X=1 0

25

20 |

n (%)

15

10 /\

300 400 500 600 700 800 900 1000 1100
Temperature (K)

Figure 2: The contribution of power heat and power dissipation rmeisms.

Actually, for high voltage i.e., exceeding the limg voltageVi,, for which @= V\n+@, the cathode
emission current drops, causing a temperature aseteMoreover, the rate of radiative and non-
radiative recombination is enhanced. We then ndticedifferent diode behaviours depending on the
material considered. For Silicon (indirect band )g&ETE device, non-radiative recombination
dominates over the radiative recombination, geimayat supplemental source of heat,whereas in the
GaAs, the radiative recombination, which removest,his enhanced. It should be noticed, that for an

average concentration (X = 15), the temperaturel le¥the cathode is ~ 700 K for silicon and 650 K
for GaAs.
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Figure 3: The contribution of power heat and power dissipatnechanisms.
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Conclusion

In this paper a novel solar energy conversion m®eeas presented. A self-consistent electrical and
thermal model is developed and used to analysdifferent heat generation mechanisms and the
resulting electrical efficiency.
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1. Context and objectives
With the development of the nanotechnology, the alanof thermoelectricity has pushed itself to the
frontiers of the global research on energy harugstiEfforts are aimed at finding efficient
thermoelectric materials under the idea of “elettooystal-phonon glass” material system [1]. The
efficiency of a thermoelectric material is charaigeed by the dimensionless figure of merit (ZT
value), which involves the Seebeck coefficientI8¢teical conductivitys and thermal conductivity
through the formula of:

_ S%0T
ZT = . Q)

K

However, highly accurate measurements of the tlwaecerned factors are required for a well
determination of the ZT value. The measurement h@rmal conductivity stays the greatest
experimental challenge, especially for epitaxiatrthal resistive thin films grown on electrical
conductive substrates, which are the best matesiadiidates for potential thermoelectric applicagion
in microelectronics.
In this work we have developed an advanced expeatahéechnique based on 3-omega method [2, 3,
4], for highly precise measurements of thermal cmtiglity of epitaxial semi-conductor thin films.
Experiments have been done for the measuremehedhermal conductivity of a nanostructured Ge
thin film. The results contribute to the investigat of the thermoelectric properties of this matkri
also importantly, help to achieve a complete coimpnsion of the thermal transport mechanism in
nanostructured materials.

2. Originality of the research

For energy harvesting using thermoelectricity ie tiomain of microelectronics, the search of an
efficient thermoelectric material stays the firgattenge. It must be a semiconductor material aeldl w
compatible with the existing silicon based micro#ienics platform.

Here we would like to present a work on the therefaracterization of nanostructured epitaxial
Ge:Mn thin film, as a highly potential thermoeléctmaterial for microelectronics. It is a thin filof

a doped Ge matrix containing §4ns nanoinclusions. The inclusions have a nearly agmr
distribution, and a diameter of 5 to 50 nm depegdon the epitaxial conditions using MBE
(Molecular Beam Epitaxy) [5, 6]. Being perfectly moxrystalline with a high doping level (p-type,
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10'® cm®), the Ge matrix of the thin film possesses a highue of electrical conductivity, a low
thermal conductivity is then expected for a high&lue.

To achieve the most precise measurement of thenttieonductivity of this Ge:Mn thin film, which
presents itself as a thin (generally 200 nm), efEtaand electrical conductive layer, we have
developed a highly sensitive experimental techniggirg the 3-omega method.

3. Method

3.1.The 3-omega method

To investigate the thermal properties of a thimfilsing the 3-omega method, a transducer metal line
(role of both heater and thermometer, figure T)asded to be deposited on the film, in our caseait
100 nm thick platinum transducer. For the casenoélactrical conductive thin film, an isolating &y

is required to isolate the transducer from the darsprface. A layer of 50 nm of aluminium oxide
(Al,0;) (figure 2) is chosen to do the task in our wal&posited using the technique of ALD (Atomic
Layer Deposition).

Transducer

._' "'- A|203 Ge:Mn
R

200 pm

Figure 1: Designed motif in lithographic mask Figure 2: Schematic illustration of the sectional
for the deposition of transducer. structure of a prepared sample for thermal
measurement.

The 3-omega method concerns the measurement thitdeharmonic part (@) of the voltage signal

of the transducer after applying an alternatingenr (AC) of angular frequenay. The frequency
dependence of thissy permits the extraction of the thermal conductivifythe substrate material.
Here we have designed our measurement devices loase@ddifferential geometry [2, 3, 7]. The
sample is mounted inside a cryostat which ensutagya range of temperature environment from the
temperature of helium liquid up to 400K.

- - ——

! I
: I
1 1w !
R ? | p |
ref : re p. : ' Osc.
1 \Y |
I 3w Digital
1 lock-in
I (x1ooo)
! 1
1
1
1
1
1

Sample
I Pre-a
Transducer | V' +V
R 1 1w 3w
e X
| .

Figure 3: Schematic diagram of the electrical circuit for Biega
measurement (the zone inside the dashed line reptes home-
made electronic device).
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3.2.3-omega method for thin film

According to the principles of 3-omega method, tfar case of a narrow transducer metal line on the
surface of an infinite half-volume substrate, i tvidth of the line is largely small comparing teet
thermal penetration depth (low frequency rangedl, @ue thickness of the transducer is negligible, an
approximation of the temperature oscillation atsample surface can be deduced [2]:

_ R w m _Ptlz
AT_HERO( 2In6+/7 IZJ (R= rI ) 2

Where B is the linear heat dissipation wifR, the electric resistanckthe applied AC current and

the length of the transducer; the thermal angutaquency &« =47f , where f is the electric

frequency of the AC current() =

density, C the specific heath the half width of the transducer arjg= 092.
The Ge:Mn thin film (thicknes$,) is generally deposited on a thick substrate (Ste, 300 pm

thick). As long a4, is largely small comparing to the wid®b of the transducer, the heat transport is

considered to be one-dimensional across the filoh the heat flux conserved. This approximation
brings a shift in the real part of the surface terafure oscillation:

R R (R
AT = [ 1|n“’ n—izj+|— 3)
ik, 4 2b
A ATreal\ - R 4)
P 2bl

The thin film represents itself only as a thermalrier resistanceR for the heat flux, which is
directly related with its thickness and thermal aactivity through:

R=14+R (5)

where R, is the effective thermal resistance of interfadesng the total interface thermal resistance
of the thin film involved sample minus the totakdior the case of the sample substrate.

4. Experimental results

The 3-omega measurements have been carried owngpless of Ge:Mn thin films (240 nm thick)
grown on a n-type doped Ge substrate. As the Gexvat Ge:Mn thin film is perfectly crystalline
and homoepitaxied on the Ge substract, the interfaermal resistance between the film and the

substrate is neglected [8]. The DataWf, signals as a function of frequency (here withi® 01000

Hz), from the sample and the reference Ge (n-tgpdpstrate, at different temperature, are gathered
and treated.

ATreal
At one certain temperature, the comparison of threeas —— P from the two samples reveal a clear

shift as shown in figure 4, from the curve of refeze sample to the Ge:Mn sample. For the case of
320K in the figure, the thermal conductivity of tle:Mn thin film is calculated to be 5.5 (1) Wm
K™, The results have revealed a remarkably reduathtd conductivity of this thin film by a factor

of 10 at 320K, compared to the value for bulk Glesstate (60W/mK).
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5. Future works

To properly understand the physics of the involpldnon scattering mechanism introduced by the
nanostructure, the 3-omega measurements will bénced on different samples of the Ge:Mn thin
film, grown with different Mn concentration, at flifent annealing temperature. The measurement
results will be evaluated together with further releéerization results using TEM (Transmission
Electron Microscopy), to finally identify the infunce of the nano-inclusion, with its diameter and
dispersion, on the heat transport inside the tliim. fMeanwhile, experiments for a complete
characterisation of the thin film's thermoelectpecoperties will also be carried out, mainly the
measurements of its electrical conductivity andb®ek coefficient, aiming at a final determinatidn o
the ZT value.

8 T T T T T T T ) T 7
—=—Ge:Mn sample on Ge
—+—Ge(N) substrate
7] i
R @T=320K
2
¥ 6+
o
=
< 5 A(AT/P)
T T T T T T T T T ..'.'..~..;
7.0 7.5 8.0 8.5 9.0

IN(w)

AT
Figure 4: Comparison of the curves%al from Ge:Mn

sample and the Ge reference substrate sample &.320
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There is an increasing demand for accurate, noasime and self-reference temperature
measurements as technology progresses into thesecalro This is particularly so in micro- and
nanofluidics where the comprehension of heat tearesfid thermal conductivity mechanisms can play
a crucial role in areas as diverse as energy eaasid cell physiology [1,2].

In fact, the integration of optics and micro/nanafic devices to provide novel functionalities in
nanosystems is stimulating a promising new aregptfuidics, for nanomedicine and energy. Despite
promising progress precision control of fluid temgiare by accounting for local temperature
gradients, heat propagation and accurate temperaligtributions have not yet been satisfactorily
addressede.g, investigating heat transfer mechanisms in naidgluor mapping temperature
distributions within living cells. The major obstacfor this has been the unavailability of a
thermometer with the following requirements (th&owld be simultaneously satisfied): (i) high
temperature resolution (<0.5 degree); (ii) ratiometemperature output; (iii) high spatial resoduti
(<3 um); (iv) functional independency of changes in plénic strength and surrounding
biomacromolecules; and (v) concentration-independentput. The most suitable class of
thermometers to fulfil these requirements are timgimescent ones [3].

With the objective of investigate the heat transfiechanisms in nanofluids and mapping temperature
distributions we have focused in the developmenk @raracterization of nanothermometers that can
be dispersed in different base fluids or incorpwrarganic-inorganic hybrid films [2,3]. The
thermometers performance can be compared usingethtive sensitivity (Eq. 1) , defined as the
relative change on the thermometric paramaté@aken as a ratio of intensities=1,/1, to avoid any

dependences of the temperature read on local ctvatien, fluctuations on excitation sources, etc.):

_OA/AT
5 = 2 (1)

Also the spatial resolutioX) is defined agx = OT/‘QT

, wheredT is the temperature uncertainty

max

and ‘ET‘ = dT/dxthe largest temperature gradient that can be medd4i, and the temporal

resolution defined as is defineddis= dT/(T/dt) where(dT/dt) the largest temporal temperature
change measured.
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In 2013 we reported the development of two lumiresaatiometric nanothermometefdR5-1.4
spherical NPs, DLS diameter of 119.2 + 11.6 nmIdRd-1.3,spherical NPs, DLS diameter of 40.2 +
5.9 nm) based on Fe0; maghemite core coated with an organosilica sleetlaped with Etf and
Tb** B-diketonate chelates [2]. The design of either shexane-based hybrid host or the chelate
ligands permits the nanothermometers to be usedaimofluids (.e. water suspensions of the
nanothermometers) at 293-320 K with an emissiomigua yield between 0.24 + 0.02 and 0.38 %
0.04, a relative sensitivity of up to 1.5%' Kat 293 K), a spatiotemporal resolution (constdiby the
experimental setup) of (64-6hN/150 ms (to move out of the temperature uncestaiit, stated as
0.4 K).

The nanothermometers are easily dispersible innilatsing transparent and stable nanofluids under
day light illumination, making them ideal for termpture determination in micro- and nanofluidics
using the temperature dependence of their emigwioperties. A demonstration of the use of these
particles was performed by mapping the temperattiee glass tube with an inner diameter of 1 mm
and a longitudinal length of 20 mm, filled with thanothermometers nanofluids (1 g)LA steady-
state temperature gradient was induced in the hadsfby an electrical current flowing in a coil-
shaped resistanc€&if. 1a). The current was adjusted to produce the terpergradient within the
293-320 K range. When illuminated with UV lightethanofluids presented a blue-green (NP5-1.4)
or a red-orange (NP4-1.3) emission (Fig. 1b andrdd an optical fiber was used to collect the
emission spectra which were converted into absdeteperatures. Both nanothermometers gave
analogous temperature values (temperature gradleng the capillary tube up to 3000 K)nas
shown in Fig. 1d. A temperature map recorded wistiade-of-the-art commercial IR camera was used
as a control measurement. The spatial resolutibtiseonanothermometers and IR camera argré4
(NP4-1.3), 65um (NP5-1.4) and 16Am, respectively, despite the optical fiber's indiameter of 450
pm being ca. 1.5 times larger than the camera fiedel of view.

(a) Detector

heater ©
mg 4 =g
- ———

PC Optical
Fiber

thermometer
suspension

heating
circuit

309 Ry, %

Temperature (K)

o 5 10 15 20

Thermometer &
suspension Scanning Position (10”m)

Figure 3 Temperature maping using fRbased nanothermometerga) Experimental setup used for
temperature mapping in nanofluids. (b) Photographtioe NP5-1.4 suspension under UV irradiation (c)
Photograph of the NP4-1.3 suspension under UV iatioh (handheld lamp). The heater, the capillaupé and
the optical fibre are also visible. (d) Comparisohthe temperature profile obtained with an IR caanglack
squares) and with the light emission of NP4-1.3iébtircles) and NP5-1.4 (red triangles). The shagdwarea
corresponds to the position of the heater. The geaolour image of the NP4-1.3 suspension is represd in
the inset.
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None of the ratiometric luminescent and non-lumiees devices proposed so far can map the
temperature in a micro/nanofluid in the 293-320aKge with such high emission quantum yields,
relative sensitivity, temperature uncertainty, aphtio-temporal resolution values. Furthermore, a
velocity in of heat traveling within the nanoflui(.2 + 0.1) mms, was determined at 294 K simply
using the E¥/Tb*" steady-state spectra of the nanothermomekégs ?). There is no precedent of
such an experimental measurement in a thermomatifluid, where the same nanoparticles
constituting the nanofluid are used to measurégimperature and to study the heat transfer.

In this communication we will present our most recéeat transfer studies using *frbased
nanothermometers and compare the experimentalsvaliie the ones reported in the literature.
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Figure 2: Temperature dynamics on the capillary tube apgerature dynamics monitored at different points x
along the capillary tube using the NP5-1.4 therreten . (b) linear relationship fr= 0.996) between the
distance x travelled by the thermal wave and theetinstant ¢ for which the temperature starts to increase
relative to the equilibrium value (294 K).
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The present study investigates the flash lamp dimgedFLA) process for fabrication of low-
temperature poly-crystalline silicon (LTPS) as arighe most promising and economical candidate
processes for large-scale windows of up to siz&.8k2.5 nf [1]. Experimental and theoretical
investigations on FLA of amorphous silicon (a-Slinfon glass were carried out in order to replacing
excimer laser crystallization process. A Xe arsHtldamp of 950mm in length and 22mm in bore
diameter was applied with nominal input voltag&k¥ and flash duration of 0.4ms.

Figure 1 shows the configuration of the FLA expenital setup, consisting of a lamp, a reflector, and
a substrate. The radiation distribution incident the substrate was simulated by the ray tracing
method and compared with experimental measuremgaotgain a better understanding of the detailed
routes of phase-transformation, images of poly-Brostructures after the process were observed by
scanning electron microscopy (SEM), atomic forceroscopy (AFM) and Raman Spectroscopy.

Substrate Structure
Si (0.05um)
SiO, (0.5um)
Glass (500um)
~

’ Lamp Reflector |:| Setter

Figure 1: Schematic diagram of the flash lamp annealingesystith a-Si substrate.

Prior to the annealing process, the specimen fé Whs preheated at 650, which was very close to
the service temperature of the glass specimen umséis study. Crystallization of a-Si could be
achieved in solid-phase by applying a flash beath light density of at least 5J/émand its phase-
transition characteristics that varied with enemgnsities could be explained by theoretically
estimated temperature fields.

Since the major phase-transformation in the FLAcpss occurs during the lamp-flashing period of
about tens or hundreds of microseconds with thérteeate in the order of 1~10 kW/érm general,
convective and/or radiative heat losses in the roodel~10 W/crA can be considered negligible,
compared with the conduction heat transfer. Basetthis approximation, temperature fields inside the
thin-film structure can be estimated by the onedafigional heat conduction/radiation model. Here,
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local radiation absorption rate was estimated ftbendistributions of electromagnetic fields and the
resulting Poynting vectors. Since the temperatungation during the FLA process was extremely
large and plays a critical role during the crystalion process, temperature dependencies of the
physical properties for thin-film material were linded in the present theoretical estimation.

Figure 2 describes temperature variations at thiaci (solid line) as well as that at the regioprh5
beneath the surface (dashed line), respectivelytHerexperimental and electrical input conditions
under the preheating at 68D While the glass backplane remains almost traesp#o the flash light,
the a-Si thin-film has a high value of imaginaryraetive index in the visible wavelength range and
absorbs major portion of the light energy. Therefdne subsurface region of the glass adjacefeto t
a-Si film can be heated only by the thermal condadrom the a-Si.

Using a short duration heating, crystallizationae®i usually requires temperatures around or beyond
its melting point (higher than 1420 K), which is chularger than the glass softening poiny, in
general. The glass used in this study is Corninglee2000, of whichTs, is 1258K. It could be
assumed, therefore, that the glass softening cémmaivoided in the current FLA process. The peak
temperature at the surface was about 1435 K, whahsufficient not only to crystallize a-Si, bus@l

to soften the material. Furthermore, the peak teaipee at the region 15n beneath the surface
reachedrlsy, indicating a possibility that there occurred snfihg deep inside the backplane.
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Figure 2: Experimental input voltages and currents and temjpee predictions at
surface and 1am beneath the surface.

Through electron microscope observations Fig. Jiouoa that solid-phase crystallization preceded
melting of a-Si due to relatively long flashing @tieg) duration of 40@s, which was comparable to
solid-phase crystal-growth times at elevated teatpegs [2].

In addition, deformation of a large-window glasch@ane during an in-line flash lamp annealing

process for crystallization of amorphous siliconntfim was investigated numerically using a

viscoelastic model and experimentally, as showfkif 4. This phenomenon is understood through
the structural mismatching of hypothetical two-lesyan a homogeneous glass structure [3]: thermally
softened and uninfluenced, and is mechanisticafferént from that induced by the mismatch in

coefficients of thermal expansions among heterogeséhin-film structures [4].
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Fig. 5 compares the various shapes of the glagssrdations according to the specimen sizes, in
their center regions were exposed tsingle flash under the conditions close to the erpmts. The
deformations were totally different after the firadoling stages, although the center regions
bulged up during the heating (flashing) stage rmdgas of the specimen lengths. Here, could
postulate that the critical mechanisms for deforomst were structural shrinkage due to st
relaxations accompanied by glass softening anditgtenal sel-loading of the backplane, acting
the opposite way.

EXPOSED ZONE

Figure 3:Picture of specimeexposed to flash beam and SEM imagih respect to flash fluenci
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Figure 4: Comparisons between experimental and numericalroheftions of the glass substrate after the F
process of a single flash at the central zone especimen (length: 186 mm).
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Figure 5: Thermal deformations of the glass substrates dutive FLA process of a single flash at
the central zone of the specimen: lengths and gelaents in vertical direction of (a) 186
mm, by 10 times, (b) 300 mm, by 100 times, ang2@) mm, by 1500 times.
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Among available Scanning Thermal Microscopy techag] the use of thermoelectric probes remains
limited due to the difficulty to fabricate them. Asresult, resistive probes represent the most-wide
spread technique for which thorough theoretical @xpkrimental studies have been performed [1-3].
The so-called Wollaston probe using a 5 um wire amdrofabricated cantilevered resistor tips
represent the main active sensors for imaging gaflesiocal apparent thermal conductivity. They also
can be used in passive mode for temperature imaiagurface.

Resistive probes differ from thermoelectric probeserms of the measurement location. Unlike the
mean temperature value derived from the probetogsia thermoelectric junction provides a direct
thermoelectric voltage located at the junction.sTkhould lead to a significant advantage of a
thermoelectric probe in terms of dynamic range, thet on the expected image contrast. On the other
hand, the need to increase the spatial resolutiadsl to reduce the tip size. However, this rednctio
contributes to degrade the tip-to-surface therndahitiance and subsequently the expected dynamic
range of the probe.

To address these points, we have recently developsgdtive and thermoelectric probes based on
identical wires and different diameters. This skoglve the opportunity to explore the effects of
dimension, shape and measurement methods on ttial4parmal resolution and the sensitivity. The
contact force mastering differs from usual cangéletechnique since the principle is based on tlee us
of a quartz tuning fork (QTF) on which the sensbreimbeddedRigure 13. During point contact
scanning, a phase control of its resonant frequarstyes a constant mechanical coupling between the
tip and the sample surfapé].

Figure 1:(a) QTF based resistive probe; (b) 5um Pt-Rh108%tst&ve wire; () 1.3 pm Pt-Rh10% resistive wire.

An example of results is presented in Figure 2aioled on a sample made of metal blocks separated
by polymeric glue. Figure 2a corresponds to an Al@lv whereas Figure 2b depicts the same area of
the 3» magnitude thermal image obtained with a 5um wiabe supplied with an AC current of 12
mA. A single scan line is shown in Figure 2c-f,responding to the dotted line of Figure 2a.
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Figure 2: (a) AFM image of a metal-metal sample separateddlymeric glue; (b) 5um resistive wirez8
maghnitude image at f=17Hz; (c) 5um resistive wirel7Hz, i=12mA RMS) &magnitude and (d) phase (dotted
line); (e) 1.3um resistive wire (f=230Hz, i=2mA RM&Bvmagnitude and (f) phase (dotted line).

These first results simply show that the sensitiait both resistive probes seems to be comparable,
and that more specific samples are needed to patra significant effect of the wire diameter om th
thermal spatial resolution.

A second example illustrates the interest of antleedectric probe used in active mode regarding to
resistive wire probes [5]. Wollaston wires of phatin and platinum-10% rhodium have been used to
produce S type thermoelectric probes which are emsbedded on a QTF resonator (Figure 3a). To

optimize the contact area, the junction is contbkind shaped by means of a focused ion beam (FIB)
(Figure 3b).

(b)

Figure 3: (a) QTF based 5um wire thermocouple probe; (brfiom aspect after ion etching (FIB).
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The following results have been obtained by usihgad pm wire thermocouple, similar to the
configuration of the previous resistive probes. ldgear, a thermoelectric probe which is supplied with
a periodic current (AC) at f frequency provides witmneously a 2f thermoelectric component
(junction temperature) and a 3f component corredipgnto the mean resistive value (mean
temperature). Figure 4 depicts simultaneous imaéained by a scanning on a platinum layer (300
nm) deposited on a glass substrate and etched dyswé FIB. Platinum has been removed so that the
bottom of the etched letters corresponds to thesglabstrate. A simple comparison of both 2f and 3f
signals shows that the 2f images contrast (magaitat phase) are four times higher than the 3f
resistive images.

(Hm)
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5200
| 15150
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) 3f phase (%)

(:J?n) 15 20 (f)
Figure 4:(a) FIB image of the sample surface; (b) topogragiven by the QTF resonance control (z table
location); (c) Zwmagnitude; (d) &magnitude; (e) phase; (f) vphase. Frequency current =270 Hz; RMS
current i=22 mA.

These results have been obtained using a 3 axisQudre® piezo stage which is not optimized for a
high resolution scanning purpose. Perspectivehisfwork include the use of specific AFM scanning
piezo stages. In addition, the use of specific wetl adapted samples are necessary to explore the
effect of dimension and tip shapes.
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Phase change memories (PCMs) are the emergingaiatile storage devices based on chalcogenide
materials in which the programming function depeodshe different electrical resistance offered by
their amorphous and crystalline phases, reversitllyced by suitable current pulses [1, 2]. A very
attractive option involves the use of chalcogemdaowires (NWs) for highly scaled PCM devices
and multilevel memory applications, since loweriagtive material volumes to be programmed
requires shorter and less intense current pulsgésngulies higher cell density. In this paper weeimd

to measure the thermal conductivity of a,|8 nanowire using the scanning thermal microcopy
(SThM) technique in thed® mode [3]. This well known contact method that akoreaching sub-
micron spatial resolution [4]. In addition, the imedology we developed here does not require
connecting the nanowire non handling it in a speeifly.

The growth of theSlp,Te; NW was performed in a MOCVD reactor on 4” Si(1®&), substrate.
After the growth, some NWs were harvested on a 8&#00)/SiQ substrate £,=120 nm (thick
thermal Si oxide) by mechanical rubbing. The NWLjg=3.5 um long with a rectangular cross
section area of heiglet,,y=150 nm and widthy=850 nm.

Our SThM is based on a silicon nitride £&i ) AFM tip on which is deposited a palladium (Pt)ps

(1 um thick and 1Qum long) that plays the role of the heater and hieemthometer. A constant periodic
current  at angular frequency=2xf passes through the resistive strip, generatingedoeffect and
thus a heat source ab2The resulting temperature increasg,, leads to change the strip electrical
resistance af=Ry(1+ar AT,,), where Bdenotes the strip electrical resistance at amlénperature
andog = 1/ RydR/AT is the thermal coefficient. It is easy to demaaistrthat the voltage drop at the
strip ends is expressed as a functionwofind . The third harmonic contributiols, allows
expressing the temperature increaseNds;=2 Vs, / Ry ip ag Therefore, measuring the third harmonic
from a lock-in amplifier gives insight on the temgiire increase of the palladium strip. The figutres
a,b and c, respectively show the images obtainedode AFM and SThM-@ for the zone where the
nanofil is deposited on the layer of $ifor a frequency of 871 Hz. The images were carigdunder

a constant argon flow, for the goal was to redod¢ maximum conduction by the water meniscus.

The heat fluxep(w) through the AFM tip is related to the measuredperatureT neas(w) of the Pd
strip through the thermal impedancg =(w)Ax(w)exp(ips(w))/Po, where Po=Rii>. Facing the
complexity of the tip, we proposed to obtain thiermal impedance from the measurement of the
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amplitudeAy ne{w) and phase, meas(®) in the contact-less mode. This obviously suggésis the
heat transfer in the tip is not significantly irdliced by the sample in the contact mode measurement
The procedure enabling us to measure the thernralumtivity of our nanofil inSkpTes, initially
consists of carrying out cartographies varying s according to the frequency in a range from 871
to 3123 Hz. In the second phase, we compare thssunement with simulations of the model

described in the previous section in the same &eaqy band.
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Figure 1: Experiment realized with 871 Hz: (a) topograpmiwage, (b) amplitude of the temperature and
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Figure 2: Amplitude and phase of the thrmal signal.

The figure 2 show the variation of the averageperature of the tip when this one is in contachwit
the layer of Si@(red curve) for a frequency varying from 871 t@3Hz. This measurement enables
us to estimate the value of the resistance of coiRabetween the probe and the sample. On the
assumption that the speed of the probe remainswleveuppose that the value of this resistance of
contact remains constant during sweeping. By egteding the experimental points from the model
given in the previous part and in fixifyw=Ruwisio==0, Rsiozs=4.5x10° K.m?/W [5], we deduce from

it a value of R. equal to 3.8%0.2x10 K/W (either a resistance of 260.3x10" K.m%/W).
Minimization between the experimental points anel tmodel was carried out using the algorithm of
Levengerg-Marquardt. In the case of a measurensned out under argon and with low power, the
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resistance of contact is made up of several remiesa[6]. The knowledge of the resistance in refati
to the atmospheric condition, the radiation andshl@e-solide contact needs further investigatian.
case the probe is a wire of Wollaston and high pptte value of the resistance of contact is of the
order 0.2x10K/W [7]. In the case of an experiment in carried vacuum with a probe of the type
Pd/SiQ, the resistance of contact is estimated 4.00%@V [8]. The value of R estimated by the
model is in agreement with that reached in theditee.

The value of the temperature according to the faquy on the figure 2 represents when the probe is
in contact with the NW. It is noted that the infhoe of the NW adds an additional resistance to the
measurement obtained previously for the probe mtamt with the layer of Si© By estimating the
value of the resistance of contact (calculatiobbased on the model Diffuses MismatdRyysio. at
1.061x16 K/W [9] (i.e., 7.196 x1DK.m*W) and by considering that the valueRif andr, remains
unchanged, we deduce thBf equal to 2.351xTOK/W. For dimensions of the NW, thermal
conductivitykyw is 0.93+0.3 W.m.K™. It is in a good agreement with value presentetiénliterature

for the bulk (kpates buc0.96 W.nt.K™ [10]). This result is not surprising since the pbo mean free
path is much less that the nanowire transversecteistic dimension (width or heigh). However, the
experimental method can be implemented with smalierension, leading to observe the phonon
confinement along the nanowire transverse direcfldve main drawback of the method is related to
the contact zones between the AFM probe and thewiemat one end and between the nanowire and
the substrate on the other end. The thermal boyrrdaistance between the tip and the nanowire has
been considered identical to that measured betweetip and the SiQlayer, whose properties are
well known. This assumption seems realistic in shedied configuration, since Jhe; and SiQ are
expected to behave in a similar way consideringhtbat transfer diffusion. The thermal boundary
resistance at the interface between the nanowuletla SiQ substrate has been estimated using the
DMM theory. Although, this former approach seenediag to a consistent value, it could be more
critical in the case of thermally conductive nan®si

The authors would like to acknowledge Dr. Toni $tegva of CNR-IMM, for the MOCVD
deposition and TXRF analysis of the,5& NW.
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With the development of devices in the nanomeide sange, understanding and modelling thermal
transport at the nanoscale are becoming key teabiwall issues [1]. In particular, much attention is
currently devoted to the increased role of therrmaérfaces, characterized by a temperature
discontinuity due to the so-called Kapitza resiseafor its inverse, the thermal interface conduman

In this context, cooling of bare gold and goldesili core-shell nanospheres in solution was
investigated using time-resolved spectroscopy. Heeedemonstrate a large contribution of the heated
solvent to the pump-probe signals. Moreover, thaea were quantitatively analyzed by modelling
heat transfer in such systems and its impact oim tpical properties. Using this approach, the
thermal interface conductance at metal-liquid, mreiteea and silica-liquid interfaces could be
estimated.

We performed measurements on bare 18 nm gold nheespin water and ethanol using optical

pump-probe spectroscopy. Additionally, various skmpmbtained from the encapsulation of these
nanospheres with 3 to 26 nm thick silica shellsemeonsidered. In such contact-free experiments,
metal nanoparticles are selectively heated by anfguaser pulse. Their subsequent relaxation is the

followed using a time-delayed “probe” pulse whiclmitors the change of the sample transmission
induced by the pump beam. Typical signals condish targe peak at short timescales, reflecting
electronic excitation and internal thermalizatiohtlee nanoparticles, followed by a slower decay
associated to nanoparticle cooling by energy texngh their environment (Figure 1). For bare

nanospheres in ethanol, relative probe beam trasgmni changes measured for different probe
wavelengths close to their surface plasmon resanéfigure 2) present different dynamics, with in

particular modification of the amplitude and sidgrhis demonstrates that, in contrast to a frequent
assumption of previous pump-probe studies, thegeali are not directly proportional to the

temperature of the metal nanoparticles (as thislaviead to probe wavelength-independent signal
shapes in Figure 2), but are also strongly affebiethermal kinetics in the liquid environment.

Cooling of an initially heated metal nanosphere &ardperature evolution in its environment were
modelled taking into account thermal resistancihatmetal-liquid interface and heat diffusion i th
liquid [2]. The resulting changes of the sampleiagttransmission were deduced by computing its
sensitivity to changes of the nanoparticle/liquielectric functions, and using available measuramen
of the temperature derivatives of these functidiee temperature dependence of the refractive index
of ethanol is particularly large, explaining thepexmental observations described above by a large
solvent contribution to pump-probe signals, evemidating that of gold for some wavelengths.
Conversely, smaller environment impact is predidmdwater, in agreement with experiments. For
both liquids, time-resolved signals could be quatitiely reproduced using for all probe wavelengths
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the same value of the metal-liquid thermal condwmathe only free parameter in the analysis. The
deduced value for the gold-water interfaces{B0 MW.ni>.K ™) was similar to earlier experiments
involving X-ray probe [3]. A smaller conductance=d® MW.m%K™) was obtained for the gold-
ethanol interface, in agreement with recent measenés on gold nanorods [4].

Slight changes of the dynamics of pump-probe sgynadre observed for encapsulated nanoparticles.
They were analyzed by extending the heat transtieinused for bare nanoparticles in order to
include an additional interface. Estimations of tha@d-silica and silica-liquid thermal interface
conductances could thus be made, with howeverdangeertainties due to limited knowledge of the
characteristics of Stober-synthesized silica shalish as porosity and possible solvent penetration
(these parameters affecting the heat capacitytsrdhial conductance of silica shells). More pregisel

a 2-step analysis was performed. First, samplesiuing the thickest silica shell (whose cooling
kinetics can be approximated by that of nanospharas infinite glassy matrix) were used to estinat
the thermal conductivity of the silica shell and tbonductance at its interface with gold=({®0
MW.m?%K™. In a second step, these parameters were usedngdysis of thinner shell samples,
enabling determination of a lower bound for theeaHiquid interface conductance.

In conclusion, optical pump-probe experiments ortaneanoparticles, bare and encapsulated, in
ethanol and water, performed at different wavelesgtombined with a detailed model have permitted
a quantitative analysis of heat transfer procesHais. work could help interpretation of future ati
experiments in temperature sensitive environmeatkywing accurate estimation of interface
conductances.
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Figure 1: Normalized probe beam transmission Figure 2: Long delay normalized transmission
changedT/T measured in 18 nm gold nanoparticles in change for three different probe wavelengths (same
ethanol (560 nm probe wavelength). The strong peaksample as in Figure 1). The dashed lines indicige f
reflects particle heating and internal thermalizati with the thermal interface conductance using the
heat dissipation to the environment dominating on model described in the text. Inset: sample
longer timescales. Inset: principle of pump-probe absorbance, with the three wavelengths indicated.
experiments.
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Phononic materials have been shown to possessstiteg physical properties and provide new ideas
for devices controlling both sound and heat [1]e Tevelopment of material design and fabrication
capabilities has allowed to study the impact omsgom phononic crystals [2-3], which are artificial
periodic structures made of two elastic materi®oposals involving the use of such crystals to
control heat have been highlighted in recent y§ar&]. One ambition is to create thermal devices
such as electronic diode/rectifier and transistdrich could lead to a revolution similar to the one
acknowledged by electronics since the 1950s. Saménear effects, such as non-uniform mass [7-8]
and geometry [7, 9] or nonlinear acoustic resp¢b8ehave been used for the rectification.

It is interesting to note that acoustic waves smmpendicularly to the sides of a periodic colunfin o
triangles can be reflected in a stronger way ti@nviave sent to the vertices [4], which leads ® th
fact that the transmittivity is quite different these two cases. A. A. Maznev al. [5] have pointed
out that the matrix of coefficients of reflectiortismission (R-T) is symmetri§(= ), so that this
is essentially afiltering effect” in linear systems. Hence, if we excite all angdésncidence, the
components of the wave are diffracted at diffeemiles and reciprocity is fulfilled.

Here, we do not consider the nonlinear effectsdmdot investigate rectification effects. Insteas,
analyze how a column of periodic objects set pedjpemarly to the heat flux direction can be
considered as a thermal barrier associated to em#heresistance. We study numerically the
transmission of the phonons through crystals withious geometries, including triangular-hole based
crystals (see Fig. 1). This is realized by solving elastic equation in 2D by a Finite Element Neth
technique with a commercial package (COMSOL):

0%u
—+0o=0, 1
'Oat2 1)

wherep is the densityu is displacement field and is the strain tensor. Results are presented for
silicon (Si) in the isotropic approach: knowing tbagitudinal and transverse elastic constanisa@d

Cus (C11 = 16,57x18° Nm?, Cyy = 7.692x16° Nmi? [11]), the constanty, is defined as in [11] b€,

— 2G4 Perfectly-Matching Layers are implemented at &ftl at right in the computational domain
while periodic conditions are set at the top antidmo (see Fig. 1).

In contrast to previous acoustic works, we excgeanly the acoustic waves that are perpendicolar t
the periodic direction, but also oblique wavesFig. 1, a longitudinal wave is excited and propagat
towards the triangle-based crystal column withitfial following componentsu, = cos(t ), u, = 0,
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. . 2mv . . .
where w is the circular frequency. The wavelengti=—— , wherev is the acoustic velocity of the
w

material, is compared to the crystal periodigtyith the non-dimensioned numbex :i. Fig. 1

2a
illustrates the displacement fields after reaching stationary regime with,, = 5 for normal and
oblique incidences.
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Figure 1 Displacement field uafter reaching the stationary regime for (a) notrimecidence and (b) oblique
incidence.
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Figure 2 Spatio-temporal Fourier transform of the displant fields in the reflection-incidence region t(lef
column) and transmission region (right column) fay normal incidence and (b) oblique incidence.
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It is well known that when waves are transmittedbtigh a periodic lattice, they can be diffracted
according to the Bragg's lavasind=nA , wheren is an integral number. Hence, in the casN of

5, two diffraction angles appear, & = 23,6°andé& = 53,1°. By employing the spatio-temporal
Fourier transform, we verify that transmitted waf@kow the Bragg's law whatever the wave’s initial
polarization. In addition, we observe the generatib a transverse wave after the lattice when the
crystal is excited with a longitudinal wave; bothartsmitted waves have the sakyecomponent, as
predicted by acoustic Snell’s laws.

. - = 1 . . ,
The same calculations can be made for the acoBstating vectorP:—Eva, which carries the

energy associated with the wave. The energy réleend transmission coefficients in the direction
of the scattered angf® are then computed for each incident angleand for each frequeney.

)

The total transmission coefficients can be caledldor the two following cases: (i) the wave istse
to the bases and (ii) to the vertices of trianglestals. These transmissions allow defining thertiad
conductance of various crystals. We vary the shayjesiangle and circular hole-based periodic
column and compare the effects on the thermal artitadues associated to these crystals.

Acknowledgements

We acknowledge the support of ANR project RPDOCd¥aat and INSA BOR MaNaTherm.
References

[1] M. Maldovan, " Sound and heat revolutions hoponics” Nature503, 209-217, 2013.

[2] A. Khelif, B. Djafari-Rouhani, J.O. Vasseur, D., P.A. Deymier, P. Lambin, L. Dobrzynski,
“Transmittivity through straight and stublike wawgdes in a two-dimensional phononic crystéhysical
Review B55, 174308, 2002.

[3] Ramya Krishnan, S. Shirota,Y. Tanaka and N.hijschi, B. Gotsmann, M.A. Lantz, "Highly-efficient
acoustic wave rectifier'Solid State Comni44, 194-197, 2007.

[4] Y. Tanaka, T. Murai, N. Nishiguchi, “Rectifitan of elastic waves in a thin plateJpurnal of Applied
Physicsl11, 024507, 2012.

[51 A.A. Maznev, A.G., Every, O.B. Wright, “Recipeity in reflection and transmission: what is adpbn
diode?”,Wave Motion50, 776-784, 2013.

[6] N. Li, J. Ren, L. Wang, G. Zhang, P. Hanggi, B, “Phoninics: Manupulating heat flow with eleahic
analogues and beyondReview of Modern Physi&, p. 1045-1066, 2012,).

[7] C. W. Chang, D. Okawa, A. Majumdar and A. LetSolid-state thermal rectifier"Science314, 1121,
2006.

[8] N. Yang, N. Li, L. Wang and B. Li, “Thermal réfication and negative differential thermal reaiste in
lattices with mass gradientPhys. Rev. LeB 76, 020301, 2007.

[9]1 N. Yang, G. Zhang abd B. Li, “Thermal rectiftaa in asymmetric grapheme ribbongppl. Phys. Let
95, 033107, 2009.

[10] B. Liang, X. S. Guo, J. Tu, D. Zhang and JQBeng, “An acoustic rectifierNature Mat 9, 989, 2010.
[11] B.A. Auld, Acoustic fields and waves in sdi¢vol. 1, p. 423). New York: Wiley, 1973.

206 T.T.T. NGHIEM & P-O. CHAPUIS



Eurotherm 103: Nanoscale and Microscale Heat Transfer IV, October 15-17, Lyon, France

Morphologies and radiative properties of soot
particles issued from partial oxidation
combustions

Gizem OKYAY?", Youssef JOUMAN], Caroline BERTAIL and Franck ENGUEHART

%CNRS, UPR 288 Laboratoire d’Energétique Moléculatélacroscopique, Combustion (EM2C),
Grande Voie des Vignes, 92295 Chatenay-Malabrynéea

PEcole Centrale Paris, Grande Voie des Vignes, 92288tenay-Malabry, France
“Air Ligquide R&D Centre Paris-Saclay, 78356 Jouydsas, France
*Corresponding author: gizem.okyay@ecp.fr

Keywords:soot morphology, electron microscopy, fractal agates, DDA, Mie theory

1. Scope of work

Hydrogen production is seen today as a route fdugiag greenhouse gases emissions in the
atmosphere. These molecules can be produced byn stetormers, water electrolysis or by
gasification processes. In this last process, fasdspressurized up to 70 bars: natural gas, fileiro
coal are introduced with pure oxygen for makingiatune of CO/H. Heat transfer in partial oxidation
chambers is dominated by radiation and more spadifiby CO, CQ and HO molecules. Evaluating
radiation levels is necessary to understand thadlaehavior and to predict potential hot spots that
could damage the combustion chamber or the buhndraditional lean combustion oxygen flame,
such as glass furnaces and steelmaking furnaces psoduced by the gaseous combustion can be
neglected because they are destroyed as soonyaarthéormed. Ammourét al. [1] have measured
soot volume fractions of 0.5*10they assumed a refractive index of 1.55 —i0f66the soot and used
the Rayleigh approximation to calculate the absonptoefficient of the mixture. In such flames, the
residence time of soot is very short and theirettry meets oxygen molecules very quickly (for
example, 5% of oxygen in flue gases represents A®MQ@nes more oxygen molecules than soot
aggregates). In order to evaluate the radiativpgntas of the soot in this type of combustion, Mie
theory has been widely used assuming that theyMeedmthomogeneous spheres.

The results presented above are based on data@bt@n lean combustion and must be reconsidered
in the case of partial oxidation conditions. Inhrilames, the residence time of soot and the
concentration of carbon atoms are much higher thafull oxycombustion flames; therefore the
contribution of soot and of its morphology to tlasliative transfer becomes important. This research
aims to build a complete methodology from the deson of the morphology of soot to the derivation
of its radiative properties and its possible effdntrich flame conditions on the radiative heahsfer

in a combustion chamber by use of experimentalr@aiopy) and computational tools.

The morphology of hydrocarbon soot is investigabgdTEM (Transmission Electron Microscopy)
and SEM (Scanning Electron Microscopy) images agmdabsociated tomography techniques in
parallel with the data gathered from the literatufdne state of the art work on heat transfer
simulations including combustion soot [2,3] and shedies on the effect of soot morphology (Oh and
Sorensen 1997, Skorupsii al. 2013) rely on numerically generated geometriegdrallel with the
classical aggregate numerical generation technjdhissstudy proposes SEM image reconstruction to

Poster session 2 207



Eurotherm 103: Nanoscale and Microscale Heat Transfer IV, October 15-17, Lyon, France

describe actual aggregate morphologies and cosgsiderimplementation of multiple scattering fr:
complex shaped aggregates in the computatiothermal radiative properties and radiation |
fluxes. Soot radiative property spectra obtainedttiyy DDA (Discrete Dipole Approximation) a
coupled to norgray gas properties which are then inserted irrdlétion simulation of a simplifie
represerdtive case of the combustion environment by disopedinates methc

2. Microscopy studies on soot morphology and numericaggregate generatio

The size of soot aggregates being susceptibleahréum, i.e. the order of magnitude of the indi
wavelenghs in the visible and near IR, the necessary itutughout this research is the comp
description of the soot morphology. Furthermorer, modeling approach (DDA) accounts for
complex geometry of the target in the computinghefradiative preerties.

The early researches on soot morphology and latperanental works are based on a fra
description of the aggregates [4,5]. In order ttidvgpredict the radiative properties, Talbet al [5]
have measured realand imaginarnk component®f the optical index indirectly from the extincti
coefficient of an oxygen flame by assuming a frestape of soot

Np =k (Ry/dp)”" (1)

whereN, is the number of monomers in the aggregDs is the fractal dimensiork; is the prefactor,
d, is the monomer diameter aR; is the radius of gyration of the aggregate. Theadtaristic size
of aggregates are deduced from experimental olis@nga The fractal definition remains va
according to up-taate information provided by other earchers [1,2,7] defining the fractal geome
of soot from combustion of hydrocarbon fuels. Astima@e combustion is of primary conceD;
varies in a narrow range of 18075 wherea¥; varies in a larger range of 1729, N, in an aggregate
varies from 100 to 500, and, is around 20 nm according to the literature daténegad in ou
previous work [6] retrieved mainly from the studgsKoyll, Farias, Sorensen, Cai, Zhang and |
The DLCCA (Diffusion Limited ClusteCluster Aggregation) algorithm J7s selected foDs < 1.9;
the fractal parameters of the generated aggregdtgure 1 anD; = 1.7,k = 2.0,N, =500.

Figure 4: Methane soot aggrega J
generated by DLCCA algorithm. ¥ 7 '

Figure 2: SEM image of soot Figure 3 TEM image of soot
indicating fractal agglomerate. monomers.

In parallel with the aboveientioned numerical approach, a soot deposit irmebed from a laboratol
scale propane flame and the aggregation patteexdmined by SEM (see Figure 2). Som:the
collected soot is deposited on a TEM membrane: mane are correctly represented by 20
diameter spheroids as shown in Figure 3. First E&X)$eriments indicate that the monomers
amorphous and mostly composed of carbon. It is y&it possible t distinguish between tf
agglomerates and the individual aggregates; neslegh one can say that the fractal theory seei
hold because soot has the same geometry patteardless of the size of the aggregate/agglome
The fractal nature of the goegates is also examined by SEM: a series of imag®btained fo
subsequent 3D geometry reconstruction from a 10@ftion of the soot sample around a tilt ¢
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within the microscope as shown in Figure 4. Theggancopy results will allow us to test the fractal
morphology assumption, to validate the literatuakigs extracted for the fractal parameters.

B o ]
- .
Qd‘é w P } &
0 ¥ _50°

+50° +30° -30°

Figure 4: Left: Examples of SEM images of a soot aggregataimed with tilt angles from -50° to +50° for 3D
image reconstruction. Right: Reconstructed 3D gedomecale bar corresponds to 100 nm.

3. Computation of radiative properties of soot by DDA for radiative transfer
simulations

DDA is chosen for the simulation of the radiativegerties of soot aggregates between differentrothe
methods such as the Mie solution, RDG-FA, the Trixanethod, GMM and FDTD due to its
applicability to complex shaped aggregates notiéichto spherical monomers and due to its advantage
in terms of discretization effort, computation tinaad solution techniques as mentioned in our
previous study [7]. The target is discretized iatsufficient number of dipoles satisfying Draine’s
condition [m|B < 1 where m is the complex optical index of theenal, k is the wavenumber aidds

the characteristic size of the discretization Bjch dipole is polarized under the effect of tradant

light and contributes to material-light interactidapending on its composition and its position. The
whole set of oscillating dipole moments are detaadiunder two orthogonal polarization directions,
from which the radiative properties of the set iplotes are deduced [9].

Our research being focused on radiation in combasthambers at high temperatures of 1500K-
2000K, the relevant radiation spectrum ranges ffoBum to 2Q@um. In this wavelength range, the
applicability limits of the DDA are checked and ttagliation spectra of soot are obtained as shown in
Figure 5. The calculations are performed by ouhdnse developed DDA code which has been
validated with analytical results and tested ferapplicability to highly absorbing materials [The
aggregate fractal parameters and the number amdafizhe monomers are fixed to the values
presented in Section 2. It is worth to mention hbaeelow sensitivity of soot radiative propertiesthe
fractal parameters around the selected valuesmasmitrated in our previous research [10].

35 i x 10 i _I]D i 0.6~
n,

5 Koot 0.5
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Figure 5: (a) One dipole per monomer satisfies the Drairadition based on the complex optical index of
soot reproduced from Dalzell and Sarofim (1969)ptSabsorption (b), scattering (c) cross-sectiond an

asymmetry parameter (d) computed by DDA over theelgagth range of interest.
4. Effect of soot on radiation heat transfer in combugon chambers and future works

In order to account for the non-gray propertiegases and for the scattering from soot, the discret
ordinate method is selected for the resolutiorhefradiative transfer equation. One advantagesis th
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the problem of selection of the proper quadrataredirectional integration/averaging has already
been treated in the course of the development oD@A code [6]. Soot spectra obtained by DDA
will be coupled to combustion gas properties otgdifrom the HITRAN/HITEMP database through
Equation (2) written for extinction, whef&y.s + soq Stands for the extinction coefficient of the mpetu
{gas + soot} and the notatiodandn refer respectively to individual extinction crossetions (of one
gas molecule or one soot aggregate) and to volummbar densities (of gas molecules or soot
aggregates):

B {gas + soot} - ngangas+ Nsoot Csnoot (2)

Results of radiative transfer simulations will beegented between two infinite walls at controlled

temperatures in order to quantify the effect ofatént soot concentrations on heat flux rates. Low
heat flux sensitivity to soot morphology is expekctt high concentrations. On the other hand, better
sampling techniques regarding partial combustioadnto be developed for more representative
morphology analysis of soot in flames.
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Superlattice structures are increasingly commosaid state applications, primarily to manipulate
electrical properties of the device in order toimpte performance; specific applications of these
devices include quantum-well laser diodes. As ttadesof the system approaches the phonon mean
free path and then the phonon wavelength, Fouli@nsfails to correctly predict the heat flux and
more sophisticated treatments are required. Madeddinamics (MD) can be used to compute the
thermal properties as emergent behaviors. While tbguires considerably more computing power
than solving the well known diffusion equation foacro-scale heat transfer, modern computers have
brought such calculations within reach for manycpical problems using standard hardware.

The Green-Kubo method has previously been sucdbssipplied to molecular dynamics results to
compute the thermal conductivity of layered struesy and the size effects that complicate its use
have been considered carefully[1, 2]. Quantum aestasers (QCLs) have been developed since the
mid-1990’s and are constructed from superlattidesemiconductors which produce inter-sub band
energy levels enabling a single electron to emiltiple photons as it passes through the deviceunde
bias [3]. Like many such devices, increased tentpeza impede their operation, so some care has
been taken to characterize their thermal propefdies]. These efforts have yet been unable tactire
measure QCL thermal conductivity, but rather haewetbped it through fitting finite element
simulations to steady-state power and temperateasnorements.

This work is divided into both modeling and expesital validation: the former accomplished
through a combination of MD simulation and claskiteethods, and the latter being implemented
using Photothermal Radiometry (PTR) [6-9]. The datians provide effective bulk properties of a
single period within the superlattice. These rasalte compared with the PTR measurements of
similarly structured samples. Note that the amgbt@and phase response of the superlattice sample
were both measured, but that the phase is typicadise sensitive to thermophysical parameters, and
less sensitive to fluctuations in laser power.
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The results of the MD simulations are summarizetboe By comparison between experimer
values for bulk materials and simulation resuhe ratios between the two can be used to projex
QCL simulation results to an expected range of valaes

Material Thermal Conductivity (k) [W/m.K] Ratio (Sim/Exp
Simulation Experiment
Al'l nAs (Experinent) 10. 29 3.5 2.94
Gl nAs ( Experi nent) 6. 27 5 1.25
QCL (Simul ation) 5. 37
QCL (Expected) 1.8-4.3

The MD simulations are used to compute the thewuoabuctivity through the Gre-Kubo method,
which takes the equilibrium heat flux variats within the system as input. The system heat ilt
autocorrelated and then integrated; the resulbtefgration is proportional to the thermal condutti
through the volume and temperature squared, asasdie Boltzman constant. Figure 1 show:
QCL system heat flux autocorrelation and its ingé
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Figure 1:Heat flux autocorrelation function (left) and itstégral (right) as well as a line of best fit faret QCL
diode simulation results.
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The PTR raw data and preliminary fitting resulte ahown in Figure 2. While the effects of the
superlattice film on the InP substrate can clebdyseen in the higher frequencies, it is obserkiat t
the line of best fit cannot duplicate the systepfiase response at these frequencies adequatily. It
possible that more complex physics are involved tih@ simple 1D heat transfer models used as the
functional family for the fitting process.

From the MD simulations the predicted thermal diffity of the QCL strucure should 1.77x1G7%s,
while the fitting for the PTR results measures akie of 4.70x10 m?/s: a value nearly four times
lower. Further work must be done to reconcile thicrepancy; this will likely include additional
simulations and PTR frequency scans with new fits.
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One expects a natural transition from the nead radiative regime to the conductive regime of |
transfer to occur when the separation distance dmtwtwo solid materials tends to zero. -
occurrence of such a transition regime in heatsfearbetween two solid materials has raised a
fundamenrdll question regarding the possibility of inducedpbn transfer through the separation

between the two solids when the latter become wedrge to each other. We investigate here
possibility of such a mechanism mediated througlsit@a force. Thelatter depends on the g
distance between the two solids, hence a localgshahthis distance due to any displacement of
side of the gap in the acoustic wave causes arsgymessure on the opposite side of the gap.
work will be a generalizatn of the approach recently presented by Budae\Bagg [1].

A sketch of the situation under study is illustchte Fig. 1. For simplicity sake, and without losf
generality, we will consider two identical nonmatiogsotropic sen-infinite parallel jlane solid
materials both in a thermal equilibrium state dfedént temperatures, to be put in vacuum

separated by a gap distariteThe situation corresponds to a point junctiorecaélsrough which th
transport of phonons may be regarded as tic [2]. Each solid material is characterized by:&in
atomic massn, (i) a hamornic spring constak and (iii) a dielectric permittivity functiois. The two
solids are then connected through a Casimir spoupling constankeasimir that we assume to |
harmonic.

m kCasr'W\r'r k

- o

Figure 1: Schematic illustration of the studied structure.

We carry out the calculation of the phonon heat tlensity through thenterface using the Scatteri
Boundary Method (SBM) [2] within a Landauer fornsati. The phononic thermal conducta
through the interface takes the express

O'F,h(-r):%_[[]g I3p (ajz!a)(zj'klk(:asimir) CPh(w’ T) tw (:D

0
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wherew. =2,/k/m is the cutoff frequency in the phonon dispersietation inside each material,

Con (@ T)=ha[dn(w,T)/0T| represents the specific heat per normal phonon emaahd
n (@, T) =[exp(hay K, T) - 1 " is the Planck equilibrium phonon distribution fuioat

The key step for the calculation af,, (T)is the determination of the frequency dependent
transmission function for the 3D configuration vvea:onsideringsD(af,aé,k,kcasimi,). The latter

gathers all the information about the nature ofthenon transport mechanisms.

Taking into consideration the isotropy of the sofitedia and the conservation of the parallel
momentum relative to the phonon dispersion withimframe work of Debye theory [3], one can show
that the transmission function can be written as:

%
T3D (af’a‘é'k’ kCasimir) =%TJ‘ TlD(a)Z - quz!a)é' k’ IQ?asimir) qdq

0

(k- &asimir)z'oglﬂw[ﬂ]z]
(2

kéasimirwé kéasimir %
2
w
—k(k-2 asimir /|
( ¢ )[ “ ]

B 47Tk2 ( k_ 2I%asimir)2 Vz

whereq is the parallel wavevector and v represents anageesound velocity that takes into account
both longitudinal and transverse phonon polarizesti®/v’ =1/’ + 2/ .

Inserting Eq. (1) into Eq. (2), allows obtainingettinal expression of the phononic thermal
conductance,, (T) through the point junction between two identicahsenfinite parallel plane solid
materials coupled via Casimir force.

We shall now compare this thermal conductanceed\tbar Field Radiative Heat Transfer (NFRHT)
coefficienth (d, T)due to the contribution of the dominant evanesceaves of the P-polarized
electromagnetic (EM) field within the framework aflocal dielectric permittivity function theory. In
the small gap distance regime, one can assumddtieostatic limit to be valid. In this case, itaasy

to show thath, (d,T) takes a closed-form expression using the polyltgarfunction of second order

[4]:

In Eq. (3), g,=772K2T/3h is the quantum of thermal conductancle",(u)zuzéJ/(é—l)2 and

r (u) =[ £(u)-1]/[ £(u) +1] represents the Fresnel reflection coefficienthef P-polarized evanescent

EM wave in the electrostatic limit [4].

According to Lifshitz theory of Casimir force [Ghe latter is temperature dependent in generalasput
affirmed by many studies, the explicit thermal egations, even in the high temperature regime, ean b
neglected when the separation distadcés very small in comparison to the dominant thdrma
wavelength A, = ac/K,T[6]. Since this is thel-regime, we are interested to in our study, we will

therefore use the zero-temperature expression sifrteforce in the small separation regime [5]. The
Casimir string coupling constant is defined asahsolute value of the derivative of Casimir foreg p
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unit area with respect to the separation distahoeultiplied by the lattice constant squared. Thwues,
get:

)

- | aFCa:;imir| - Shaz H 2(:
kCaSimir(d) | ad | az 8772d4"; LIS:I:rP (Iy)] dy (4)

wherelLi; is the polylogarithm function of order &, denotes the lattice constant ands Fresnel
reflection coefficient of the P-polarized EM wawve the electrostatic limit as introduced in the
expression ofh, (d, T)in Eq. (3). One should note here that there siilan implicit temperature

dependence of Casimir force through

In order to illustrate our results, we consider tdielectrics (Si and SiC) as typical materials. In
addition, SiC is assumed to be in a cubic crysgaiiphic configuration (3C-SiC). We will consider
the temperature to range from 300 K to 800 K. Jlilvd assumed to be highly n-doped with a doping
level ranging from 1cm® to 1G'cm®. The dielectric permittivity function of Si is dabed using
Drude model while the one of SiC is modeled usingehtz-Drude Model [7]:

We neglect the temperature dependence of the sidratring coupling constahkt In addition, we can
easily check that the equivalent Debye-like temijprees @ =7w./K, ) corresponding to the phonon

cutoff frequencies of the two materials (~176 K 8)J and (~168 K for 3C-SiC) are almost half the
room temperature (300 K). Hence, one can even gintpe expression af,,,(T) by using the high

temperature expression 6f, (w,T) = K,where all phonon modes will be in a highly thermpaikcited

state. In this case, it is straightforward to shbat the final expression af,, (d,T) is given by:

K
Keak  K° 21, (g ZKArCCOt{x/ZK—J (3
8V’ (2c-1)°| 3 Vok-1
+Iog[(K—1)2]—2(logK+])

0,,(d,T) =

K=k (d,T) = Ko (0 T)/ K

Figures 2(a) and 2(b) illustrate a comparison betwéhe calculateds,,(d,T)and the NFRHT
coefficient h (d,T) through a point junction between two identicaltispic semi-infinite parallel
plane solid media of highly n-doped Si and 3C-S&Spectively. For both materials,, (d, T) turns

out to be less sensitive to temperatlirand doping concentratidd for the values considered above
for highly n-doped Si. On the other hahdd, T) appears to be sensitive to batlandN for Si and to

T for SiC. In addition, in the case of highly n-ddp8i, the sensitivity df (d, T)to T seems to be
dependent oiN. Thus only the room temperatueg, (d, T = 300K) is represented for both dielectrics.
Starting from Eq. (5), one can straightforwardlyeck that the ratio between the maximum and the
saturation values af,, (d, T = 300K) is exactlyR = oh> /o33 =10/7.

From figures 2, we see that the NFRHT dominates tnaasfer in the case of 3C-SiC. In the case of
highly n-doped Si, we found that the interplay betw induced phonon transfer through Casimir force
(IPTTCF) and NFRHT depends primarily on the dodiengel N then secondarily of. IPTTCF starts

to dominate the heat transfer as the doping levelebses. One can see that f5r10%cmi®, the
transition distance lies around the lattice corts&nroom temperature and tends to decrease by
increasing the ambient temperature.
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Figure 2: Behavior ofay, (d,T)and h,(d, T) as functions of the gap distance through a paintfion
between two identical isotropic semi-infinite paehplane solid media of 3C-SiC (a) and highly mpdd Si (b).

It is true that because the transition distancevbethich IPTTCF dominates NFRHT is of the order
or smaller than the lattice constant, the domairvalfdity of our herein presented approach is
undoubtedly questionable and might even be invalidome extent. It however and certainly shows
that IPTTCF constitutes a plausible and a verym@kemechanism to capture and describe the natural
transition from the radiative regime to the condiectegime of heat transfer. The IPTTCF mechanism
would even be enhanced if combined to other patkeatiupling mechanisms such as piezoelectricity
that was recently analyzed by Prunnila and Melf@lis

For gap distances of the same order or less thatattice constanfd<a), the microscopic variation
and the discrete character of the matter will taker the continuum approximation. Thus, one expects
other additional effects to come into play and ete@be more dominant, mainly nonlocal effects of
the dielectric permittivity function [9] as well agiantum electronic coupling effects [10].
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The determination of the thermal properties of subron scale material is a major challenge for the
electronics industry. This type of investigationqui#es scanning probe microscopes, but the
temperature calibration is still difficult.

To overcome this problem, we propose to couplentaéresistive probe with a photoluminescent
microcrystal of Cg;SrysF2: = (4%)-Yb3+ (6%). Such crystal has luminescence lines sensitive
temperature. The application of the technique obriéscence Intensity Ratio (FIR) allows us to
estimate the microcrystal temperature , then cpamrding to the apex probe temperature. According
to the Boltzmann'’s law, the temperature can besasskby the following formulation on line intensity
ratio at wave-lenghts mentionned [1,2].

AE

549

AE!
22 — ¢ eTHr )
Isq0

whereC andC'’ are experimentals constantss andAE’, the energetics gaps between emitting levels,
k is the Boltzmann’s constanf,and T’ correspond to temperatuig,is intensity line at wave-length
n=522, 540 and 549 nm.

The temperature sensor used is a thermoresistisbepiVollaston whose sensing element is
platinum/rhodium heat probe commonly used in scannprobe microscopy (SThM). A few
micrometers microcrystal was glued at its apex [3].

The experimental set-up is described in figure he Tirst stage is to compare the temperature
estimated from the luminescence and the thermddeptemperature. For this, an electrical current is
used to induce a Joule effect heating allowing raukaneous heating of the probe and of the
microcrystal. To start Anti-Stokes mechanism, theratristal is irradiated with a laser at 652 nme W
collect the luminescence photon by an optic filbea spectrometer.
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Figure 5: Experimental set-up.

This technique aims to be able to determine systanperature that obtained by circuit compon
and that obtained from FIR technique. In this waowrk, suggest a thermbehavior study of crysti
depending on crystal size. This has an impact eneimperature measurements. We present a ph
model for explaining such behavi
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Skutterudites are interesting materials for thedewtdc applications. Filling foreign atoms intoeth
cagelike structure of a CoSbkutterudite is beneficial to its thermoelectriomerties [1-2]. Here we
demonstrate the generation and detection of coha@ustic phonons in thin films of CosSand
partially filled Yb,.Co,Sh;, skutterudites [3] using high-speed asynchronotis@psampling (ASOPS)
[4]. ASOPS is a femtosecond pump-probe technigaé uses two mode-locked Ti:sapphire lasers
operating at ~800 MHz. A stabilized frequency dffpetween the two lasers allows the ASOPS
system to scan the ultrafast dynamic processesneasurement of ~1.25 ns.

We have measured the as-deposited and annealed €o8ples using a high-speed ASOPS system.
By using a pulse echo method, the longitudinal doeslocities of as-deposited and annealed GoSb
films are calculated to be (3.39+0.61)0° m/s and (4.05+0.1X)10° m/s, respectively. In order to
study the effect of foreign atoms on the heat frartsin CoSh skutterudite, YRCo,Shy, thin films
with different filling fraction x were also invegtted. For the film samples annealed at 30x%€0,
0.08, 0.27, 0.68; the film samples annealed at %X = 0, 0.05, 0.12, 0.57. The confinement of
acoustical vibrations in the YBo,Shy, films is observed [5]. As the Yb filling increasebe high
frequency phonon modes are strongly suppressedhvgives evidence of the scattering of acoustic
phonons in the presence of Yb atoms.

The relationship between the discrete frequengyarfd the film thickness d is,f= mv/2d. The
frequency of the peaks,fs plotted over the mode number m in Fig. 1(apvitled the thicknesses d,
the longitudinal sound velocitias of the YQRCo,Shy; films are obtained and plotted in Fig. 1(b), in
which the value ob of as-deposited and annealed Cofilns are also given for comparison. As the
filling fraction x increases, an obvious decreafe i3 observed. Since the structure of skutterudstes
well maintained after filling, the decreaseva primarily ascribed to the presence of Yb atoms.
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Figure 1: (a) The frequency of the phonons is plotted ovetemumber m. The linear fits for @w,Sh, film

samples are also shown. (b) Plot of calculated soeslocity over Yb content x. The sound velocifféSoSh

films are depicted for comparison. Filled and omgmbols represent Ybo,Sh, film samples annealed at 300
°C and 500 °C, respectively.

The lattice thermal conductivity can be estimated using the kinetic theory of gi8les
k= (1/3) G, vl T, (1)

where G is the heat capacity per unit volumg, the mean sound velocity of the phononghe
phonon relaxation time. It has been experimendiyfirmed that the of CoSh decreases upon Yb
filling [1]. In the low filling fraction region (0%<0.3), an increase afis observed, and the reduction
of x is mainly achieved by the strong scattering offtlgh frequency acoustic phonons. At high filling
fractions ofx = 0.57 and 0.68, the significant dropwftogether with the strong scattering of acoustic
phonons, could lead to a further reductiorkoBut even ak = 0.68,v is still comparable to that of
polycrystalline CoS§ so despite the drop ofat high filling fractions, the dominant mechanisnthe
reduction ofk after filling is the stronger scattering of acéagthonons, which shortens the phonon
relaxation time.
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The Boltzmann Transport Equation (BTE) can be usedescribe phonon transport in solids and
predict the resulting conductive heat transfer [tkl.complete resolution can be cumbersome without
simplifying approximations. The commonly-used si#glode relaxation time approximation [2] leads
to the following expression of the BTE:

0_
ﬂ +v[If = (ﬂj = —f f (t) (1)
ot Ot Jecant T

where f is the phonons distribution function; is the heat carrier group velocityfois the

distribution function at equilibrium and is the relaxation time of the considered phonon wuall
scattering phenomena.Even with this strong assoempdind assuming the phonon relaxation times are
known, the BTE resolution is still very resourcaisoming since it requires the integration over all
frequencies and wave vectors for all brancheseptionons dispersion relations. Besides, phonons of
different branches can interact through phonon-phosacattering events and a treatment of all
branches leads to a system of coupled BTEs. Theagip accounting for full dispersion has already
been implemented, and the BTE has been solved figradit deterministic methods such as the
Discrete Ordinates Method (DOM) considered in tiwsrk or by Monte Carlo (MC) statistical
sampling [3][4][5]. A similar equation known as tBgjuation of Phonon Radiative Transfer (EPRT)
where f is replaced by the phonon equivalent of the specifintensity

l,,(8,¢.%x,1t)= ZV(H,qo) f, (X )hawD(w) wherev(d,¢) is the velocity in the directio(@, ¢) in
P
a solid angle unit an®(w) is the density of states, has been also used [6][7

In order to avoid the numerical cost of such a detep treatment, some authors proposed
simplifications that model separately differentiogs of the considered medium (surface boundaries
and sources, volume far from these surfaces) atiogufor the particular features of heat transfer i
each region [8][9]. Here we also consider the BadliDiffusive Equations (BDE), which are obtained
by splitting the distribution function into a nockl component due to the surface boundaries and the
heat sources and a local one due to the heat eyelaside the volume, assumed to be more isotropic.
One can derive a set of two equations which involve temperatures: a temperature assigned to the
nonlocal ballistic heat flux and another one assigto a more diffusive heat flux.
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We present in particular a comparative study ohdy-state conductive heat transfer in a -
dimensional thin film (Figure 1.a) computed by #@RT solved by the DOM, and the BCFor the
gray case (single mean free path (MFP)), the cosmarmphasizes some weaknesses of the
which fails in predicting accurately the temperatumear the boundaries while succeedin
predicting the effective thermal conductivity dexivfrom he mean slope of the temperature pr¢
(Figure 1.b).
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Figure 1: (a) A onedimensional thin film of thicknesL with walls at given temperatureT0 and
T, =T,+AT >T,. (b) Normalied temperature profiles in the slab for various yrisIFPs. The lowes

temperature isT, =295 K and a temperature differencAT =10 K is set between the two boundari
Profiles are obtained by solving the EPRT byDOM (lines) and the BDE (plain circle

We then extend the EPRT beyond the simple grawtsitu Instead of the familiar description
phonon populations through the dispersion relationthe («w,k) space, we use a description

function of the distribution of MFPs. The aim ofdlsection is to determine a MFP distribution f
can lead to accurate results while avoiding the plerity induced by a more complete treatrr
involving dispersion relations. Such line of resdaha been highlighted in particular by [10] a
[11].

Finally, the boundaries effects are investigatedte simple gray medium case by solving the E
with DOM. Specular and diffusive reflections at theundaries are considered and different effec
the carriers MFP are observed. An analytical expoessf the resulting effective MFP, equivalent
the MFP with black walls which leads to the samertal conductivity, is analyzed and compared
simple Matthiessen’s rule.
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