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Tutorials’ program
Tuesday, October 14th, 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
9h – 12h15
Coffee break:
10h30-11h

COND- 1
9h – 12h15
Coffee break:
10h30-11h

RAD- 2
13h30 – 16h45
Coffee break:
15h-15h30

COND- 2
13h30 – 16h45
Coffee break:
15h-15h30

VIII

Jean-Jacques GREFFET, Institut d’Optique, France
Nanoscale thermal radiation: theory and modelling

Jennifer R. LUKES, University of Pennsylvania, USA
Nanoscale thermal conduction: theory and modelling

Achim KITTEL, Universität Oldenburg, Germany
Nanoscale thermal radiation: experimental methods

Olivier BOURGEOIS, Institut Néel, France
Nanoscale thermal conduction: experimental methods
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Conference program
Wednesday, October 15th, 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.
HOHENSEE and G.-M. CHOI

Session 1

Atomic simulations

Coupling of heat and spin currents at the
nanoscale in cuprates and metallic multilayers

Chair: D. Lacroix
9h40-10h00
10h00-10h20
10h20-10h40

Session 2

S. XIONG, Y.A. KOSEVICH, K.
SÄÄKILAHTI, Y. NI and
S. VOLZ
E. LAMPIN, P.L. PALLA,
P.-A. FRANCIOSO and F.
CLERI
M.B. ZANJANI, A.R.
DAVOYAN, A.M.
MAHMOUD, N. ENGHETA
and J.R. LUKES

Low thermal conductivity design with Si twinning
superlattice nanowires
Approach-to-equilibrium molecular dynamics:
thermal properties from temperature transient
One-way phonon transport in modulated acoustic
waveguides

Subwavelength radiation (1)

Chair: Y. Ezzahri
11h10-11h30
11h30-11h50
11h50-12h10
12h10-12h30

Session 3

P. BEN-ABDALLAH, S.-A.
BIEHS, K. JOULAIN and
C. HENKEL
A. DIDARI and M.P.
MENGÜÇ
E. BLANDRE, P.-O.
CHAPUIS, M. FRANCOEUR
and R. VAILLON
D. COSTANTINI, G.
BRUCOLI, H. BENISTY, F.
MARQUIER and J.-J.
GREFFET

Superdiffusive heat transport in nanoparticle
networks
Near-field thermal emission between corrugated
surfaces separated by nano-gaps
Near-field thermal radiation absorbed by a flat
film in the vicinity of a semi-infinite emitter
Thermal emission control with surface waves

Experimental heat conduction (1)

Chair: S. Reparaz
14h00-14h20

14h20-14h40

M. MASSOUD, P.-O.
CHAPUIS, B. CANUT , P.
NEWBY, L.G. FRECHETTE
and J.-M. BLUET
N. ZEN, T.A. PUURTINEN,
T.J. ISOTALO, S.
CHAUDHURI and

Thermal conductivity of porous silicon irradiated
with swift heavy ions
Coherent control of thermal conduction in twodimensional phononic crystals
IX
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14h40-15h00

15h00-15h20

I.J. MAASILTA
V. LACATENA, M. HARAS, J.F. ROBILLARD, S.
MONFRAY, T. SKOTNICKI,
E. DUBOIS
C.M. QUINTERO, O.
KRAIEVA, E.M.
HERNÁNDEZ, F.
CARCENAC, D. LAGRANGE,
G. MOLNÁR and
C. BERGAUD

Reduction of thermal conductivity in silicon thin
film membranes by phononic engineering
Joule heated micro- and nanowires: A versatile
platform for high spatial and temporal resolution
thermal investigations

Poster session 1
15h20-16h30
J. DREVILLON, E. NEFZAOUI, Y.
EZZAHRI and K. JOULAIN
T.T.T. NGHIEM, J. SAINT-MARTIN and
P. DOLLFUS
S. GLUCHKO, J. ORDONEZ-MIRANDA,
L. TRANCHANT, Thomas ANTONI and
S. VOLZ
J. RANDRIANALISOA and N.
TRANNOY
W. JABER, C. CHEVALIER and P.-O.
CHAPUIS
N. ZHONG, S.J. GARCIA and S. VAN
DER ZWAAG
H.-C. ZHANG, Y. ZHAO, H.-P. TAN, Y. LI
and H.-Y. YU
A. ASSY, S. LEFEVRE, P.-O. CHAPUIS
and S. GOMES
G. KANE, N. VAST and J. SJAKSTE
M. AMARA and A. VOSSIER
Y. LIU, D. TAINOFF, M. BOUKHARI, J.
RICHARD, A. BARSKI, P. BAYLEGUILLEMAUD, E. HADJI, A. ASSY, S.
GOMES and O. BOURGEOIS
C.D.S. BRITES, P.P. LIMA, N.J.O. SILVA,
A. MILAN, V.S. AMARAL, F. PALACIO
and L.D. CARLOS
S. PARK
A. BONTEMPI, L. THIERY,
D. TEYSSIEUX and P. VAIRAC
A. SACI, J.-L. BATTAGLIA, A. KUSIAK,
R. FALLICA and M. LONGO
X

Radiative thermal rectification using superconducting
materials
Analysis of thermal conductance of ballistic point
contacts using Boltzmann Transport Equation
Focusing of surface phonon-polaritons along conical and
wedge polar structures
Modeling of heat transfer through gas molecules
between a hot SThM probe and a cold sample surface
Thermal conductances across silicon sub-mean free
path sources measured with a four-probe electrical
setup
Thermal conductivity restoration by disulfide-based
self-healing polymers
Optimizing design of a thermal protection structure
with PCs meta-material considering micro-scale transfer
characteristics
Heat transfer through the water meniscus at the tipsample contact investigated with Scanning Thermal
Microscopy
Thermoelectric
coefficients:
coupling
transport
equations and ab initio calculation
Thermal and electrical behavior of photon enhanced
thermionic conversion
Thermal properties of a nanostructured Ge:Mn thin film
for thermoelectricity
Heat
transfer
studies
nanothermometers

using

Ln3+

based

Xe-Arc Flash Lamp Crystallization of Amorphous Silicon
Thin-Film for Large-Scale Displays
2/3 SThM: improvements and perspectives
SThM measurement of thermal conductivity of a
nanowire Sb2Te3 crystal along the c-axis
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Session 4

Numerical heat transfer

Chair: E. Lampin
16h50-17h10
17h10-17h30
17h30-17h50
17h50-18h10

T. PUURTINEN and
I. MAASILTA
S. MERABIA, J. LOMBARD,
T. BIBEN and A. ALKURDI
K. TERMENTZIDIS and
D. LACROIX
J. AL-OTAIBI and
G.P. SRIVASTAVA

Calculation of ballistic and Casimir-limit phonon
thermal conduction in thin membranes
Interfacial heat transport in liquids and
nanobubble dynamics
Thermal conductivity of modulated nanowires
A comparative study of the anharmonicity of the
transverse optical phonons in lead chalcogenides

XI
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Thursday, October 16th, 2014
Institut des Sciences Cognitives
Session 5

Constrictions and wires

Chair: S. Merabia
9h00-9h20
9h20-9h40
9h40-10h00

V. JEAN, K. TERMENTZIDIS,
S. FUMERON and
D. LACROIX
X. ZIANNI
J. LARROQUE, J. SAINTMARTIN and P. DOLLFUS

Phonon transport through constrictions in silicon
nanowires
Heat transfer in modulated nanowires with
variable thickness
Phonon transport in silicon nanowires using a
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
Morphologies and radiative properties of soot particles
and F. ENGUEHARD
issued from partial oxidation combustions
K. HORNE, M. CHIRTOC, N. HORNY,
Thermal properties of chirped superlattice structures
T. ANTONI, S. VOLZ and H. BAN
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,
Coherent acoustic phonons in thin films of CoSb3 and
O. RISTOW, D. BRICK, M. SCHUBERT, partially filled YbxCo4Sb12 skutterudites
M. ALBRECHT and T. DEKORSY
E. NEFZAOUI & P.-O. 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

11h50-12h10

XII

O. LOZAN, M. PERRIN, B.
EA-KIM, J.-M. RAMPNOUX,
S. DILHAIRE and
P. LALANNE
S. LANG, M. TSCHIKIN, S-A.
BIEHS, P. BEN-ABDALLAH,
A. PETROV and M. EICH

Ultrafast plasmon heat
subwavelength structures
Large
penetration
metamaterials

depth

transfer

in

around

hyperbolic
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12h10-12h30

J. 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
14h20-14h40

K. KLOPPSTECH, N. KÖNNE
and A. KITTEL
J. BODZENTA, M. CHIRTOC
and J. JUSZCZYK

14h40-15h00

J. JARAMILLO-FERNANDEZ,
W. KASSEM,
V. REMONDIERE,
U. SOUPREMANIEN,
E. OLLIER and S. VOLZ

Session 8

Phonon simulations

In-situ calibration of thermal sensors to measure
absolute heat fluxes at the nano-scale
Quantitative thermal conductivity measurement
by
scanning
thermal
microscopy
with
nanofabricated thermal probes - methodology
and modeling
Strain based thermal conductivity tuning on
nanoscale polycrystalline AlN thin-films

Chair: K. Termentzidis
15h00-15h20

J.-P. CROCOMBETTE

15h20-15h40

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

Keynote lecture 2

High temperature increase of the thermal
conductivity of zirconium carbide explained by
atomistic simulations
Phonon interference and thermal conductance
reduction in atomic-scale metamaterials

Shanhui FAN, Stanford University, USA

Chair: R. Vaillon
16h10-16h50

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

Session 9

Energy conversion

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

Chair: P. Ben Abdallah
16h50-17h10

G. BENENTI and G. CASATI

17h10-17h30

I. LATELLA, A. PÉREZMADRID, L.C. LAPAS and
J.M. RUBI
R. COUDERC, M. LEMITI
and M. AMARA
M. SHIMIZU, A. KOHIYAMA,
F. IGUCHI and H. YUGAMI

17h30-17h50
17h50-18h10

Increasing thermoelectric efficiency: dynamical
models unveil microscopic mechanisms
Near-field thermodynamics and nanoscale energy
harvesting
Detailed analysis of heat generation in silicon
solar cells
Low concentration solar-thermophotovoltaic
system using high-temperature photonics

XIII
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Friday, October 17th, 2014
Institut des Sciences Cognitives
Session 10

Subwavelength radiation (2)

Chair: M. Rubi
9h00-9h20

9h20-9h40
9h40-10h00
10h00-10h20
10h20-10h40

J. MAYO, Y. TSURIMAKI, P.-O.
CHAPUIS, J. OKAJIMA, A.
KOMIYA, S. MARUYAMA, A.
NARAYANASWAMY and
R. VAILLON
R. INCARDONE, T. EMIG and M.
KRÜGER
L. TRANCHANT, J. ORDONEZMIRANDA, T. ANTONI and S.
VOLZ
V. KUBYTSKYI, S.-A. BIEHS and
P. BEN-ABDALLAH
K. JOULAIN, Y. EZZAHRI and J.
DREVILLON

Keynote lecture 3

Thermal radiation between two plates:
regime map and analytical expressions for
the net radiative heat flux from far to near
field
Heat
transfer
between
anisotropic
nanoparticles: enhancement and switching
Far field diffraction of thermal Surface
Phonon-Polaritons at the tip of micrometric
glass tubes
Radiative thermal memory
Super Planckian thermal
subwavelength disks

emission

of

Bernd GOTSMANN, IBM Research Zürich, Switzerland

Chair: P.-O. Chapuis
11h10-11h50

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

Session 11

Phonons and vibrations

Nanoscale thermometry
thermal microscopy

using

scanning

Chair: S. Volz
13h20-13h40
13h40-14h00

14h00-14h20
14h20-14h40

14h40-15h00

XIV

N. KÖNNE, K. KLOPPSTECH and
A. KITTEL
E. CHÁVEZ-ÁNGEL, R.A.
ZARATE, D. NAVARRO-URRIOS,
J. GOMIS-BRESCO, F. ALZINA
and C.M. SOTOMAYOR TORRES
S. PAILHES, V.M. GIORDANO, H.
EUCHNER, R. DEBORD and M.
DE BOISSIEU
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
B. GRACZYKOWSKI, J. GOMISBRESCO, F. ALZINA, J.S.
REPARAZ, A. SHCHEPETOV, M.
PRUNNILA, J. AHOPELTO and
C.M. SOTOMAYOR TORRES

Experimental investigation of single molecule
thermal conductance
Modification of Akhieser mechanism in Si
nanoresonators
The low thermal conductivity of clathrates: a
phononic filter effect
Acoustic frequency combs as a tool for
measuring adhesion in a thin two-layer
system

Acoustic phonon dispersion in ultra-thin Si
membranes under static stress field
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A. Thermal transport by magnons and magnon-phonon coupling in cuprates.
Heat conduction in materials is typically mediated by thermal excitations of atomic vibrations (i.e.,
phonons) or thermal excitations of the electronic degrees of freedom (i.e., electrons and holes in
metals and heavily doped semiconductors). However, any thermal excitation of the solid can, in
principle, contribute significantly to the thermal conductivity if the heat capacity of the excitations is
significant, the excitations have a large dispersion so that the group velocity is large, and the lifetime
of the excitation is not too short. These conditions are met by the spin degrees of freedom in lowdimensional quantum magnets based on copper oxides (Sr14Cu24O41, La2CuO4, CaCu2O3). These
materials have a seemingly unique large magnon thermal conductivity: near room temperature, the
magnon thermal conductivities are comparable to the electronic thermal conductivities of metal alloys.
A fundamental question then arises: what limits the magnon lifetimes and therefore limits the magnon
thermal conductivity? We are studying the exchange of thermal energy between the magnon and
phonon systems as a first step toward answering that question.
We use time-domain thermoreflectance (TDTR) to measure the thermal conductivity of cuprate single
crystals as a function of the frequency of thermal fields. In a time-domain thermoreflectance
measurement, a laser oscillator, typically a Ti :sapphire laser operating at a 80 MHz repetition rate, is
used as a pulsed source of light. The output is split into a pump and probe beam. The pump beam is
modulated at a high frequency (between 1 and 20 MHz). The time of arrival of the pump and probe
beams at the sample surface is adjusted by a mechanical delay line with picosecond precision. The
time dependence of the temperature excursions induced by the pump provide useful information about
heat capacity of thin metal films and thermal conductance of interfaces; most of the sensitivity to the
thermal conductivity of the sample, however, comes from the out-of-phase response at the modulation
frequency of the pump beam [1]. Approximately 10 years ago, we introduced an exact analytical
solution of the diffusion equation (the analytical solution must be evaluated numerically) for an
arbitrary multilayer sample in a TDTR experiment [2]. Anisotropy of high symmetry (a thermal
conductivity tensor with only in-plane and through plane values) is easily incorporated. These
solutions have been recently extended to the situation where the pump and probe beams are displaced
with respect to each other [3].
Phenomenological two-temperature models have been used for many years to describe the coupled
transport of heat by electrons and phonons in metals. Here, we apply this concept to the coupled
transport of heat by magnons and phonons in the spin ladder compound Ca9La5Cu24O41. In this type of
two-temperature modeling, the magnons and phonons separately satisfy a diffusion equation while the
two diffusion equations are coupled to each other through a coupling parameter that has units of a
thermal conductance per unit volume. Microscopically, the problem is, of course, much more
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complicated than this single parameter can capture. The single-parameter model will work best if the
magnon occupation numbers can be approximated by a single magnon temperature and the phonon
occupation by a single phonon temperature. We recently described how our conventional solution for
the heat diffusion equation in the TDTR geometry can be extended to multiple channels [4].
Because phonons can carry heat across the Al/sample interface but magnons cannot (there are no

Figure 1 : Model calculation of the amplitudes of the magnon and phonon temperature
oscillations near the surface of a Al/spin-ladder sample during a time-domain
thermoreflectance measurement with a pump modulation frequency of 10 MHz. Near
room temperature, 300 K, the region of non-equilibrium is much thinner than the thermal
penetration depth. At low temperatures, 120 K, the non-equilibrium region starts to
overlap with the thermal penetration depth.

magnon excitations in the Al film transducer), the Al/sample interface creates a strong nonequilibrium between the magnon and phonon temperatures [5]. This region of non-equilibrium
extends over a distance of nanoscale dimensions, approximately 50 nm at room temperature and 200
nm at 120 K, see Fig. 1. At low temperatures and high modulation frequencies, the region of nonequilibrium approaches the thermal penetration depth in the experiment and, as a consequence, the
apparent thermal conductivity is strongly suppressed. We use comparisons between measured
apparent thermal conductivity at different modulation frequencies and the predictions of the 2-channel
model [4] to determine the magnon-phonon coupling parameter g from 80 to 300 K. Near the peak in
the magnon thermal conductivity, g ≈1015 W m-3 K-1, approximately two orders of magnitude smaller
than a typical electron-phonon coupling parameter in a metal [5].

B. Generation of spin currents by heat currents in metallic multilayers
Cross terms of the electrical and thermal transport coefficients, i.e., the Seebeck and Peltier
coefficients, have been a topic of sustained study for many decades because of their applications in
sensing, solid-state cooling, and energy harvesting. There are also cross-terms that involve spin and
charge currents, and cross terms for spin and heat currents. The cross-terms of spin and charge are a
key topic of study in the field of spintronics. The cross-terms of spin and heat are a core consideration
of an emerging discipline, often referred to as spin caloritronics.
One of the most challenging problems in the field of spin caloritronics is the detection of the spin
density or spin current in a sample: the experimentalist does not have the meter for spin that is
analogous to of a thermometer or a voltmeter. Often, measurements are based on the so-called inverse
spin Hall effect (ISHE) where a spin current entering a normal (nonferromagnetic) metal with strong
4
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spin-orbit coupling generates an electric field that can be measured as a transverse voltage. The
voltages generated by the ISHE effect are extremely small and, controversially, a susceptibile to
systematic errors generated by conventional magneto-thermoelectric effects driven by heat currents
flowing through the electrical contact leads. We have taken an alternative approach for detecting spin
that also provides high time resolution: we detect the spin density in a normal metal using the
magneto-optic Kerr effect (MOKE). By performing MOKE measurements with a pump probe
apparatus, we can generate enormous heat currents (surpassing 100 GW m-2 K-1) on picosecond timescales and simultaneously detect spin accumulation with picosecond time resolution [6].
We are working to better constrain the calibration of the Kerr rotation as a function of spin
accumulation in Cu and Au. This is a challenging process because we do not have a calibrated source
of spin. Our initial experiments and analysis suggest that the Kerr rotation is determined by the
strength of the spin-orbit coupling in the conduction band and is approximately 5 times stronger in Au
than in Cu.
We study two types of samples that are shown schematically as Fig. 2. In the first type of sample, the
spin accumulation in the normal metal is detected by time-resolved MOKE (TR-MOKE). In the
second type of sample, the transfer of spin angular momentum (the so-called spin transfer torque) is
detected by the amplitude of the magnetic precession that is induced into a very thin (2 nm thick) inplane magnet made of CoFeB [6].

B=0.05 T

Figure 2: Schematic diagrams of the two types of samples used in the studies of thermally-driven
spin currents. The numbers in the sample descriptions are thicknesses in nm. The pump beam is
incident on the left and heat flows from left-to-right. (Top) Sample design for spin accumulation.
The spin density in the thick Cu layer is detected by the magneto-optic Kerr effect (MOKE).
(Bottom) Sample design for spin-transfer torque. The spin transfer torque is measured through
the amplitude of the magnetization precession of the CoFeB ferromagnetic layer, also detected
optically via MOKE.

We are working to constrain the many parameters in the models of heat transport, spin generation and
spin diffusion that we use to analyze the experiments. In the initial experiments, we have found that
the spin currents are predominately generated by the fast thermal demagnetization of the (Co,Pt)
ferromagnetic layer. Essentially, raising the temperature decreases the equilibrium magnetization and
the non-equilibrium between electrons and magnons transfer a fraction of the spin angular momentum
to the conduction electrons which then diffuse into the adjacent layers. A smaller amount of spin
current is generated by the spin-dependent Seebeck effect (SDSE) of the ferromagnetic layer. The
SDSE is due to the fact that the product of the Seebeck coefficients and conductivities of the up and
Keynote lecture 1

5

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

down spin sub-bands are not equal; therefore, a heat current passing through a ferromagnet produces a
spin accumulation near the surfaces or interfaces of the ferromagnetic layer that can diffuse into
adjacent layers [6].
We argue that the experimental design illustrated by Fig. 2 will provide a rich platform for studies of
the coupling of heat and spin in metallic multilayers. With some advances, we will soon have
calibrated sources of spin and calibrated detectors of spin, both with picosecond time resolution. This
platform can be used to quantitatively study thermal generation of spin currents by the spin-dependent
Seebeck effect and ultrafast demagnetization, as well as transport physics of spin such as the transport
and mixing of spin at interfaces.
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The use of nanophotonic structure opens significant new possibilities to control thermal radiation, both
in enabling new thermal physics effects, and in creating new application opportunities. In this talk, we
will review some of our recent efforts in nanophotonics-enabled thermal radiation control. In
particular, we will discuss the possibility of using non-reciprocal nanophotonic structures to
maximally violate detailed balance. We will also report some of our recent experimental efforts in the
successful demonstration of passive radiative cooling under direct sunlight.

1. Maximal violation of detailed balance in non-reciprocal nanophotonic structures
For thermal radiation, the principle of detailed balance leads to the general form of the Kirchhoff's law
which states that
e(ω ,θ , φ ) = α (ω ,θ , φ )

(1)

where e(ω ,θ ,φ ) is the directional spectral emissivity, α (ω, θ , φ ) is the directional spectral absorptivity,
Microscopically, Eq. 1 can be proven using the fluctuation-dissipation theorem, but only for emitters
consisting of materials satisfying Lorentz reciprocity [1]. It has been noted theoretically that nonreciprocal materials, such as magneto-optical materials, may not obey detailed balance [2] and hence
may not satisfy Eq. 1, without violating the second law of thermodynamics. However, there has not
been any direct experimental measurement or theoretical design of actual physical structures that
violate detailed balance.
In recent years, significant recent efforts have been devoted to the use of engineered photonic
structures, including photonic crystals, optical antennas, and meta-materials, for the control of thermal
radiation properties. Photonic structures can exhibit thermal radiation properties that are significantly
different from naturally occurring materials. Notable examples include the creation of thermal emitters
with narrow spectrum or enhanced coherence. All previous works on the thermal radiation properties
of photonic structures, however, consider only reciprocal materials. Here, using the formalism of
fluctuational electrodynamics, we present a direct numerical calculation of thermal emission from
non-reciprocal photonic structures, and introduce the theoretical conditions for such structures to
maximally violate detailed balance, i.e. to achieve a unity difference between directional spectral
emissivity and absorptivity [3].
Non-reciprocal photonic structures represent an important emerging direction for the control of
thermal radiation. From a fundamental point of view, significant numbers of theoretical approaches for
the calculations of far-field thermal radiation use the Kirchhoff's law of Eq. 1 by computing the
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absorption properties. Such an approach is no longer applicable for non-reciprocal thermal emitters,
and direct calculations using the formalism of fluctuational electrodynamics become essential. From a
practical point of view, creating non-reciprocal thermal emitters can have important implications for
the enhancement of the efficiency for solar cells [4] and thermophotovoltaic systems.

2. Experimental demonstration of daytime radiative cooling
Cooling is a significant end-use of energy globally and a major driver of peak electricity demand. Air
conditioning of buildings, for example, accounts for 15% of the primary energy used to generate
electricity in the United States. A passive cooling strategy that cools without any electricity input
could therefore have a significant impact on global energy consumption.
To achieve cooling one needs to be able to reach and maintain a temperature below the ambient air. At
night, passive cooling below ambient air temperature has been demonstrated using a technique known
as radiative cooling, where one uses a device exposed to the sky to radiatively emit heat to outer space
through a transparency window in the atmosphere between 8-13 µm [5][6]. Peak cooling demand
however occurs during the daytime. Daytime radiative cooling below ambient under direct sunlight
[7][8] was never achieved, because sky access during the day results in heating of the radiative cooler
by the sun.
Here, using a thermal nanophotonic approach [9], we introduce an integrated nanophotonic solar
reflector and thermal emitter that reflects 97% of incident sunlight while emitting strongly and
selectively in the atmospheric transparency window. When exposed to direct solar irradiance of
greater than 850 W/m2 on a rooftop, the nanophotonic radiative cooler achieves 4.9oC below ambient
air temperature, and has a cooling power of 40.1 W/m2 at ambient. These results demonstrate that a
tailored, nanophotonic approach can fundamentally enable new technological possibilities for energy
efficiency, and further indicate that the cold darkness of the universe can be used as a renewable
thermodynamic resource, even during the hottest hours of the day.
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Regions of increased heat generation, so-called hot spots, deteriorate the performance and reliability of
nanoelectronic devices [1], while experimental characterization is restricted by limited spatial
resolution in thermometry. Since local self-heating is of increasing importance for future devices,
where scaling, integration of novel materials and structures tend to impede heat conduction, new
methods and instrumentations are needed to study the coupling between thermal, electrical and
structural properties at the level of individual operating devices.

Figure 1: Scanning thermal microscopy for thermometry of nanoscale temperature distribution.
a) Schematic of the experiment including cantilevered SThM tip with integrated heater/sensor and active
nanowire (NW) device (InAs NW with Au contacts). b) Temperature distribution along the NW extracted from
SThM data. c) Reference measurement of the position dependent thermal resistance of the tip-sample contact Rts
using an idle sample at RT. d) Repeated measurement with self-heated NW showing an apparent increase of Rts
locally along the NW. e) Extracted temperature distribution map.

With decreasing size of microelectronic devices, the thermal hot spots can reach dimensions below
10 nm. On this length scales thermometry is not yet very advanced. Scanning Thermal Microscopy
(SThM) [2] appears to be an ideal method to address the challenge. By moving a sharp tip attached to
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a heater/sensor in contact with a device of interest, thermal signals relating to thermal conductance and
temperature distribution within a sample can be inferred.
Despite recent progress using the method [3-6], however, it remains a challenge to extract quantitative
data from measured SThM images on the nanoscale. One of the reasons for this is the fact that a large
thermal resistance separates the sample region to be measured from the integrated heater/sensor.
Sensor and sample do therefore not equilibrate. This poses several calibration challenges and
systematic errors to the SThM method. In this presentation the most important systematic errors of the
method are discussed and the efforts to eliminate them will be described. Application examples and
measurements on nanoscale test structures will be shown.
The large thermal resistance between the SThM sensor tip and the sample is expected to increase
strongly when scaling down to the nanoscale due to surface-to-volume scaling. Consider, for example,
the case of an anticipated lateral resolution of 10 nm at an accuracy of ∆Tsample = 1 K. The thermal
resistance of the contact between the contacting tip and the sample can then be dominated by the
interface thermal resistance and fall in the range of Rts = 107 – 109 K/W leading to a heat flux down to
1 nW. In contrast, the electrical leads leading to the temperature sensor within the cantilevered SThM
tip have a thermal resistance Rsensor of typically 2 to 4 orders of magnitude smaller, leading to
temperature rises in the sensor of ∆Tsensor < 1 mK. Furthermore, Rint varies strongly as a function of tip
position while scanning the sample surface, i.e. Rts = Rts (x,y). Reasons for this are topography artifacts
caused by a varying contact diameter between the tip and the sample surface, the variation of the local
sample thermal conductivity, and the load force between tip and sample [7]. For the quantitative
interpretation of the data therefore Rts(x,y), ∆Tsensor(x,y) and Rsensor have to be determined
experimentally.
A two-pass method [5] serves to quantify these signals: The thermal resistance of the tip-sample
contact Rts (consisting mainly of Rint, and the spreading resistances in tip and sample) are determined
from the heat flux from the sensor into the sample Qts and the temperature difference between the
sensor temperature Tsensor and room temperature RT:
=
−
/
(1)
For a sample at temperature RT+∆Tsample we therefore have:
′ =
−
+∆
/
(2)
The measurement process is illustrated in Fig. 1. First, we measure Rts for each image pixel using an
unheated sample (Rts(x,y)) from the measured tip-sample heat flux using Eq. (1), as shown in Fig. 1c.
Next, the measurement is repeated on the self-heated sample to determine a modified heat flux Qts’
from which the sample temperature ∆T can be determined using Eq. (2). Self heating effects can be
directly seen plotting the apparent thermal resistance
=
−
/ , see Fig. 1d. The
resulting ∆T is plotted in Fig. 1b and e.
Recently, the proposed method was developed further to reach a resolution of ∆Tsample in the mK-range
at a lateral resolution of below 10 nm [8]. The talk will describe examples of isolated hot-spots in
nanowire devices (Figure 2) and metal interconnect structures. Furthermore, effects of Peltier and
Joule heating will be discussed.
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Figure 2: Hot spots in self-heated single vanadium oxide nanowire as measured using SThM.
The image shows a topography image of a vanadium oxide nanowire contacted using gold electrodes and
supported by a silicon nitride substrate. The image size is 2.5 x 0.8 µm2 and the height of the electrodes is
40 nm. The color scale denotes the thermal signal overlayed onto the topography. A local hotspot at the
center of the wire is caused by local defects, two more hot spots can be observed at the contacts to the metal
electrodes.

.
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Due to the unique thermal transport properties, heterostructure superlattices (SLs) have been widely
studied [1-6]. It has been shown that, for a crystalline superlattice (SL), the cross-plane thermal
conductivity can be one order of magnitude smaller than the one of bulk materials with a single
component, and in some cases, even smaller than the value of a random alloy with the same elements
due to the numerous interface scatterings. On the other hand, geometric SLs composed by the same
component have rarely been studied [7]. Nevertheless, this kind of SLs has also vital importance as
they involve nontrivial consequences on the electronic and phonon properties of the materials.
Twinning, also known as the planar stacking fault, is one of the most important defects in materials
science and it is most often related to mechanical properties [8,9]. The impact of twinning on
mechanical [8,9], electronic [10,11], as well as on optical properties [11] has been widely studied
while this impact remains unexplored concerning thermal properties. In this work, we perform
nonequilibrium molecular dynamics (NEMD) simulations to calculate the thermal conductivity of the
Si NWs with twinning SLs. We show that the thermal conductivity of the twinning SL NWs can be
remarkably reduced up to 65% at room temperature compared to their pristine counterpart. A
minimum thermal conductivity due to a geometric effect is found with a specific SL period.
Fig. 1 shows the structure of the twinning SL with the diameter D and period Lp. For a close-packing
structure, there are usually three types of stacking sites with exactly the same configuration but having
a shift one from another in a specific direction. The three stacking sites are usually labelled as A, B,
and C. The B and C sites can be obtained from the A site with a shift of (1+3n)bv and (2+3n)bv,
respectively, where bv is the minimum shift length and n is an integer. For Si having a FCC diamond
lattice, bv =2.217 Å. The wire firstly grows according to a FCC structure, i.e., following a stacking in
the ABCABC sequence with the same shift given by the vector bv between the neighboring layers.
After several ABC periods, a stacking fault is introduced, instead of stacking a A layer, a B layer is
directly introduced after the C layer with a shift of bv in the opposite direction. After the stacking fault,
the stacking sequence changes to CBACBA, which is purely symmetrical to the previous stacking. As
a result, a kink is formed with the angle θ= 109.4°.
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Figure 1: Schematic of a twinning superlattice structure with period length Lp .

All the thermal conductivities are carried out with NEMD simulations using the LAMMPS software
so
[12]. The commonly adopted Stillinger-Weber
Stillinger Weber potential [13,14] is used to describe the interactions
between atoms. With the help of the Nosé-Hoover
Nosé Hoover thermostat [15,16], several layers of atoms at the
two ends of wire were coupled to a hot and a cold baths
baths having temperatures T0+∆/2 and T0-∆/2,
respectively. 5 ns runs were performed to reach non-equilibrium
non equilibrium steady state, and another 5 ns to
timeaverage the local temperature T and the microscopic heat flux j along the z direction. All the NWs
thermal conductivities were measured with
w the same kink leg length of 34.5 nm.

Figure 2: Thermal conductivity variation with period length for different diameters at 300 K.

Fig. 2 represents the thermal conductivities of the Si twinning SL NWs as a function of period Lp and
specified diameter D at 300 K. The thermal conductivities of pristine NWs with 2, 6, and 10 nm in
diameter are 18.4±0.15, 21±0.1, and 24.5±0.11 W/mK. As it is shown in Fig. 2, the thermal
conductivities of the NWs with twinning SL are largely decreased compared to the one of the pristine
NW. When the diameter remains invariant, the increase in SL period leads the thermal conductivity to
decrease first, reaching a minimum value, and then progressively to an increase. The minimum
16
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thermal conductivity observed here seems similar to that observed in the hetereostructure SLs [1-4].
However, the mechanism taking place in the twinning SL NWs completely differs from the one
observed in heterostructure SL. In this latter situation, the minimum thermal conductivity is attributed
to the interplay between the phonon coherence and the interface scattering. For the twinning SL NWs,
thermal conductivity change is fully ascribed to the twinning induced zigzag geometric effect. This
can be confirmed from the diameter dependent SL periods corresponding to the minimum thermal
conductivities. The period length of minimal thermal conductivity increases with the diameter. It has
been experimentally demonstrated that the twinning boundary has almost no effect on the electrical
conductivity in both bulk [17] and nanowire [18] cases. As a result, the thermoelectric figure of merit
of Si can be notably enhanced with the twinning SL NWs thanks to the significant thermal
conductivity decrease.
To explain the large thermal conductivity decrease as well as the minimal thermal conductivities, we
checked the normal mode polarization vectors [19]. We found that at the period with minimum
thermal conductivity, the polarization vectors are randomly distributed on an arc, showing no favored
polarization direction. Consequently, the decrease of thermal conductivity originates from the loss of
preferential atom polarization orientation and the minimal thermal conductivity arises due to the
disappearance of favored atom polarization directions.
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Molecular dynamics (MD) is a statistical mechanics computational approach that provides the
opportunity to access basics phenomena involved in the heat transfer at the nanoscale. MD is generally
used either to extract bulk conductivities from the heat current fluctuations during a NVE simulation
(Green-Kubo or EMD approach [1]), or bulk conductivities and interface resistances from the
temperature profile once the stationary regime between a hot and a cold reservoir is reached (direct
method or NEMD [2]). We have developed an alternative framework of MD simulations for the study
of thermal conductivities and interface resistances. The method, called approach-to-equilibrium MD
(AEMD), relies on i) the creation of a transient heat current and the extraction of the transient decay
time and ii) an original exploitation of the decay time to obtain bulk conductivities and/or interface
resistances in a range of configuration from bulks to interfaces, nanostructures and constrictions,
therefore extending the use of transients to the determination of thermal properties.
AEMD starts with the equilibration of the system in NVT under two temperature constraints to obtain
a box like temperature profile (Fig. 1).

Figure 1: Temperature profiles at the initial state (red) and during approach-to-equilibrium (green and blue).

The system is afterwards let free to approach equilibrium during a transient of typically a few
hundreds of picoseconds. The temperature decay during the transient is monitored, it is exponential
(Fig. 2), while the temperature profile (Fig. 1) is sinusoidal. These forms are also the solutions of the
1D heat equation solution [3] although a length dependent conductivity has to be introduced.
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Figure 2: Temperature difference between initial blocks as a function of time.

The length dependent thermal conductivity is given in Fig. 3 for a range of good to poor conductors is
given in Fig. 3. Although systems with size over the micrometers were studied thanks to the efficiency
of the method, the convergence is not reached for silicon. A Matthiessen rule is used to extrapolate to
infinite length.

Figure 3: Bulk conductivities as a function of length[3].

The method has also been applied to interfaces such as crystalline silicon (cSi) / amorphous silica
(aSiO2), a more challenging system because of the contrast between bulk conductivities. The total
resistance is given in Fig. 4. Several calculations are combined to extract the interface resistance from
the intercept at origin of the linear evolution at larger aSiO2 thickness. The interface resistance is low
but for advanced technologies using an ultra-thin buried oxide (20nm), it will contribute significantly
to the total resistance on the heat path from active layer to back-side [4].
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Figure 4: Total resistance of a cSi/aSiO2 system. The crystalline thickness is fixed at 152 nm, the amorphous
thickness is varied in x axis.
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Introduction
Pathbreaking theoretical and experimental advances in one-dimensional nonlinear lattices [1] and
asymmetrically mass-loaded nanotubes [2] have led to a surge in interest in thermal rectification in the
last decade [3]. Thermal rectification, in which the heat current flowing through a system under the
same thermal bias is different in forward and backward directions, opens up new possibilities for
controlling heat transport in materials and enables a critical 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 transport (b)
of individual phonons as opposed to the entire
phonon spectrum. In one-way phonon isolation, an
individual phonon mode incident on a system from Figure 1: Principle of one-way phonon isolation.
one direction is transmitted while the same phonon (a) Phonon mode incident on waveguide from
incident on the system from the opposite direction is right is transmitted; (b) phonon mode incident
blocked. In the example given in Fig. 1, components from left is blocked
to the right of the waveguide are isolated from the rightward traveling mode, enabling one-way
transport of the mode in the leftward direction only. Such isolation would be of interest for the
interconnects in MEMS acoustic wave signal processing devices, in which the waveguide in Fig. 1
represents the transmission line used to guide waves between transmitter and receiver modules [5].
Additionally, it may be useful in low temperature heat transfer applications, where the phonon energy
density is close to Planckian with a well defined peak that could potentially be targeted to control a
significant portion of the heat flow.
Previous studies have demonstrated acoustic rectification in systems with nonlinearity and structural
asymmetry [6-7]. An analogous isolation mechanism employing a combination of nonlinearity and
structural asymmetry has also been achieved in optical systems [8-9]. The low efficiency of frequency
conversion in the above acoustic systems leads to low transmission properties, pointing to the need for
different approaches to isolation. Here we pursue a conceptually different approach for efficient
phonon isolation that works for linear, structurally symmetric systems [10]. The main idea of the
approach is to use spatio-temporal modulations of waveguide properties to break the symmetry of
wave propagation in forward and backward directions. This approach was first proposed by Yu and
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Fan [11-12]
12] for optical waveguides; here we apply it to acoustic waveguides in the long-wavelength
long
(continuum) limit.

Approach
To do this, we study shear horizontal wave propagation in a two dimensional plate acoustic waveguide
with free boundaries. The governing equation for the SH waves is [13]

ρ

∂2 u
∂2 u
∂2 u
,
=
c
+
c
44
44
∂t 2
∂x2
∂y2

(1)

where ρ is density, c44 is a component of the elastic stiffness
stiffness tensor for a cubic crystal, and u is out-ofplane displacement. To achieve symmetry breaking, the density in the lower half of the waveguide is
modulated using a simple harmonic form:

ρ = ρo + δ ρ cos(Ωt − Kx) .

(1)

Here Ω is the frequency at which the density within the domain
domain is modulated and K is the modulation
wavenumber describing the spatial density variation along the wave propagation direction.

Results
Numerical simulations using the finite element method indicate that one-way
one way phonon transport is
achieved via spatio-temporal
temporal modulation of density [10]. Figure 2(a) shows the out-of-plane
out
material
displacements generated by a lowest order symmetric shear horizontal mode (“mode 1”) incident on
the modulation domain from the right; Fig. 2(b) shows the corresponding displacements
displacements for mode 1
incident from the left. In Fig. 2(a), complete conversion of the incident mode to the lowest order
antisymmetric mode (“mode 2”) occurs within the domain. Mode 1 cannot transmit through the
domain and thus complete isolation of this mode
mode occurs. In the bottom figure, mode 1 transmits
(a)
(b)

Figure 2: Modal displacements
cements for (a) mode 1 incident from the left, and (b) mode 1 incident from
the right. In (a), mode 1 (blue) is not transmitted through the waveguide; it instead converts to
mode 2 (red).
unimpeded through the domain.

Discussion
Inspired by the work of Yu and Fan in optical waveguides [11-12],
[11 12], we have applied spatio-temporal
spatio
modulation to an acoustic waveguide to break time and spatial inversion
inversion symmetry [10]. Using
numerical simulations, we demonstrated that this approach led to one-way
one way transport via conversion of
the rightward traveling lowest order symmetric mode (mode 1) to the lowest order antisymmetric
mode (mode 2). In essence, the modulation
mod
triggers an inter-band
band transition between the two modes. It
is important to note that mode 2 still carries energy through the waveguide; to block all energy
transport the above isolator could be combined with a filter centered at the mode 2 frequency
frequen
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ω2=ω1+Ω. While only the shear horizontal modes have been treated in this work, the approach is
general and can be applied to other waveguide vibrational modes.
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It is commonly admitted since the pioneer work of Fourier that the heat conduction in a bulk solid is
governed by a normal diffusion process.

Figure 1: Two different transport regimes. (left) Classical diffusion of a ink drop in water. The ink particles
follow a random diffusion process governed by a Gaussian probability distribution function of step length.
(right) Anomalous (superdiffusive) spreading of a flu pendemic . Each contaminated personn can travel using
different types (walk, car, train, plane) of transport with different transport length. The pdf of step length is
algebraic.

Microscopically speaking heat carriers (phonons or electrons) move through the atomic lattice of
materials following a random walk [1] with a step length probability density which is a Gaussian and
the heat spatial spreading is limited both by the speed of heat carriers and by the distance covered by
them between two successive collision events. Numerous transport mechanisms, such as the pollution
dispersion (see Fig. 1-left), obey to diffusive processes. Nevertheless, many transport mechanisms are
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governed by long range interactions such as those that exist in generalized random walks (GRW),
processes where the step length probability is broadband. Lévy flights [2,3] are probably the most
famous class of GRW (see Fig. 1-right) in which extremely long jumps can occur as well as very short
ones.
In the present work it is shown (Fig. 2) that, if such media contain plasmonic structures networks such
as polar-nanoparticle networks, heat can be transported by collective interactions mechanims of nonradiative photons (near-field transport) though these networks. We consider a distribution of N
particles at temperature Ti separated by distances which are assumed to be small compared with the
thermal wavelengths λi =ch/(2πkBTi). Then, this network can be modeled by a set of pointlike dipoles
in mutual interaction. Given an initial temperature distribution, the time evolution of this field is
governed (at least at the beginning of relaxtion process) by the following balance energy equation
(1)

where ρi, Ci and Vi denote the density, the heat capacity and the volume of the ith particle while G is
the radiative thermal conductance between two point which can be calculated using the many-body
radiative heat transfer theory [4-6]. This equation is a discrete form of the Chapman-Kolmogorov
master equation
(2)
which formally describes a system which is driven by a Markov process (here d is the space dimension).

(a)

(b)

Figure 2: Thermal conductance at T=300 K between two particles in (a) a linear chain of spherical SiC
nanoparticles of radius R=100 nm for different separation distances h inside a (b) in a ramdom distribution of
SiC particles (R=100 nm). The statistical averaging is performed with m = 250 realizations generated with a
uniform random distribution probability. Particles are immerged in vacuum.

The temperature distribution T(r,t) evolves in the same way as a generalized random walk, where
jumps between positions r and r’ occur with a probability distribution function of step length
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proportional to p(r,r’)=(1/C∆V) τ(r)G(r-r’) at a rate τ-1(r)= (1/C∆V) ∫dr’G(r-r’). Thus, to analyze the
transport of heat throughout the network, we just have to investigate the probability distribution of step
lengths x that is to say the spatial evolution of the thermal conductance. These evolutions are plotted
in Fig. 2 both for 1D and 3D systems. In linear and ordered chains of particles (d=1) we see (Fig. 2-a),
at long separation distances, that the thermal conductance decays algebraically with the separation
distance following a power law scaling in G ~(∆x)-2 demonstrating so that the moments of the pdf
p(x) of higher order than two are divergent. This proves the superdiffusive behavior of these chains
for the transport of heat by near-field interaction. More generally a detailed analysis of heat transport
(Fig. 2-b)
shows that the transport of heat still is superdiffusive [6] in random networks of
nanoparticles.
The ability to design nanocomposite materials able to transport heat faster than with phonons in solids
opens new practical perspectives. In particular, it could find broad applications in the domain of
ultrafast thermal management.
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Abstract
Near-field thermal radiation with its many potential applications in different fields such as energy
harvesting to nano-scale manufacturing is proved to be crucial in the development of new devices.
Modeling near-field thermophotovoltaics via computational techniques has been one of the main
focuses of our research group. In the present study, we show that near-field thermal emission between
two parallel SiC thin films separated by a nano-gap can be modeled via Finite Difference Time
Domain Method (FDTD) when arbitrary-size nanoparticles are present on the surfaces of the emitting
film. We compare different nano-particle shapes and discuss the configurations which have the highest
impact on the enhancement of near-field thermal emission. Convolutional Perfectly Matched Layer
(CPML) is used as it was determined to be the optimum boundary condition that gives the most
accurate results compared against the other methodologies for similar configurations. We also discuss
possible future extensions of this work.

1. Introduction
TPV power generation has significant potential for applications in industrial energy conversion
technologies and in principle is similar to solar photovoltaic energy conversion. In [1] we have
presented the results obtained for the near-field thermal emission calculations via FDTD method for
perfectly flat, parallel, thin SiC films supporting surface phonon polaritons and separated by a nanogap. We showed a good agreement with analytical results presented in [2].
FDTD method is a computational approach with which modeling wave propagation in complex media,
such as time-varying, anisotropic, lossy, dispersive and non-linear media is possible. Having
computational techniques such as FDTD method when working with arbitrary sub-wavelength
structures is very helpful as analytical solutions may not be easily found for such geometries due to
geometry asperity.
We present here the results based on calculations of near-field thermal emission at nano-gaps formed
between two thin films made of SiC, with the presence of structured arbitrary-shaped, nano-particles
(gratings) on the surface of the emitting film. The additional results are currently obtained to show the
potential of the analysis to real-time applications. The extension of this idea is indeed applicable to
nano-scale detection and nano-manufacturing principles [3-7].

2. Methodology
The near-field thermal emission is studied through finite difference time domain method between two
thin SiC films by calculations of local density of electromagnetic state (LDOS), where one film has a
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temperature of 300 K (emitting layer) and a thickness of 100 nm and nano-structured gratings of
arbitrary (e.g. ellipses, triangles, squares, etc.) are placed upon it and have perfect contact with the
layer. The other film is kept at 0 K (non-emitting layer) and has a thickness of 10 nm and is separated
by a vacuum gap of 100 nm from the emitting layer. We have studied the effect of each of these nanostructured gratings on enhancement of LDOS profile (LDOS is calculated at ∆ = 50 nm above the
emitting layer) and evaluated the impact of the following factors on the results: I-the periodicity of the
nano-gratings, II-the shape of nano-gratings, III-the thickness of the nano-gratings. Figure 1 shows the
schematic of the geometries considered in this work.

Figure 1: a) Perfectly flat parallel films separated by nano-gap. (emitting layer at the bottom, non-emitting layer on top). b)
Rectangular nanoparticles placed on the emitting film separated by nano-gap from non-emitting film. c) Ellipsoidal
nanoparticles placed on the emitting film separated by nano-gap from non-emitting film. d) Triangular nanoparticles placed
on the emitting film separated by nano-gap from non-emitting film.

3. Results and Discussion
We have evaulated the impact of periodicity of elliptic nano-structred gratings placed on the emitting
layer, on LDOS profile at frequency range of 1.5 rad/s-1.9 rad/s. Width and height of the gratings is
shown in figure 1 with ‘w’ and ‘h’ respectively. The distance of nanoparticles is shown with ‘d’ and
NPs stands for Nanoparticles from hereon. We have compared the results of separate scenarios in
which 2, 5, 10, 15, 20 and 25 SiC elliptic nano-gratings were placed in perfect contact with emitting
layer. The size of ellipses was kept fixed and only the impact of periodicity of the gratings was
observed. Each ellipse has a w=600 nm and h=20 nm. Here, w is chosen based on the fact that the thin
layers are assumed to be very long in x-direction for these FDTD simulations. Hence, w has to be both
small compared to the total length of the layers and yet not too small to make the simulation
computationally too expensive. The distances between 2, 5, 10, 15, 20 and 25 nano-gratings were
14700, 3180, 1080, 480, 180, and 60 nm, respectively. We kept the x axis dimension and the width of
CPML layers fixed across all simulations. Within this constraint, we could only fit up to 25
nanoparticles across. This provided adequate scope for a robust proof of concept. The results shows
that enhancement factor of LDOS profile is directly proportional with the periodicity of nano-particles.
In the case of 25 NPs each 60 nm apart from each other, 71% enhancement was observed when
compared with the benchmark scenario in which no NPs were present at the surface of the emitting
layer. We can observe that when d < 0.005λ ( λ = 1059 nm) we obtain maximum enhancement of
LDOS. In the next step, we have compared the LDOS profile found for 10, the same size nanogratings placed on emitting layer with different shapes. Results for rectangles, ellipses and triangles
are compared with each other in Figure 3. It was observed that rectangles and ellipses show a similar
impact on enhancement of LDOS when compared against triangles, with a slightly higher
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enhancement observed for rectangles. Nano-gratings were set to have w=600 nm and h=20 nm and
d=1080 nm ( d = 0.1λ ).
Finally, we tested different width sizes (600-1500 nm) for 10 elliptic nano-gratings with h=20 nm and
d=1080 nm. The results were monitored to observe if the increase in the width of the elliptic nanogratings has any impact on the LDOS value. The results showed a negligible change in LDOS profile.
Figure 6 depicts the results found for this study.
LDOS Increasement vs. Different Shapes of Nanoparticles
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Figure 3: Enhacement of LDOS (over no-particle
different shapes of nano-gratings.

We have also studied the effect of different shapes of nanoparticles in near-field heat flux. Figure 4
depicts the result found for this study. Rectangle nano-particles show the greatest impact on
enhancement of near-filed heat flux when placed on emitting layer and compared against elliptic and
triangle nanoparticles. In Figure 5 we have compared the results of near-field flux found at 300, 600
and 1000 K when 25 elliptic NPs were placed on top of emitting layer against the benchmark results in
which there were no NPs present. The results are normalized to the peak value of the benchmark
scenario. Enhancement of near-field flux at different temperatures due to the presence of the NPs can
be clearly seen.
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4. Concluding Remarks
Near-field thermal radiation has broad range of applications in areas including nanothermophotovoltaics. Having a computational technique such as FDTD that can model complex
electromagnetic geometries, in dispersive, anisotropic mediums where geometry complications may
not allow analytical solutions can be promising for both current and future research. We have
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developed a new FDTD method to model arbitrary shape nanoparticles and have evaluated their
impact on LDOS profile. The results show an increase in the magnitude of LDOS with an increase in
the periodicity of the nano-gratings, when the distance between the gratings is much smaller than the
wavelength of interest. We evaluated the impact of arbitrary shape nano-gratings and observed that
rectangles showed the greatest impact on enhancement of LDOS and heat flux value when compared
against ellipses and triangles of the same sizes. Enhancement of near-field flux at different
temperatures due to the presence of the elliptic NPs could be clearly seen when compared against the
scenario in which no NPs were present. It was also observed that an increase in the width of elliptical
SiC nano-particles did not make any distinguishable change in the LDOS value. While in this work we
have focused on gratings of the same shape, future work would involve arbitrary combinations of
nano-particle shapes.
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It is now well established that thermal radiation
radia
is different from far-field
field Planck’s radiation when
distances are comparable to, or smaller than, Wien’s wavelength (λW=10 µm
m at room temperature).
Near-field
field heat transfer between a semi-infinite
semi
emitter and a non-emitting
emitting flat film of finite thickness
thickne
is considered in this study. Amongst other works, near-field
near field radiative heat transfer between thin films
was already investigated (e.g. in [1,2]), showing that the film sizes can modify the spectral distribution
of the radiative heat flux around the resonances.
resonances. The case of the radiative heat flux between a semisemi
infinite and a coated metallic material was investigated in [3], where it was shown that the coupling of
surface plasmons in the film can enhance the heat transfer between the two bodies. Here, a specific
s
objective is to investigate the spatial distribution of the radiative heat flux absorbed in the film as a
function of its thickness and the distance between the emitter and the film. For materials supporting
surface phonon-polaritons,
polaritons, the resonance frequencies and their impact on the absorption of radiative
heat flux in the film are examined in detail. An analysis of the conditions leading to interferences
inside the film is performed in order to determine the impact on the absorbed flux, which also depends
on possible interference effects in the gap.

(a)

(b)

Figure 1: (a) Schematic representation of the considered configuration, which is known to involve radiative heat
transfer due to evanescent waves. (b) The purple arrows represent
r
the multi-reflections
reflections inside the vacuum gap,
while the green ones represent the multi-reflections
multi
inside the film. kz and kρ are the components of the
wavevector respectively perpendicular and parallel to the interface.

The configuration under consideration is depicted in Figure 1(a): medium 1 is semi-infinite,
semi
while
medium 3 has a finite thickness t. The two bodies are made of the same material and are separated by
a vacuum gap of length d that can be smaller than the dominant wavelength of thermal radiation. By
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using the fluctuational electrodynamics theory involving dyadic Green’s functions, the propagative
and evanescent components of the radiative heat flux at the entrance of the film (z=0) are respectively
given by [2]:
!,
4%²

=0 =
=0 =

>

!,
%²

#

#

<

' () *() +
=

B

:; ,

' () *() 5?/@A 78/
<

0

/

, − -./, 0

0 /

1, − -23 - 4

0

-, − ./, 23 5/678/ 9 -²

9

+

:; ,

0

0

@A ./, @A 23
0

0

-, − ./, 23 5/678/ 9 -²

(1)

(2)

where ω is the angular frequency, c is the speed of light in vacuum, Θ(ω,Temit) is the mean energy of a
γ
Planck oscillator, r21 is the Fresnel’s reflection coefficient at the interface 21 where γ stands for the s
γ
or p-polarizations, and R3 is the reflection coefficient of the film. To take into account all

“directions”, an integral is performed over the component of the wavevector which is parallel to the
interface kρ, which runs also for values larger than ω/c (evanescent case). The bold terms are the

(

)

transmission factors Te kρ , ω [4,5]. To separate the contributions of the wave modes (propagative,
evanescent) in the various parts of the system, the radiative heat flux is divided into three components:
-

-

for 0 ≤ k ρ <

ω

, the waves are propagative in the emitter, the vacuum gap and the film (fullyc
propagative modes),
ω
nω
for ≤ k ρ <
, where n is the real part of the complex refractive index of the material, the
c
c
waves are propagative in the emitter, evanescent in the vacuum gap as a result of total internal
reflection, and propagative in the film (frustrated or propagative–evanescent modes),

ω

≤ k ρ < ∞ , the waves are evanescent in the emitter, the vacuum gap and the film (fullyc
evanescent or surface modes).
By depicting the variations of the transmission factor Te in the (kρ,ω) plane, a spectral and directional
analysis of the propagative, frustrated and purely-evanescent modes can be made, as a function of the
film thickness t and the vacuum gap size d. This gives in particular the conditions for the existence of
various resonances due to surface phonon-polaritons and for interferences in the vacuum gap and
possibly in the film. Figure 2 shows that when the film is thin enough, the coupling of surface waves
existing at the two interfaces of the film and the resonance of the surface wave at the interface of the
semi-infinite emitter leads to the apparition of a third resonance frequency. Equations describing the
behavior of those resonances are under consideration in our study.
-

for

When two bodies are separated by a distance that is comparable to or smaller than the dominant
wavelength of thermal radiation (i.e. λW) the propagative modes of the thermally emitted waves can
undergo interferences phenomena due to multiple reflections between the interfaces.
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Figure 2: p-polarized
polarized component of the transmission factor Te for SiC, as a function of kρ and ω, for
variou thicknesses t. The size of the vacuum gap is d=100 nm.
various

(b)

(a)

Figure 3: p-polarized
polarized component of the transmission factor Te for a constant dielectric function ε=20+i 0.01, as
a function of kρ and ω. The size of the vacuum gap is d=10 µm, and the thickness
thickness of the film is t=100
t=
nm for (a),
H<
and t=10 µm for (b). The equation of the blue line is ! = E(,, while the equation of the green line is ! = , with
n being the real part of the complex refractive index of the medium. The color map is in logarithmic
logarithmi scale.

Figure 3(a) shows that for d=10
10 µm, interferences appear for purely propagative modes ( k ρ <

ω

) in
c
the vacuum gap, leading to alternating minima and maxima. In Figure 3(b), as the film thickness t is
comparable to the wavelength inside the film

FG

, interferences can also occur in the film. This is the

case for the fully-propagative
propagative modes but interferences can also exist as well for the frustrated modes
( < C () D < ), since they are propagative inside the film (see Figure 3(b)). The amplitude of the

interferences associated to the frustrated modes is larger by several orders of magnitude than the
amplitude of the interferences developing for the fully-propagative
fully propagative modes. This should lead to a strong
modification of the spectrum of the thermal radiation.
We now divide the film into N control volumes in order to analyze the spatial distribution of the
absorbed radiative power. Radiation absorbed in each control volume is given by the difference
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between the radiative heat fluxes q at the boundaries of the control volume, which are computed by
using a scattering matrix approach [6]. Figure 4 depicts the spatial distribution of radiation absorbed in
the film qvol=dq/dz. In panel (a), the resonance frequencies corresponding to the surface phononpolaritons are clearly visible (around ω =1.8× 10KL rad.s-1). As those modes have a large kρ, they have
a low penetration depth, which explains why they decay quickly. When the depth z is larger than the
penetration depth of the fully evanescent modes, the absorption is dominated by the frustrated modes,
which have a larger penetration depth. Eventually, when the film is thin enough, the surface wave at
the opposite side of the film can be excited (see Figure 4(b)), leading to an increase of absorption near
that interface.

(

log(qvol ,ω ), qvol ,ω W m −3 rad s −1


)

−1




(a)

(b)

Figure 4: (a): Radiative power absorbed by the film as a function of the angular frequency ω and the depth
inside the cell z for the case d=100 nm and t= 10 µm. (b): Total radiative power absorbed by the film as a
function of the depth inside the film z, for the different modes for the case for d=100 nm and t= 100 nm.

As a conclusion, this study suggests that it is possible to tune the spectrum and the spatial distribution
of the radiation absorbed by a film by varying the vacuum gap size d and the film thickness t [7]. This
opens up new ways for controlling the location of absorption of near-field radiation within layered
structures. Next work could also investigate the impact of surface imperfections, especially with
regard to possible future experiments.

References
[1]
[2]
[3]
[4]
[5]
[6]
[7]

P. Ben-Abdallah, K. Joulain, J. Drevillon, and G. Domingues, J. Appl. Phys. 106, 044306, 2009.
M. Francoeur, M.P. Mengüç, and R. Vaillon, J. Phys. D: Appl. Phys. 43, 075501, 2010.
S.-A. Biehs, The European Phys. Journal B 58, 423-431, 2007.
P. Ben Abdallah and K. Joulain, Phys. Rev. B 82, 121419R, 2010.
S.-A. Biehs, E. Rousseau, and J.-J. Greffet, Phys. Rev. Lett. 105, 234301, 2010.
M. Francoeur, M.P. Mengüç, and R. Vaillon, J. Quant. Spectros. Radiat. Transfer 110, 2002-2018, 2009.
E. Blandre, P.-O. Chapuis, M. Francoeur, and R. Vaillon, arXiv, 2014.

Session 2 – Subwavelength radiation (1)

35

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

Thermal emission control with surface waves
Daniele COSTANTINI, Giovanni
iovanni BRUCOLI, Henri BENISTY, François MARQUIER, Jean-Jacques
Jean
GREFFET
Laboratoire C. Fabry, Institut d'Optique Graduate School, CNRS, 2 av Fresnel, 91127 Palaiseau,
France
*corresponding
ponding author: jean-jacques.greffet@institutoptique.fr
Keywords: thermal sources, coherent sources, metasurface, near-field
near
thermal radiation.

1. Introduction
IR sources are required for spectroscopic applications and gas sensing for instance. Several IR lasers
are available. Yet, there is no equivalent of a light emitting diode (LED) in the IR part of the spectrum.
Hence, incandescent emitters such as globars or hot membranes are still the most common sources
despite many drawbacks including a low efficiency,
efficiency, a low directivity and the impossibility of fast
modulation. In this paper, we will introduce different strategies to overcome these limitations by
taking advantage of surface waves.

2. Controlling the spectrum and the directivity
There have been several
everal demonstrations on how to control the directivity and spectrum of thermal
sources [1,2]. Owing to Kirchhoff's law, this amounts to control the directional and spectral
absorptivity. Hence, one can take advantage of absorption due to resonant excitation
excitati of surface waves.
In other words, designing a directional and spectrally selective emitter amounts to design an absorber.
While several structures have been published demonstrating either directional or spectral control of the
emission, controlling both simultaneously is more challenging. In this section, we will report recent
progress along this line by using a periodic array of metal-insulator-metal
metal
metal square on a metal substrate.
The key results are displayed in Figure 1 showing that it is possible to design
design a metasurface which is
both monochromatic and directional.

a)

b)

Figure 1: a) Metasurface made of a periodic array of patch metallic antennas, b) Measurement of the emissivity
as a function of angle and frequency. Data are
a taken at 600°C.
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3. Improving the efficiency
One of the major drawbacks of incandescent sources is their efficiency. A typical light bulb has a wallplug efficiency of 3% in terms of useful radiation emitted in the visible. When using a globar for gas
sensing, the spectral range of interest is very narrow thereby reducing the efficiency. Here, we report a
hot membrane design allowing to improve significantly the efficiency for gas sensing applications [3].
We first discuss the different energy leakage mechanisms and show how to deal with them. Our design
is based on a hot membrane encapsulated in vacuum to suppress convective losses. The membrane has
a frequency selective coating in order to reduce unwanted radiative losses. Finally, we reduce
significantly the conduction losses by heating only the central part of the membrane.

4. Introducing fast modulation for incandescent sources
As explained above, the key to a simple model of the control of radiation is the concept of emissivity.
As the emitted flux is proportional to the product of emissivity and specific intensity of a black body,
it is possible to modulate the flux by modulating the emissivity instead of modulating the temperature.
In other words, the idea is to have a source that can oscillate between a "mirror" state and "blackbody"
state depending on an applied voltage. Here, we will report the first proof of principle of this idea. The
device uses the recently introduced concept of modulation based on the epsilon near zero (ENZ) mode
[4]. The basic concept amounts to modulate the resonant absorption due to surface phonon polaritons.
This is achieved by modulating the electrical density in a quantum well as discussed in [4]. The first
electrical modulation of the emitted flux has been reported in ref. [5].

Figure 2: Proof of principle of the electrical modulation of emissivity using the ENZ effect.
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Silicon (Si) is the main material of electronics and is also a material of choice in the majority of microelectro-mechanical systems (MEMS) and sensors. It is well-known that its thermal conductivity is
close to 150 W.m-1.K-1, which is quite large for non-metallic solids. In devices, it is often important to
protect certain areas from heating and thermal insulators are required to do so. Among compatible
materials, amorphous silicon dioxide of thermal conductivity usually close to 1.2 W.m-1.K-1 and
silicon nitride can be used. Another choice is porous silicon (PSi). Obtained by electrochemical
etching of single crystal silicon wafers (c-Si), PSi can possess an effective thermal conductivity
measured to be 2 orders of magnitude lower than that of bulk c-Si [1, 2]. However, porosification has
also a detrimental effect on the mechanical properties of PSi [3] and there is a limit to the increasing of
porosity, so that there is also a limit to the reduction in thermal conductivity that can be achieved with
such process. One additional option is to partially oxidize PSi, which can further reduce the effective
thermal conductivity by a factor of two [4-5]. Note that increased oxidation causes swelling and stress
in the PSi layer, which is a drawback for many devices [6-7]. In addition, oxygen incorporation
reduces porosity, and it has been found that the thermal conductivity increases again beyond a given
limit [4-5]. As a consequence of these drawbacks, there is still plenty of room for the development of
alternative techniques which could lead to the smallest thermal conductivity of silicon-based materials.
Since disorder is commonly associated to localized vibration modes and low thermal conductivity [8],
amorphization of Si can provide an interesting way for this purpose. A reduction of two orders of
magnitude with values ranging between 1 and 5 W.m-1.K-1 [9] has been evidenced.
Here, we propose to irradiate PSi with heavy ions in order to amorphize the silicon skeleton of the
structure, therefore combining the advantages of porosification and amorphization. Previous works
showed that irradiation with 4MeV 4He+ ions can cause a densification of the porous layer [10] due to
nuclear collision. In order to avoid this process, swift heavy ion irradiation is selected. This irradiation,
in the electronic regime, causes the creation of a cylindrical damaged zone (“latent track”) along the
path of the ions [11-12]. Some of us have previously shown that irradiation with 238U ions at energy of
110 MeV leads to amorphization and to a reduction of the thermal conductivity [13]. In the present
study, we present results for various energies (29 and 91 MeV) and ion masses (238U and 129Xe) at
different ion fluences, ranging from 1012 to 3 1013 cm-2. The PSi porosity after chemical process and
before irradiation is measured optically to be 56%.
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100 nm

Figure 1: Algae-like
like structure of PSi after ion irradiation with
w a fluence of 3 1012 cm-2 at an energy of
29 MeV.
The structures of the samples are analyzed with scanning electron microscopy and various optical and
spectroscopic means. The amorphous fraction of the irradiated porous silicon (IPSi) is determined by
comparison of a sharp Raman peak associated to c-Si
c Si TO phonon mode and the extended bump
associated to amorphous silicon, as presented in [13]. Effective thermal conductivities of the samples
are deduced from two types of thermal measurements: (i) Raman thermometry,
thermometry, which builds on the
analysis of the temperature-dependent
dependent shift of the Raman TO peak when increasing the illuminating
power [13], and (ii) Scanning thermal microscopy (SThM) [14], which is based on the cooling of a
heated AFM probe when set in contact
ontact with the sample.
Our results [14] show that increasing the irradiation fluence allows decreasing the thermal
conductivity by a factor up to 4.4 in comparison to non-irradiated
non irradiated samples. The measurements also
demonstrate that the effective thermal conductivity
conductivity seems to depend linearly on the crystalline fraction
of the materials, as shown in Figure 2. For the largest fluence and the largest energy, it appears that the
thermal conductivity can be reduced to the level of silica, between 1 and 2 W.m-1.K-1. Since the
fluences and energies have not been fully optimized until now, the results suggest that decreasing the
thermal conductivity of a block of silicon to a value well below silica is possible.

Figure 2: Thermal conductivities of the IPSi samples
samples (Xe ions) as a function of their amorphous
fraction.
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Controlling thermal transport has become more relevant in recent years, in light of the strong push to
develop novel energy harvesting techniques based on thermoelectricity [1], the need to improve the
heat dissipation out of semiconductor devices, and the push to increase the sensitivity of bolometric
radiation detectors [2]. Traditionally, reduction of thermal conductivity is achieved by including
impurities, nanoparticles, voids, etc., which increase the scattering of the relevant energy carrying
quanta, electrons and phonons. As the phonon thermal transport component is present in all
conducting and insulating materials, a lot of research has lately focused on lowering phonon thermal
conductivity using nanoscale structuring of materials [3] to increase scattering. On the other hand,
much less attention has been given to controlling phonon thermal conductance by engineering the
phonon dispersion relations, in other words the phonon ‘band structure’.
Dispersion relations determine both the group velocity and the density of states, and therefore directly
influence thermal conduction. They are normally determined by the microscopic details of the atomic
bonding of the material in question. However, many of the phonons involved in thermal conduction
actually have wavelengths much larger than the atomic lattice constant [4]. Thus, if the material in
question is structured at some longer length scale, the phonons with wavelengths around that length
are predicted to undergo strong coherent Bragg scattering and interference. If this extra structuring is
periodic, the devices are called phononic crystals [5] in analogy with periodic structures for
electromagnetic wave engineering, photonic crystals. Due to this interference effect, the band structure
of the long wavelength phonons is strongly modified so that changes in both the density of states and
the group velocity, and thus in thermal conductance, are expected.
Here, we discuss this line of approach for controlling thermal conduction and present our recent
experimental and computational studies of thermal conductance in two-dimensional phononic crystals
(PnCs) at sub-Kelvin temperatures [6]. Figure 1 shows a scanning electron micrograph of a typical
sample, which consist of periodic array of holes etched into a 0.5 µm thick silicon nitride membrane.
We compared the results of two PnCs with different periodicities to an uncut membrane sample and
observed a strong reduction of thermal conductance up to a factor of 30, with a concurrent change in
the temperature dependence. This reduction and temperature dependence was in quantitative
agreement, for both periodicities, with our numerical computation based on finite element method
(FEM) simulations of the modified dispersion relations of the PnC devices. Note that the PnCs had the
same amount of material removed and hence should have the same reduction in thermal conductivity,
without any change in temperature dependence, if phonon interference were not present. As our
calculation of the thermal conduction was performed in the fully ballistic limit, where no scattering at
all is considered (this is expected in the sub-K range as all bulk scattering processes have been shown
to freeze out), we have to draw the conclusion that coherent, interference-based phonon band structure
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modification is behind the observations. In other words, there is clear evidence that phonon thermal
conduction can be controlled by using the wave-properties of phonons, instead of just the particle
(scattering) properties. This idea was also discussed theoretically recently in Ref. [7].

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

In future studies, we hope to answer several further questions related to coherent control of thermal
conduction, one of them being as simples as: what are the optimal parameters of a particular lattice
type (such as the square lattice) for minimization or maximization of thermal conductance? How will
the situation change, if the holes are arranged in a random fashion (Bloch’s theorem for band-structure
not satisfied)? We already know that, for example, maximizing the band gap will not lead to the
minimum thermal conductance.
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Abstract
Thermoelectric generation faces two major drawbacks: i) intrinsic efficiency limitation related to the
optimization of antagonist and intricate transport properties, ii) scarcity, cost and harmfulness of
state-of-the-art materials among which Sb, Te, Bi, Pb. Among promising materials, Si and Ge feature
competitive Seebeck coefficient and electrical properties and compatibility with conventional CMOS
fabrication processes. However, a significant thermal conductivity precludes the use of these materials
in thermoelectric generators. Suspended membranes with phononic engineered structures or
"thermocrystals" were recently proposed in order to hinder thermal transport in silicon. In this work,
we present a fabrication methodology for such artificial materials and the procedure of integration
onto micrometric thermal measurement platform is presented. The preliminary experimental results
are supported by thermal conductivity measurements and molecular dynamic simulations by GreenKubo methodology.

Introduction
The most commonly used thermoelectric materials are Bi2Te3 and Sb2Te3, but they present the
drawback of being harmful/toxic, expensive and not CMOS compatible. For these reasons attention is
rising toward materials such as Si, Ge or SiGe using nanostructuration methods to reduce their thermal
conductivity [1]. To realize a CMOS compatible device the substrate chosen is silicon-on-insulator
(SOI). Silicon is attractive for its high Seebeck coefficient (400 µV/K) [2] for highly doped p-Si and
doping dependent electrical conductivity. However, its elevated thermal conductivity (148 W/m/K)
makes it unsuitable to sustain the necessary heat gradients of a thermoelectric device. Nowadays, the
interest in thermoelectric devices based on silicon as the active medium is increasing due to the
innovative integration approaches to pattern phononic enclosures at very high resolution in nanodevices. Phononic crystals (PCs) are considered the elastic counterpart of photonic crystals [3]. The
periodically modulated elasticity of these structures induces a shrinking of the Brillouin zone which in
turn gives rise to additional phonon transport properties such as: i) Full or partial frequency band gaps
preventing transport in given frequency ranges., ii) artificially induced anisotropic transport, iii)
negative refraction, iv) reduction of the phonons group velocity. Considering the different order of
magnitudes of the phonon mean free path (peaked distribution at 250 nm for Si at 300 K) and electron
one (2-3 nm for Si at 300 K) it is possible to realize periodic nano-enclosures with tenths of
nanometers dimensionality, permitting to decouple the phonon and electron transport to hinder the first
one, without affecting the electrical conductivity. The phonons transport will be impeded by scattering
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processes and interference effects due to such periodic nanostructuration of the silicon thin film.
Recently it has been demonstrated [4][5][6] that it is possible to reduce the thermal conductivity by
periodic patterning of the silicon layer with the aim of adding a phononic effect to the 10-fold
reduction of the thermal conductivity due to the thin film contribution. The desired material has a low
lattice thermal conductivity (2 W/m/K) and preserves the electron conductivity solving the well know
“phonon glass – electron crystal” dilemma of thermoelectric materials optimization.

Phononic patterning and device nano-fabrication
The fabrication procedure counts several lithography steps to fully suspend the metrology platform.
The substrate used is SOI with a silicon thickness of 72 nm. Firstly the nano-enclosures are defined by
electron beam lithography and etched by RIE using “dots-on-the-fly” technique to speed up the
writing process and reaching a high pattern resolution [7]. Once the holey film has been defined, it is
possible to proceed with the cavities etching, the metallization of heater and sensor serpentines and the
final BOX and Si-substrate etching. The final device is shown in figure 1(a). The membranes realized
have dimension of 5-10 µm of width and 5-10-20-30 µm of length. A detail of the nano-inclusions
with a pitch of 60 nm is shown in figure 1(b). The metrology platform is composed by a central fully
suspended heater and two lateral partially suspended sensors. In such a way the heat produced by the
voltage applied to the heater will flow through the nanostructured membranes and the resistance
variation, temperature dependent, is measured at the sensor.

heater

sensors

Figure 1 : (a) SEM image of the suspended membranes 20 µm x 5 µm with Pt heater and sensors, (b) SEM
image details of the patterned holes on the suspended 60 nm thick membranes (pitch of 60 nm).

Preliminary thermal conductivity measurements have been performed to estimate the reduction of heat
transport due to the thin film and the added effect due to the phononic structure. The measurements are
conducted under vacuum (10-6 mTorr) to prevent convection mechanisms. Measurements show values
that are more than one order of magnitude lower than ones obtained for bulk silicon, demonstrating the
reduction of the heat transport due to surface patterning.

Molecular Dynamic simulations
The origins of the 100-fold reduction of thermal conductivity in nanophononic membranes is still a
debated question. Indeed, while conductivity reduction in thin films is a well know phenomena that
can be modeled, as an example, using the Fuchs-Sondheimer model, the further decrease of
conductivity is sometimes attributed to various effects such as: i) increased silica/silicon interface area,
ii) local disorder induced by the fabrication processes and finally iii) Bragg refraction of the phonons
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on the artificial lattice. To go further, a molecular dynamics simulation scheme using Green-Kubo
formalism is used. The Environment-Dependent Interatomic Potential has been chosen for its realistic
depiction of silicon thermal properties. The simulation of bulk silicon are well reproducing the
experimental results found by Glassbrenner et al. [8]. The same simulation scheme has been
reproduced for demonstrating the reduction of thermal conductivity in thin film and in periodic
cylindrical inclusion in bulky silicon. These simulations, despite known limitations, account for a
significant decrease of thermal conductivity well below what is expected by porous media models.

Conclusions
A robust process has been established to realize decananometer scale, periodic patterning of SOI
substrates and to integrate them onto suspended membranes for thermal conductivity metrology based
on electro-thermal generation and sensing. Preliminary thermal conductivity measurements by
suspended membranes 4-probes methodology have demonstrated the reduction of thermal conductivity
in the nanostructured thin film membranes. Molecular dynamics aims to justify the relevance of the
patterning methodology developed showing an efficient reduction of the thermal conductivity.
Perspectives envision to extend these characterizations to the Seebeck coefficients, and electrical
conductivity.
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The development of temperature sensors continues to attract much attention in various areas of science
and technology. Not only has the need for development of new thermal nano-characterization
techniques and use of novel nanomaterials dramatically increased, but also the demands for measuring
and controlling temperature with nanoscale spatial resolution and high temporal-resolution have
become a major concern for further developments.
Metallic nanowires have the potential for becoming submicrometer scale heating elements for
temperature control (via the Joule effect, Figure 1). Due to their small thermal mass, micro- and
nanowire based devices are particularly interesting with regards to their response times and also in
terms of confinement of the induced temperature changes. The thermal characterization of these
heating elements is a critical step; associated with appropriate electrical setups, luminescent probes
and/or with scanning probe microscopy techniques, these devices allow for high spatial and temporal
resolution investigation of thermal properties [1-5].

Figure 1: Metallic Au wires for localized heating purposes. a) Au micro/nano heaters embedded on a chip and
its electrical connector, b) Scanning Electron Microscopy image of 50 nm x 1 µm x 80 µm wire and c) finite
element simulation of the temperature distribution in this wire using COMSOL MULTIPHYSICS.
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Methods
Micro- and nanowires were fabricated (thickness:
(thickness: 50 nm, length: 80 µm, width: 500 nm or 1 µm) and
embedded on a chip by means of e-beam
e beam and photo lithography. The circuit was electrically isolated
from the underlying silicon substrate by a 300 nm thick SiO2 layer. When heated via the Joule effect
using a current source, these wires are expected to provide fast, spatially localized temperature
changes due to their small dimensions and low heat capacity. Steady-state
Steady state and transient (current pulse)
heating of the wires was characterized by both electrical
electrical (resistance) and optical (luminescence
microscopy) techniques and the experimental results were completed by finite element simulations
using COMSOL MULTIPHYSICS.
MULTIPHYSICS

Results
Electrical characterization of the heaters in steady state was performed in two steps: first, the variation
of the resistance of the wires as a function of temperature was observed; second, the change in
resistance was also studied as a function of an applied electrical current. From these sets of data, it is
possible to establish a relationship
elationship between an applied current and the mean variation in temperature
induced along the wire (Figure 2a). The spatial distribution of these temperature changes was studied
with fluorescence microscopy by depositing a thermo sensitive luminescent probe
pro consisting on
Rhodamine B [1] or spin crossover materials doped with Rhodamine 110[6]. The results were also
compared to finite element simulations. These studies confirmed the flat and highly confined
temperature variation expected in the vicinity of the
t heaters (Figure 2b).

Figure 2: Electrical and optical steady-state
steady
characterization of Au heaters. a) Variation of the temperature as
a function of the applied current for 500 nm and 1µm wide gold wires. b) Temperature profiles of an 80 µm x 1
µm wire
re inferred from fluorescence microscopy at different bias. A fluorescent spin crossover thin film was
employed as a thermal probe.

The ideal experimental setup for characterizing the dynamics of the temperature jumps (T-jumps)
(T
induced by an applied step of electrical current in the micro/nano wires is one in which it is possible to
correlate the integrated electrical response of the system to optical imaging measurements. To this end,
a transient differential resistance setup coupled to a gated CCD camera (ICCD from Andor
Technologies) was developed to perform pump-probe
pump
time-resolved
resolved luminescence spectroscopy while
simultaneously measuring the electrical and optical responses caused by transient heating of the wires.
Both observations revealed that after an electrical current step, these types of heaters reach a stationary
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temperature within the microsecond range (Figure 3). As a result, use of these micro/nano wires as
heat sources is promising for the development and optimization of cheap and simple high-speed
high
temperature control on-chip
chip strategies. Although the temporal responses of these heaters are not as fast
as laser setups, it is suitable for characterizing a great number of molecular events in bio/chemistry.

Figure 3 T-jump observations: a) Schematic
Schematic of the differential amplifier setup for monitoring the thermal
response to a current pulse applied to a heating element. The voltage obtained across a wire is compared to that
of a reference resistance (negligible temperature dependence and equal to that
that of the wire at low currents). b)
Electrical and optical transient heating response of a heater covered with a thin layer of Rhodamine B; as the
temperature increases, revealing a decrease in fluorescence. In both cases, a stationary regime is reached after
a
ca. 1µs.

Once it is characterized, this simple but very powerful platform of micro/nano heaters can be coupled
to diverse setups. For example, we have employed these heaters together with an epifluorescence
microscope to study the potential of spin coated
coated fluorescent spin crossover thin films as surface
temperature sensors with high spatial resolution. As the temperature rises, the variation of the optical
properties resulting from the phase transition of the spin crossover nanomaterial will lead to an
increase on the light emitted by the luminescent agent present in the film (Rhodamine 110) [7]. In this
manner, we have been able to image the strong confinement of the temperature increase due to Joule
heating in the vicinity of different heaters (Figure 2b).
In a different approach, we have also performed thermo-mechanical
thermo mechanical measurements with an atomic
force microscope (AFM) and successfully imaged the variation of the Young’s modulus during the
thermally induced phase transition of the same spin crossover thin films (Figure 4) [5]. This hot wire
scheme allowed us to induce the phase transition of the film in a small sample area inside the region
under observation at will and in a controlled manner. In addition, using this configuration we also have
an unchanged
anged reference area of the sample just a few hundred nanometers away from the heater
independent of the thermal perturbation generated by the wire. Moreover, contrary to the usual heating
stages proposed by AFM manufacturers, our heaters do not induce any thermal drift of the sample.
These three advantages bring a great simplification for the observation of thermally induced
phenomena and the corresponding post-data
post data analysis while working at high magnification conditions
such as those of an AFM.
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Figure 4 Detection of a phase transition with AFM thermo-mechanical measurements: a) Schematic of the setup
employed to study the thermal phase transition in spin crossover thin films. b) Young’s Modulus maps for I = 1
mA and 28 mA. c) Young’s modulus dependence as a function of temperature in the region above the wires. An
increase of current applied to the heaters leads to a very substantial decrease of the Young modulus in this
region [5].

Conclusions
We have shown the versatility of Joule heated micro- and nanowires as a platform for high spatial and
temporal resolution thermal investigations. This is supported by a series of diverse experimental and
finite element simulation studies of the spatio-temporal thermal response of sub-micronic gold wires
embedded on electrically insulated silicon substrates. Under this configuration, it is demonstrated that
these heaters lead to fast (< µs) and spatially well localized (< µm) T-jump perturbations driven by an
electrical current. The simplicity of this platform facilitates its integration to existing on-chip
technologies for thermal excitation and temperature measurement purposes. To illustrate this
flexibility, the platform has been coupled to an AFM to perform quantitative high spatial resolution
thermo-mechanical measurements for phase transition thin films.
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At room temperature, thermal conduction of dielectric nanostructures is characterized by structural
properties of the material and phonon scattering mechanisms, such as phonon-phonon scattering and
scattering from crystal defects or impurities [1]. However, at very low temperatures where the
dominant phonon wavelength becomes large, these effects can become negligible. Phonon mean free
path can then exceed the system dimensions leaving only specular scattering at the boundaries in
effect. In that case we speak of ballistic thermal conduction.
Simplifying the system makes it easier to design structures with accurate thermal properties. For
instance, in low temperature bolometric applications it is essential to the sensor sensitivity to reduce
the thermal conductance of the supporting structure [2]. Suspended thin films and beams have been
commonly applied there, but finding an optimal structural design in terms of strength and desired
thermal properties is often a difficult problem.
In Ref. [3] we successfully used periodic hole patterning on suspended SiN membranes to alter
phonon dispersion relations in order to reduce low temperature thermal conductivity. The measured
data coincided with ballistic phonon model, providing proof that scattering processes did not play a
role in the thermal transport. Surface roughness of the samples was measured to be 0.3 nm (RMS)
which is orders of magnitude lower than the dominant phonon wavelength at 100 mK.
This leads us to another technique of engineering structures with reduced thermal conductivity.
Surface of the structure can be roughened with features in the relevant phonon length scale to cause
diffuse scattering in contrast to specular scattering. Purely diffusive scattering on the boundaries is
called the Casimir limit, which was introduced for the case of one dimensional beams in Ref. [4]. We
have previously generalized the diffusive boundary scattering model to two dimensional circular
membranes and have performed numerical calculations for temperature profiles in membranes with
diameter to thickness aspect ratios going up to 500 [5]. In this work, we compute the thermal
properties of dielectric membranes using ballistic Lamb mode theory and radiative phonon theory in
the 2D Casimir limit, and compare the two limits. We extend the earlier calculations to much higher
aspect ratios, reaching a thickness below 100 nm for large membranes of diameter 500 µm. We also
discuss the computational limits of the methods used.
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Figure 1: Illustration of the diffusive boundary scattering model for 2D membranes. Radiative balance is
expected to exist between the surface elements ri and rj on the opposing membrane surfaces.

In the Casimir model, phonon emission from the surface element Y_ (see Fig. 1) follows phonon
blackbody radiation with phononic Stefan-Boltzmann
Stefan
constant σ, given by
Q=

% R (SL 2
1
W + X
120UV E R E R

where E and E are the transversal and longitudinal speed of sound. Radiative
Radiative balance must exist in
the steady state between the surface elements on the upper and lower boundary, which leads to
equation
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where the left side corresponds to the total emitted power of element dri into surface elements drj and the right

side is the total absorbed power at element dri from all other elements drj on the opposite membrane
surface (see Fig. 1), in addition to a direct heater
heat power load q.. By transforming the sum to integration
and by simplifying we derive [5] an integral equation for the temperature profile ` = ` YK = L YK
b

` YK = ' dYR a YK , YR ` YR + `
=
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where kernel function G(r1,r2) and coefficient function H(r1) are given by
a YK , YR =
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Function d YK is the characteristic function of the power source (heater element) located at the center
of the membrane upper and lower surfaces and hi is the normalized external power input. Function
e = e YK accounts for the bath temperature at the membrane outer edge. The equation for ` YK can
be classified as a linear Fredholm equation
equation of the second kind. We use the Nyström method for
solving the equation, which uses the Gauss-Legendre
Gauss Legendre quadrature for discretization [6]. LU
decomposition is used for solving the resulting dense linear system. For Casimir model, the total
emitted power fg
of the heater at temperature T can be calculated by finding a heating power hi
K/L
so that ` 0
= .
Our ballistic phonon model is based on elasticity theory. We approximate the membrane as an infinite
isotropic domain of finite thickness. Given the elastic material constants, the allowed phonon modes
can be solved analytically following the Rayleigh-Lamb
Rayleigh Lamb theory [7]. The resulting dispersion relations
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!_ = !_ (lm for each phonon mode j then describe thermal behavior of the membrane by the emitted
phonon power f = fn
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from the circular heater element p with temperature T (see e.g. [3]). This quantity can be compared to
fg , from which a differential thermal conductance a = df/d can also be calculated.
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Our understanding of heat transport in liquids is only partial. Standard textbooks generally mention the
Green-Kubo formula for the thermal conductivity of fluids, which is widely used from a
computational point of view, but which has a limited predictability for liquids. The main reason is
partly ascribed to the lack of long-range order, which precludes the classical description in terms of
phonons, i.e. collective propagative excitations. For the same reasons, our understanding of heat
transport in the vicinity of solid/liquid interfaces is also partial. Thermal boundary resistance at
liquid/solid interfaces has been probed experimentally [1] and from numerical simulations [2] during
the years 2000. The common conclusion of this body of work is that the thermal resistance displayed
by a liquid/solid interface takes values which are not different from a solid/solid interface.
Apart from the fundamental point of view understanding heat transport in liquids, and especially in the
vicinity of solid/liquid interfaces may have important biomedical applications. With the advent of
nanoplasmonics, metallic nanoparticles may be heated up by a laser pulse, and used as nano-heat
sources creating very large temperature gradients in a liquid environment. In turn, such large
temperature gradients may be used in hyperthermia, and to induce pressure waves propagating in the
liquid phase. If the energy supplied by the laser is high enough, vaporization may be driven by the
nanoparticles generating nanobubbles that may grow and expand in the liquid. These nanobubbles
have been experimentally shown to be efficient in cancer cell therapy, as they concentrate large
amounts of thermomechanical stresses that may be used to destruct diseased genetic material [3].
Despite their promising use, the fundamental description of the mechanisms at the origin of boiling
under the extremely large temperature gradients is still missing. Under this situation, the thermal
boundary resistance and the very large Laplace pressure created by the strong curvature of the
interface, should compete to delay boiling. From the experimental point of view, our knowledge of
nanobubble formation is still highly controversial: some studies conclude that nanobubble generation
matches the crossing of the spinodal of the fluid in the vicinity of the nanoparticle [4], other studies
report an energy threshold one order of magnitude higher, the difference being attributed to the huge
Laplace pressure that should be overcome at the submicronic scale [3]. Theoretical modeling of the
process at the origin of boiling around heated nanoparticles, is thus highly desired to understand the
basics of liquid phase change under very large temperature gradients.
In this contribution, we study theoretically heat transport in liquids with an emphasis in nanobubble
dynamics. The objective is twofold: first trying to understand which are the vibrational modes at the
origin of the thermal boundary resistance between solid and liquid. Second, we aim at a theoretical
description of energy transfer in the vicinity of strongly heated nanoparticles in water, in situations of
local boiling.
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First, we discuss a viscoelastic model to predict the value of the thermal boundary resistance at the
interface between liquid water and solid. The model is a generalization of the acoustic model of
Prasher, which accounts for the finite bonding strength between two materials [5]. We generalize this
model through two aspects: first, we differentiate the longitudinal and transverse polarizations, and
more importantly we account for the viscoelastic properties of the liquid at high frequencies (Thz). We
unveil the important role of the high frequency viscoelastic properties of liquids. In particular, we
show that acoustic models which do not account for the viscoelastic character of high frequency
vibrations in liquids underpredict the thermal boundary conductance by one order of magnitude [6].
On the other hand, a viscoelastic generalization of the acoustic model may provide a good description
of the experimental and simulation data available [6].

Figure 1: sketch of the system simulated: a hot gold nanoparticle surrounded by a vapor bubble
expanding in liquid water.
Second, we will model nanobubble generation driven by heat transfer from heated gold nanoparticles
in water [7]. Because the relevant length scales may be micronic, we model this situation using a
mesoscopic model which accounts for the thermodynamics of liquid water, and the capillary effects
through a free energy density functional coupled with hydrodynamic-like equations. We show that
nanobubble generation corresponds to the crossing of the spinodal in the liquid at a distance 1-2 nm
from the hot nanoparticle. Capillary effects are shown to have a minor effect in the value of the energy
threshold for boiling. Comparison with experimental data conclude that nanoparticle melting should
proceed before the onset of vaporization. This is explained by the separation of time scales: melting
times being shorter than heating of the fluid which in turn is shorter than nanoparticle recrystallization.
We unveil the critical role played by the thermal boundary resistance at the nanoparticle interface:
close to the vaporization threshold the thermal boundary resistance significantly delays vaporization,
thus allowing heat to be transferred to the fluid. offering optimal conditions for the energy conversion
between the energy supplied by the laser and the mechanical work (pressure) necessary for the
nanobubble growth [7]. Beyond the threshold the dynamics of the nanobubble is found to be
asymmetrical, the growth being described by an adiabatic process while the collapse is consistent with
an isothermal evolution of the vapor inside the bubble. This scenario is confirmed by a RayleighPlesset analysis of the bubble dynamics showing that even though the bubble is generated under very
large temperature gradients, a bulk-like analysis provides a good description of the simulation data.
The same analysis allows to understand the competition between the different terms in the momentum
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conservation equations, and conclude that the very large Laplace pressures due to the strong curvature
of the bubble are indeed counterbalanced by viscous stresses. Because of these viscous stresses, the
internal pressure inside the bubble quickly relaxes until thermal conduction has been allowed to set in
and compete with compression forces to make the bubble collapse isothermal.

Figure 2: Minimal energy required to drive vaporization as a function of the nanoparticle radius.
Dashed lines: simulation without and with particle melting; Open triangles: experimental data
from [4].
We also highlight the major role played by the nature of the energy transport inside the bubble [8].
Energy transport inside the bubble no longer obeys Fourier's law, as the dimensions of the nanobubble
becomes smaller than the mean free path of the gas molecules. Rather, heat is transported through
ballistic transport of the molecules from the hot nanoparticle to the nanobubble/liquid interface, in a
manner which is similar to a Knudsen layer. Depending on the duration of the laser pulse, ballistic
transport inside the bubble may control the maximal volume of the nanobubble, a quantity of prime
importance for biomedical applications. Simulations show that with a nanosecond pulse, ballistic heat
transport inside the bubble may enhance the maximal volume of the bubble by a factor eight, as
compared to the case of ultrashort pulse durations. We also discuss the relevance of ballistic heat
transport in interpreting the experimental data regarding the maximum size of the bubbles.
Finally, we will compare the performance of silica-gold core shell nanoparticles in driving
vaporization [9]. We conclude that core silica-gold shell nanoparticles display energy thresholds for
vaporization almost one order of magnitude lower than the inverted configuration-gold core silica
shell, and depending on the nanoparticle size, can be even more efficient in driving vaporization than
bare gold nanoparticles.
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Advances in nanofabrication technologies have made easier the elaboration of nanostructures and
nanostructured materials. Their applications in molecular electronics, quantum computers, actuators,
sensors, and molecular machines are rapidly spreading, electronics, photonics, biomedical, and energy
harvesting devices [1]. Their novel functions involve unique mechanical, thermal, and electronic
properties. Concerning thermoelectric devices, modulated nanowires exhibit better thermoelectric
efficiency than pristine constant diameter nanowires and much better compared to bulk materials [2].
This is mainly due to the reduction of the thermal conductivity in nanostructured materials.
The parameters that reduce the thermal conductivity are: defects (impurities, doping, stoichiometry),
geometric modulation (diameter modulation, kink nanowires), structural polytypism (fcc, hcp, stuck
default interfaces), roughness of interfaces and free surfaces, amorphisation (core/shell nanowires).
The main reasons for the reduction of the thermal transport are: spatial confinement of acoustic
phonons, increase of the scattering processes between phonons and scattering centers (doping, rough
interfaces, surfaces) or changes in the phonon group velocity and density of states (DOS).
In this communication, we shall show the effect on the thermal conductivity of a series of modulated
nanowires, calculated with Molecular Dynamics:
• diameter and structure lattice modulation of SiC nanowires (figure-1),
• diameter and core/shell modulated Si and Ge nanowires (figure-2).

Figure 1: Left: diameter modulated SiC nanowires [3]. Right: cross-section of a diameter modulated crystalline
core/ amorphous shell Si nanowires [4].

In all cases the thermal conductivity reduces considerably by a factor of 10 compared to the thermal
conductivity of pristine constant diameter nanowires, or by three orders of magnitude compared to the
thermal conductivity of their bulk materials. For the first case of SiC modulated nanowires, the
reduction of the thermal conductivity is due to the additional free surfaces, the thermal interfacial
resistance, the confinement of the phonon modes. For the case of Si or Ge core/shell nanowires, the
above arguments are always valid and with the amorphous phases one can add extra scattering
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mechanisms for phonons. Analyzing the vibrational density of states, we proved that the phonons feel
the crystalline/amorphous interfaces effects much greater than they are. We modeled smooth
interfaces [5], but as it can be seen in figure 2 [6], the density of states of the atoms in a distance of 0.5
nm away from the interface at the crystalline phase area is the same as the density of states of the bulk
amorphous phase.

Figure 2: Vibrational density of states for groups of atoms close to the amorphous/crystalline interface.
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We have made a comparative theoretical study of the anharmonic relaxation rate of the low-lying
transverse optical (TO) phonons in lead chalcogenides. We find that these phonons contribute in the
range of 15%-20% towards the total lattice thermal conductivity of these materials.
Lead chalcogenides are important thermoelectric materials. These materials, PbTe, PbSe and PbS, are
characterised by the presence of low-lying transverse optical (TO) phonons with speeds comparable to
that of the transverse acoustic (TA) branches [1]. Therefore, when accounting for anharmonic
interactions, the role of optical phonons (in particular the TO phonons) must be considered with the
same degree of attention as the acoustic phonons.
In order to examine the anharmonic relaxation rate of the TO phonons we have applied an isotropic
continuum model for the dispersion curves of acoustic as well as optical phonons, an isotropic
continuum model for the cubic crystal potential, and first-order perturbation theory, by extending a
previous work [2,3]. Expecting the three-phonon processes to adequately describe anharmonic
interactions for acoustic as well as optical phonons, we modified the expressions in [2] for the
relaxation rates for a phonon mode qs undergoing Normal (N) and Umklapp (U) three-phonon
'

q s+⃗
q s ' →⃗
q'' s'' ) and class 2 type ( ⃗
q s→⃗q' s ' +⃗
q'' s'' ).
processes of class 1 type ( ⃗

In order to compute results we have used the material parameters available in the literature. The
Grüneisen constant is taken as 0.8 for PbTe and PbSe and 1.6 for PbS. Although it is known that the
Grüneisen constant is mode dependent, being much higher for TO than the other modes, we have
considered a single mode average parameter. Figure 1 shows the room-temperature results for the
τ 1
anharmonic relaxation rate TO for TO phonons. The total optical phonons anharmonic relaxation
rates in PbTe shows a quadratic frequency dependence at the low frequencies range. This result is also
identified by Tian et al. [4]. In the long wavelength regime (small phonon wave vectors) we find that
the TO relaxation rate is the highest for PbS. In the short wavelength regime (towards the Debye
sphere) the relaxation rates for PbTe and PbS are similar, but the TO phonons are comparatively much
longer lived in PbSe. In Fig. 2 we have presented the scattering rate of the TO phonons undergoing
allowed three-phonon processes. The largest scattering rate for long wavelength TO phonons comes
via the Normal (N) process TO+TA → TO (N) for PbS. The largest scattering rate of short
wavelength TO phonons is contributed by the process TO + TA → LO (N) in PbTe.
We find, using the single-mode relaxation time theory developed for acoustic as well as optical
phonons in [3], that for PbTe and PbSe the contribution of TO phonons is 20% of the total lattice
conductivity at room temperature, while for PbS the percentage is about 15%, as shown in Fig. 3. The
lattice thermal conductivity results we obtained for PbTe agree with the ab initio study performed by
Session 4 – Numerical heat transfer

61

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

Tian et al. [4], including the importance of the optical phonons in conducting heat in this material. In
this work, we find that at high temperatures, the contribution of the TO phonons is comparable to that
of the TA phonons for all the three materials. In addition, the TO branch contribution is the highest for
PbTe and the lowest for PbS. This has been identified to result from the combined effect of
anharmonic and impurity scatterings of TO phonons in these materials – the impurity scattering being
the strongest for PbS, due to higher impurity concentration and broader TO frequency spectrum. At
low temperatures, there is a significantly smaller conductivity contribution from the TO phonons, as
these can be expected to be less occupied.

Figure 1: Anharmonic scattering rate of TO phonons at T= 300 K for PbTe, PbSe and PbS. Here q is
phonon wavenumber and qD is the Debye radius.

Figure 2: Frequency dependence of the important anharmonic scattering 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 towards the thermal conductivity in
(a) PbTe, (b) PbSe and (c) PbS.
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Heat transport in nanostructures has become a well-established research domain that addresses several
applicative fields like microelectronics, energy efficiency, innovative materials, biophysics, etc.
Besides, it is now commonly accepted that heat transport properties in low dimensional materials are
no longer the ones of the bulk state and they depend among other parameters on the geometry at the
microscopic scale. For example, nano-devices like superlattices, thin films, nanotubes and nanowires
exhibit outstanding phononic and electronic properties that can be used for a plethora of applications.
So far, the tailoring of these properties by nanostructuration techniques is a quite new subject. In this
study, we focus on nano-constriction effect on the thermal transport properties of individual silicon
nanowires. The purpose of our work is to appraise the thermal conductance G in these constrictions
and to predict the variations of the overall thermal conductivity k in silicon nanowires. We will
demonstrate that the shape of the constriction as well as its magnitude can significantly alter the latter
thermal properties through the modification of the phonon mean free path (MFP) in the considered
nanostructures [1,2]. All the thermal properties are derived from the resolution of the Boltzmann
transport equation for phonons in the framework of the relaxation time approximation by Monte Carlo
simulations.
A constriction within a nanostructure, as well as point contacts between two materials (for example
AFM tip – sample) can be modeled by a more or less steep variation of the diameter of a cylindrical
structure. As an example, Figure 1 depicts two different types of these constrictions.

Figure 1: Modeling of smooth to steep constrictions in a nanowire, dmax=115nm, dmin=57.5nm, Lz = 2µm

The above constrictions were obtained assuming that the nanowire diameter follows the law given by:
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Where dmax is the nanowire maximum diameter, Rd the diameter ratio Rd= dmin/ dmax, z0 the constriction
localization along the z axis and C a constant that rules the stiffness of the constriction (typically in the
range of 1014 to 1017 m-2).
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For these constricted nanowires a Monte Carlo simulation tool has been built in order to accurately
depict the 3 phonon scattering processes as well as those related to boundary variations. It shall be
noted that even if the global nanostructure MFP is reduced by constrictions and nanowire boundaries,
3-phonon processes need to be considered because their average MFP is in the same range as the
geometric one. Furthermore, they are necessary to ensure restoration of the thermal equilibrium. In
this framework, the model lies on a previously developed tool for Cartesian geometries [3] and
includes recent improvements for phonon sampling [4] that allows better energy conservation and thus
more accurate results. An illustration of what can be derived from such calculations is plotted in
Figure 2 where heat fluxes, temperatures profiles and overall thermal conductivities (TC) of two
different constricted nanowires (smooth and steep) are given and compared to a nanowire without
constriction.

Figure 2: Heat fluxes (left) and temperature profiles (right) of smooth (red - C=1014m-2), steep (blue - C=1016
m-2) constricted nanowire and of a nanowire without constriction (black) ; dmax=115nm, dmin=57.5nm, Lz =2µm

The comparison of these simulation data obviously pointed out the fact that the constriction shape
notably modifies the nanowire thermal conductivity by the introduction of a new resistive process. In
the case of a steep constriction, the TC is reduced when compared to the unconstricted nanowire
because of the supplementary internal thermal resistance. This effect is even enhanced for smooth
constriction. An explanation could be proposed considering the geometric MFP variations for steep
and smooth constrictions. In the latter case, it is smaller because the nanowire diameter reduction is
less localized and occurs on the larger portion of the nanowire length. Therefore, considering the
kinetic theory model, MFP lowering induces TC lowering also. Besides, one can see that heat flux
density ϕ, calculated along the nanowire axis z, increases in the vicinity of the constriction. In the
present calculation, 40 cells have been considered. This is enough to have a reasonable description of
the smooth constriction but it is a little bit unsatisfaying to address accurately the case of a steep (and
narrow) constriction. For our calculations in order to ensure the stability of the Monte Carlo
simulation, in a given configuration, each cell has the same volume. Thus, an accurate evaluation of
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the maximum heat flux density requires more cells. In Figure 3, ϕ is plotted for the same constriction
geometry with 40 and 180 cells. It can be observed that both plots are superimposed, but the maximum
value in constriction neck increases for a finer spatial discretization. Yet, calculations of the heat flux
Φ (namely ϕ × cross-section) within the structures leads to nearly a constant and equal value for the
two meshes. This is confirmed by the extracted TC that are also very similar in both cases.

Figure 3: Heat fluxes and thermal conductivity of a smooth constricted nanowire for two spatial discretization
(black - 40 cells ) (red – 180 cells) ; dmax=115nm, dmin=57.5nm, Lz =2µm, C=1014m-2.

More details about the involved mechanisms and results for 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 the parasitic heat flow and increase the efficiency of
the thermal to electrical energy conversion. Nanowires have been proposed as efficient thermoelectric
materials because their thermal conductivity decreases significantly when their width decreases. Very
thin wires are, however, not easy to fabricate and their electrical conductivity is poor. As an
alternative, it has been proposed to use diameter-modulated nanowires [1]. A schematic representation
of a nanowire with variable thickness is shown in Figure 1. Current state of the art of the fabrication
technology allows for the realization of modulated nanowires with control on the modulation
morphology. For instance, an entirely bottom-up method has been developed to modulate nanowire
shape along the growth axis with sub-10 nm spatial resolution [2].
In modulated nanowires, the transport properties of electrons and phonons are modified. In the case of
electrons this can be attributed to the modified energy states [1,3]. For phonons, the modified thermal
conductivity has been studied in two transport regimes: (i) in the ballistic regime where phonons are
treated as waves, and (ii) in the diffusive transport regime where phonons are treated as particles.
Here, we discuss the thermal conductvity of nanowires with variable thickness in the two regimes.

Figure 1: Schematics of modulated nanowires with variable thickness

In the ballistic transport regime, the phonon mean free path is big compared with the characteristic
dimensions of the nanosctructure and scattering effects can be neglected. This is valid at low
temperatures. Phonons behave like waves and the thermal conductivity is determined by the
transmission probability of the phonon modes
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where ωm is the cut-off frequency of the mth mode and Tm(ω) is the transmission coefficient for each
phonon mode and phonon frequency ω. The integration is over the frequency of the modes m
propagating in the structure.
In perfect nanowires, phonons occupy one-dimensional subbands and the transmission coefficient has
a staircase structure (Figure 2). In modulated nanowires, the transmission coefficient of the phonon
modes deviate from the stair-case structure [4]. All phonon modes have now a lower transmission
probability as it can be seen in Figure 2. This explains the reduced thermal conductivities shown in
Figure 3, with respect to the universal value κo = π 2 k B2 / 3h . The transmission coefficient depends on
the modulation profile, as it is shown in Figure 2 for 1 and 5 width modulation segments. It has been
found that the thermal conductance shows a corresponding dependence upon the modulation profile
(Figure 3). It is thereby indicated that in this regime, the thermal conductivity can be controlled by
engineering the transmission coefficient of the modulated nanowire through designing of the
modulation geometry.

Figure 2: The transmission coefficient versus the
reduced phonon frequency for a straight wire (upper
solid curve), for a wire modulated by 1 segment
(dotted curve) and by 5 segment (lower solid curve).

Figure 3 : The reduced thermal conductance versus
temperature for straight nanowires and for wires
modulated by arrays of identical dots and by arrays of
non-identical dots.

In thicker nanowires, the phonon energy subband spectrum is denser and eventually turns to a
continuum for thick nanowires. Moreover, the phonon mean free path is smaller than the nanowire
characteristic dimensions and scattering dominates the phonon transport. Phonons can be treated like
particles and the thermal conductivity κ can be calculated semiclassically using the relaxation time
approximation:

κ = ∑∑ C ( k , p )υ 2 ( k , p )τ ( k , p )cos2 (θ )
k

(2)

p

where k is the phonon wavevector, p is the polarization, υ is the group velocity determined by the
dispersion curves: υ(k,p)=dω(k,p)/dk, ω is the phonon frequency, τ(k,p) is the phonon relaxation time
due to scattering, θ is the angle between the wavevector and the direction of the wire, and C(k,p) is the
specific heat per unit volume.
We have studied the phonon thermal conductivity of modulated nanowires within the kinetic theory
[5]. Boundary scattering was included using a geometrical mean free path. In addition, the
modification of the phonon transmissivity in modulated nanowires was taken into account. A very
significant decrease of the thermal conductivity with increasing nanowire width modulation (Figure 4)
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was found. The decrease was found to be more significant in thicker nanowires. This behavior has
been confirmed by systematic phonon Monte Carlo simulations on
on the thermal conductivity of widthwidth
modulated nanowires [6]. Our simulations indicated that width-modulated
width modulated nanowires that are
relatively thick and operate in the boundary scattering regime could be used to tune the thermal
conductivity. It has been indicated
indicated the possibility for heat flow control by designing the widthwidth
modulation without strict limitations for the modulation profile. This is enabled by the identified
scaling behavior: the reduction of the thermal conductivity scales with the transmissivity that is
entirely determined by the modulation geometry irrespectively of the material choice (Figure 5).

Figure 4: Thermal conductivity of Si modulated Si
nanowires with wide parts width a = 30 nm and 50 nm
versus the width of the narrow parts, at T = 300 K. The
horizontal lines are for nanowires with constant width of
50 nm, 30 nm, and 10 nm.

Figure 5: The ratio of the thermal conductivity of
the periodically modulated nanowire over the
thermal conductivity of the non-modulated
non
nanowire versus the transmissivity
ransmissivity for two
modulated Si nanowires with a = d, and a = 100
nm (red squares) and a=60 nm (blue dots) versus
the constriction width b.

We have performed Monte Carlo simulations for Si nanowires. The numerical technique can be
applied to several materials
terials where the phonon contribution dominates the thermal conductivity. The
obtained scaling behavior of the thermal conductivity with the modulation geometry should also hold
for these materials. Our work indicates that a wide range of materials can be suitable for efficient
nanoscale heat management by designing the nanostructure width modulation.
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A Monte Carlo (MC) method to simulate phonon transport in silicon or germanium nanowires is
presented. With an MC algorithm, phonon trajectories are described individually and it is possible to
simulate out-of-equilibrium systems and transient regimes. The specificity of our simulator is to take
into account the anisotropy of the phonon dispersion.
The phonon dispersion is obtained from 3D spline interpolation of a numerical calculation. The
reciprocal space is cut in cubes. In each cube, the angular frequency depends on the 3 components of
the wave vector q according to the equation (1). In each cube, the eight coefficients ω0, v0x, v0y, v0z,
a0x, a0y, a0z and b0 are calculated to satisfy the continuity criterion at the eight vertices.

ω ( q ) = ω0 + v0 x qx + v0 y q y + v0 z qz + a0 x q y qz + a0 y qx qz + a0 z qx q y + b0 qx q y qz

(1)

The values of angular frequency on each knot are estimated within a semi-empirical method, the
Adiabatic Bond Charge Model (ABCM) [1]. This method uses only four adjustable parameters and it
allows obtaining an error lower than 2% with respect to experimental data in silicon from [2].

Figure 1: Phonon dispersion in silicon. The solid lines represent the 3D linear spline interpolation. The crosses
represent the values obtained with the ABCM [1].

In this work, one eighth of the Brillouin zone (for q x > 0 , q y > 0 and qz > 0 ) is divided in 16×16×16
cubes. The figure 1 shows the dispersion obtained with the spline interpolation on the knots of the
cubes compared with the values obtained with the ABCM. The advantages of this kind of interpolation
are the continuity of the dispersion and its ease of use. The current MC algorithm does not simulate
optical modes because their low group velocity makes their contribution to the thermal transport
negligible.
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The figure 2 presents the cross-sections of the three acoustic modes used in the MC algorithm. It
should be noted that the wave vector qx and the group velocity v = ∇ q ω are not usually collinear. This
fact is not taken into account in the common isotropic approximation of the dispersion [3-4].

a)

b)

c)

Figure 2: Cross-section of phonon dispersion for qz=0. The color bar is the frequency in THz. a) first transverse
acoustic mode, b) second transverse acoustic mode and c) longitudinal acoustic mode.

In our MC algorithm, the Brillouin zone is cut in 64×64×64 cubes. The initial distribution of phonons
in the cubes is the Bose-Einstein distribution. The phonons are randomly chosen to obtain this
distribution. Then the phonons move one by one, time step after time step as described in the figure 3.
The scattering processes are computed within the relaxation time approximation proposed in [3]. The
free flight duration is randomly chosen within an exponential distribution. The expression of
relaxation time is given in [4]. When an interaction occurs the phonon disappears and a new phonon is
randomly chosen according to the distribution of eq. (2), where T is the temperature, τ is the relaxation
time, fBE is the Bose-Einstein distribution and n is the cube index. This modified distribution is needed
to balance creation and destruction mechanisms.
f ( i, T ) × τ −1 ( i, T )
∑
i =1 BE
Fr ( n, T ) =
N
∑ i =1 f BE ( i, T ) ×τ −1 ( i, T )
n

(2)

The spectrum of phonons after the initialization step is plotted in figure 3. It reproduces well the
theoretical spectrum obtained by multiplying the ABCM Density Of State (DOS) and the BoseEinstein distribution.

Session 5 – Constrictions and wires

73

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

a)

b)

c)

Figure 3: Phonon distributions at 300K. a) frequency distribution, b) wave vector distribution and c)velocity
distribution along the transport direction. Blue diamonds are the product of DOS and Bose-Einstein distribution.
Green solid line is the distribution of simulated phonons in the MC algorithm.

The figure 4 shows the spectrum for an out-of-equilibrium device. All phonons which go to the right
come directly from the hot source (400K) but some of them have a wave vector with a negative
contribution along the transport direction. It is because the frequency decreases along qx in a part of the
Brillouin zone as shown in the figure 2. This phenomenon does not appear with the common isotropic
approximation of the dispersion.
The full band MC algorithm is able to simulate equilibrium and out-of-equilibrium regimes. A
possible evolution is to add non-specular surface and heterogeneous interface.

2 nm

Silicon

400K

300K

a)
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b)

c)

Figure 4: a) Schema of the device. b) Velocity and c) wave vector spectra of phonons in the central cell of the
device (green solid line). Equilibrium distributions at 400K (red downward-pointing triangle) and 300K (blue
upward-pointing triangle).
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Semiconductor electronics and dielectric photonics have reached their critical limits in terms of device
dimensions and operating speed. The further evolution in this direction is possible through plasmonics,
which offers the opportunity to combine the size of nanoelectronics and the speed of photonics.The
key properties of plasmons are that they exhibit an unparallel ability to concentrate light in volumes
under diffraction limit (localized surface plasmons) and that they can carry light along the metal
surface for comparatively vast distances (surface plasmon polaritons or SPP).
We apply femtosecond thermoreflectance [1] to image indirectly SPP, by detecting the heat dissipated
by plasmons while they propagate. This represents a far-field, noninvasive way to detect the
temperature increase due to energy deposited by the SPPs in the metal. Combined with the
femtosecond temporal resolution of the experimental set-up, we study also the dynamics of SPPs.
Contrary to all the other techniques, which have access to the field component of plasmons in the
dielectric, the particularity of our technique is that we image the profile of the absorbed plasmon
energy in the metal.
This technique allowed us to reveal an anomalous light absorption profile around the canonical
diffractive single slit. Transmission and scattering by subwavelength apertures in metal films are
fundamental phenomena of wave physics and are important in modern sciences and techniques [2].
However, little is presently known about the heat dissipated by the electromagnetic field in the metal
surface around the aperture. Actually, we show that, as it propagates away from the slit, this field heats
the metal and paradoxically the heat dissipated at the surface remains constant over a broad spatial
scale of several tens of wavelengths.
For the experiment we consider a subwavelength slit, etched through a multilayered gold film
deposited on a glass substrate. The slit is illuminated from the rear glass/gold interface by a first laser
beam (Fig1.a). A fraction of the incident energy is funneled through the slit. At the front aperture, light
is either diffracted in the far field or is launched on the metal surface and is dissipated as heat at the
air-gold interface. A second laser pulse probes the air-gold interface and records the reflectance
variations ∆R at a fixed delay of ≈ 500 fs. Figure 1.b shows the thermal profile of the front interface
for TM and TE polarizations. We observe that, at intermediate distances from the slit, surprisingly, the
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absorption exhibits a remarkable feature in the form of a plateau. This plateau displays a nearly
constant absorption over a large spatial interval (15 µm≈ 18 λ). The observed plateau depends on the
complex heat transport that takes place in the metal during the experimental timetime-window (500fs). We
carried out numerical
merical simulation, using a fully-vectorial
fully
aperiodic-Fourier--modal method [3].
Consistently with the experimental observation, the profile of the absorbed power density A(x)
displays a plateau that is almost constant over a 10-µm
10
spatial interval (Fig.1.c).

(a)
(a)

(c)

Figure1: (a) Sketch of the pump-probe
pump
slit-experiment.(b)Thermoreflectance
Thermoreflectance images obtained for TM
polarization (the inset is obtained for TE). (c) Data (black dots) are obtained
tained by averaging 40 line scans from
(b) The solid red curve represents the calculated absorption profile A(x).

In order to gain physical insight into this anomalous behavior we adopt the dual-wave
dual wave picture in [4]
[ by
assuming that the field scattered by the slit is composed of SPPs and quasi-cylindrical
quasi cylindrical waves. Based
on this, we have developed an analytical
analytical model which well predicts all the salient features of the
absorption profile. According to the model, the “anomalous” absorption profile is understood as
resulting from a beating of a SPP and a quasi-cylindrical
quasi
wave. The phenomenon is general since
sinc the
same absorption plateau occurs for a variety of topologies, irrespective of whether the aperture shape
corresponds to one-dimensional
dimensional line (slit) or point-like
point
(hole) sources.
To conclude, application
pplication of thermoreflectance technique allowed us to reveal
reveal an anomalous light
absorption profile around the canonical single slit.
slit In the plateau region, the power actually dissipated
can be much weaker than the power lost by the plasmon launched at the surface alone. This property
opens interesting perspectivess for optimizing the performance of metallic devices for energy
harnessing in complex plasmonic systems that combine surface plasmons and localized plasmonic
resonances. More details concerning this work in [5].
[
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We investigate the penetration depth of thermal near-field heat flux in different kinds of hyperbolic
metamaterials. First we begin with a study of near-field heat radiation between two semi-infinite bulk
GaN materials, two hyperbolic multilayer GaN/Ge bilayer structures (mHMM), and two nanowire
hyperbolic metamaterials with GaN nanowires immersed into a Ge host (wHMM) as shown in Fig. 1
using effective medium theory and the known expressions for near-field heat transfer for anisotropic
materials [1]. We show that in the distance regime where the near-field heat flux is dominated by the
hyperbolic modes [2,3,4,5], the penetration depth within the hyperbolic metamaterials can be orders of
magnitude larger than in the GaN bulk materials (see Fig. 2) where the penetration depth is ultrasmall
due to the surface-mode dominated heat flux [6,7]. This finding might be useful in near-field
applications such as near-field thermophotovoltaics [8,9,10], for instance.

Figure 1: Systems to be analyzed. Two identical half spaces of (i) bulk GaN, of (ii) GaN/Ge layer HMMs and of
(iii) GaN/Ge wire HMMs separated by a vacuum gap. The HMMs are modeled as effective media. The GaN
filling factor of the layer HMM is 50 %, the one of the wire HMM is 30 %.
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Figure 2: Resulting heat flux (left) and penetration depth (right) for the different systems using effective medium
theory.

In addition, we study the mHMM structures in more detail within an exact approach based on the
Green's function formalism, S-matrix theory, and Rytov's fluctuational electrodynamics [11]. We
show that the effective medium theory tends to underestimate the penetration depth and to
overestimate the near-field heat flux. Furthermore, we study the dependence of the heat flux and the
penetration depth on the design parameters, i.e. the volume filling fraction, the period of the
multilayers and the distance between the mHMMs using a Bloch wave approach. Some of our results
can be seen in Fig. 3 where we compare effective and exact results of the heat transfer coefficient and
the penetration depth for a GaN/Ge mHMM such as in Fig. 1 (ii). More detailed discussions and
results including the spectral heat transfer coefficient and the spectral penetration depth can be found
in Refs. [7,12]

Figure 3: Resulting heat flux (left) and penetration depth (right) for a GaN/Ge mHMM with a period of 100nm
and a filling factor of 0.5. Obviously the effective results tend to overestimate the heat flux and they tend to
underestimate the phenetration depth.
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The blossoming of nanotechnology involving the miniaturization of devices with enhanced rates of
operation requires a profound understanding and optimization of their thermal performance. This is
particularly critical in nanomaterials, due to the sizeable reduction of their thermal conductivity as
their size is scaled down. The surface phonon-polaritons (SPPs) are surface electromagnetic waves
generated by the fluctuation of the electrical dipoles of polar media (Fig. 1(a)), and they have shown
wide potential to enhance the energy transport through these materials [1-6]. SPP energy is determined
by material permittivities and hence it can be modified by material discontinuities, however their
effect on the heat transport is not well understood to date, especially in absorbing nanomaterials.
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Figure 1: (a) Generation of SPPs by the fluctuation of electrical dipoles. (b) SPP and radiation modes generated
by an incident SPP at a dielectric interface. The metallic substrate of the polar film of thickness d is used to
diminish the radiation modes and enhance the SPP energy transport.

In this work, the reflection and transmission coefficients of a surface phonon polariton propagating
along the surface of a thin film of SiO2 and crossing the interface of two dielectric media are
analytically determined (Fig. 1(b)). Based on the expansion of the electrical and magnetic fields in
terms of normal modes, explicit expressions for the reflectivity and transmissivity of the radiation
fields generated at the dielectric interface are also obtained. The symmetrical Fresnel-like formulas in
Eqs. (1a) and (1b) hold for nanofilms and their simplicity represents one of their greater advantage
with respect to previous numerical results reported for the analogous problem dealing with surface
plasmon-polaritons [7,8]. For the dielectric interfaces of air/BaF2 and air/Al2O3, it is shown that: i)
The polariton reflectivity (transmissivity) decreases (increases) as the film thickness increases (Fig.
2(a)), while its radiation equivalent follows the opposite behavior. ii) The SPP and radiation
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transmissivities are significantly more sensitive than their corresponding reflectivities to the changes
on the permittivity mismatch of the dielectric interface. For a 143 nm-thick film, the polariton
transmissivity (reflectivity) changes by 13.2% (1.9%), when this mismatch varies by 50%. iii) The
reflectivity and transmissivity of the radiation fields are smaller than their polariton counterparts,
which together account for around 82% of the total energy. The proposed formalism fulfils the
principle of conservation of energy with an uncertainty of less than 2%, for describing the reflection
and transmission of both the polariton and radiation fields generated at a dielectric interface, as shown
in Fig. 2.
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Figure 2: Film thickness dependence of the (a) reflectivity and transmissivity of a SPP propagating along the
surface of a SiO2 film and crossing a dielectric interface of Air/BaF2 and Air/Al2O3, and (b)
Reflectivity+transmissivity involved in the SPP and radiation fields.
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Experimental analysis of near field mediated heat transfer under well-controlled
well controlled conditions has shown
the predicted increase of heat flow for distances between two bodies smaller than the thermal
wavelength, which is about 10µm at room temperature. It has even been shown that these near field
mediated heat fluxes exceed the far field limit [1-2].
[1
These and other
ther outstanding results are enabling a
much deeper understanding of the near field coupling between two bodies inspiring theoretical work
on this topic [3-10].
10]. But when it comes to distances in the nanometer regime there is a lack of distinct
experimental data. Published experimental approaches [6,9,10] cannot probe this regime appropriately.
Our experimental approach with the Near-field
Near field scanning thermal microscope (NSThM) [5] can resolve
sub nanometer distances between the probe and a surface. It utilizes a probe that functions as an
ordinary scanning tunneling microscopy (STM) probe which is enhanced with a sub-micron
sub
thermocouple. Allowing to record a topographic scan, with sub-nanometer
sub nanometer resolution and a mapping
of heat fluxes with a lateral resolution of
of about 6 nm [11], simultaneously. Furthermore the thermal
coupling can be probed as a function of probe-surface
probe surface distance with a sensitivity of about 25 nW in the
sub-nanometer
nanometer regime. This experiment is done in highly controlled environment, namely the setup
se
is
held in ultra-high
high vacuum (UHV). A scheme of our probe is depicted in Fig. 1.

Figure 1: Illustration and SEM image of the Near-field
Near field scanning thermal microscope probe. The probe consits
of a 25 µm platinum wire, encased with glass and evaporation
evaporation coated with about 200nm of gold. The protruding
part of the Au coated Pt-wire
wire has a diameter of less than 50 nm. This configuration allows standard STM
techniques and measurements of heat fluxes.

Experimental details can be found in [5]. Our setup allows
allows a profound analysis of the behavior of the
near field coupling at sub-nanometer
nanometer distances [4] as the distance between probe and sample is due to
the use of STM techniques well defined. This method has led to outstanding results, for example we
have recently
tly shown that a monolayer of NaCl deposited on an Au(111)-surface
Au(111) surface enhances the near
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field coupling by about a factor of two at distances of 4 nm [11]. By this our experimental data
influences theoretical work and gives a completely new insight in the behavior of the thermal near
field. To provide experimental results that are comparable with theoretical predictions prior
experimental and theoretical analysis of our NSThM-probe [4, 5] have been done, to be able to
measure absolute heat fluxes. These approaches are quiet sophisticated.
Firstly, we present here a new easy to apply in-situ method of characterizing our NSThM-probes.
After characterizing our NSThM-probe in that way we are able to measure absolute heat fluxes with
high accuracy. Therefore, we adopt the in [12] presented method of utilizing an AC heated 1µm thin
metal wire as a metrological controllable and accessible heat reservoir. This wire is held in UHV, so
that convection effects can be neglected. Furthermore the wire is heated in such a small manner that
radiative heat losses do not occur. Because of the huge aspect ratio 6000/1 of the wire (6 mm in
length) the situation can be described by the 1D heat flux equation in good approximation. In a first
baseline measurement the thermal resistance of the wire is determined, by heating the wire with small
AC currents and calculating the wire´s temperature rise from the change in its electrical resistivity. In
a second step the wire is approached by our NSThM-tip, which is brought in tunneling distance to the
wire. At these distances the probe couples thermally to the wire via the near-field and represents an
additional heat sink in the center of the wire changing its local temperature. Repeating the first
measurement with this configuration will lead to a change in the wire´s temperature distribution as a
specific amount of heat will flow from the wire into the NSThM-tip. This is depicted in Fig. 2. From
this change in averaged temperature of the wire one can calculate via Fourier´s law the amount of heat
that flows from the wire to the NSThM-probe. A measurement of the thermo voltage delivered by the
sensor gives the opportunity to determine the relation between heat flux and thermo voltage, i.e. a
calibration curve of the NSThM-sensor. Here we show that a first order linear approximation for
calculation of heat fluxes from the wire in the NSThM-probe, which is based upon the Fourier´s law,
is indeed correct. From this linear dependency between thermo power and heat flux we determine the
slope for our Gold coated NSThM-probes to be 2.4 µV/µW. By means of this factor we are able to
determine the absolute value of the heat flux at any given position of and distance to the sample
surface. This characterization takes place right before the actual measurement and is done under the
same conditions as the actual measurement of heat fluxes from a sample to our probe, particularly the
interaction region is exactly the same as later during the actual measurements. As we analyze this
experimental system for characterization with Gaussian error calculation we optimized the method of
characterization with respect to precision. This enables us to probe near field mediated heat fluxes by
means of absolute values with overall relative uncertainties of about 10%. Furthermore we
investigated the long time stability of the tunneling gap between the NSThM-probe and the heated
wire in detail. This proofs that a stable gap is possible, which seems to be quiet surprising because of
the low mechanical stability of the heated wire. A stable tunneling gap leads to a very stable thermal
coupling as the characteristic coupling scales of the near field are much larger than the ones of a stable
tunneling current [11]. Such a stable coupling allows us not only to calculate the thermal resistivity of
the thermal coupling but the thermal resistivity of our 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 for various heating powers. From the slope the
thermal resistance of the wire can be calculated. The baseline measurement without the tip in contact has a
larger slope, meaning a lager effective thermal resistance, than the wire with the tip approached. From this
change in slopes the amount of heat leaving the wire can be calculated. This heat flux generates a thermo-power
signal which is measured simultaneously. The two insets show schemes of the temperature increase along the
wire with respect to the surrounding caused by the heating current with and without the presence of the NSThM
tip.

Second we present recent experimental data for near field mediated heat fluxes by means of absolute
values and show a detailed analysis with theoretical expectations calculated with the proximity force
approximation for distances up to 5 nm.
Summarizing we utilize standard STM techniques, to approach samples with our NSThM-probe. With
our NSThM we achieve both topography and lateral resolved heat fluxes. But even a distance
depended analysis of thermal coupling can be performed. Because a very stable thermal coupling is
achieved it is possible to characterize the behavior of the near field for various distances up to 5 nm.
We are able to resolve heat fluxes down to 25 nW with a lateral spatial resolution of about 6 nm. This
enables us with the above described characterization to measure absolute heat fluxes in the subnanometer regime. Our Au coated NSThM-probes generate 2.4 µV thermo power at a heat flux of 1
µW. This factor of sensitivity has a relative uncertainty of about 10% meaning that we can determine
precise heat fluxes. Because we utilize an enhanced STM technique we are able to study various metal
surfaces decorated with different materials. As presented in [11] monoatomic layer islands of NaCl on
an Au(111) surface have a significant influence on the near field mediated coupling. We will focus on
this topic for a better understanding of the influence of surface layers on the near-field mediated
coupling with our characterized sensors. As we are able to measure exact heat fluxes comparison with
theoretical statements are possible. This evokes a whole new theme, namely the possibility to tune the
near field on small scales and demands new theoretical approaches for exact calculations. Only a
complete understanding of the mechanisms will allow a complete and detailed understanding of the
behavior of near-field radiation at nano-scale.
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This work is intended as a contribution towards assessing the SThM method as a metrological tool for
calibrated local thermal conductivity measurements. Development of the scanning thermal microscopy
(SThM), since its invention in 1986 by Williams and Wickramasinghe, has led to work out measuring
methods for quantitative thermal measurement making use of SThM equipment. Nowadays thermal
probes (TP) for SThM provide spatial resolution better than 100 nm. However all these methods face
the problem with relatively low dynamic range of measured signal. A few orders of magnitude change
in the thermal conductivity k of the sample causes no more than 20-30% change in the measured
signal. Additionally, the thermal conductivity of a sample is typically read from a calibration curve
obtained with reference samples. To achieve reasonable accuracy of measurement signals for
investigated and reference samples have to be determined with low uncertainties.
When the probe is driven by ac current of frequency ω, the signal contains ω and 3ω components.
With Wollaston wire TPs, detection of the 3ω component is preferred because of its higher sensitivity
to k. As these probes are relatively massive they have low resonant frequency and their bending
caused by thermal stresses does not disturb the measurement. In the case of nanofabricated TPs this
effect seriously impedes experiments and can lead to probe damage. To avoid thermoelastic vibration,
the measuring technique in which the probe is driven by a sum of dc and (low) ac currents was
proposed [1]. In this case, the signal additionally contains a dc component and a 2ω component. All
theoretically predicted components are shown in Fig. 1.
It was shown that the sensitivity of the ω component amplitude to k is three times higher than the one
of dc component (for ωτ << 1).
In practice the determination of k can be based on measurement of the static (Rs = U/I ) and dynamic
(Rd = dU/dI ) resistances of the TP at ωτ << 1, using the dc and the ω components, respectively.
Moreover, the Rd – Rs difference is proportional to the thermal resistance to heat transfer between the
probe and the sample Rth, which in turn is directly related to k. Normalization of this quantity for the
TP in air minimizes the influence of environmental factors (e.g. instability of room temperature).
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Figure 1: The dc component and amplitude and phases of ac components of the signal of resistive TP driven by
the sum of dc and ac currents. The ratio of dc current to the amplitude of ac current was 20.

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

Figure 2: Two-cell quadrupole model of the probe-sample system

For nanofabricated TPs, the known model based on the lumped approximation of suspended wire
(LASW) containing a single time constant should be treated as the simplest approximation. That is
why a more complex model of the probe-sample system is proposed. It is based on consideration of
the heat exchange channels between electrically heated probe, a sample and its surroundings, in
transient and harmonic regimes [5]. Three zones in the probe-sample system are distinguished and
modeled by using electrical analogies of heat flow through a chain of quadrupoles built from thermal
resistances and thermal capacitances. The first zone is an active zone which embraces the vicinity of
the probe sample contact. Its characteristic dimension is of the order of 1 µm. The second one is an
active zone (∼10 µm), where heat sources are localized. The last one is a coupling zone (∼100 µm),
connecting the active zone with the probe base. In the simplest case the system can be modeled by the
two-cell quadrupole chain shown in Fig.2. The thermal transfer function of this circuit in the
frequency domain is
Z NTP ≈

1
1 + j 2ωτ
+
R
RP +

1

,

(1)

1
1 + j 2ωτ 1
Rp
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where τ = RC, and τ1 = RpCp. Consequently, the system has two characteristic times describing
dynamic processes in the active and coupling zones.
In Fig 3 results of fitting experimental data with curves calculated from the LASW and with the twocell quadrupole chain model are shown. One may conclude that the LASW does not properly describe
the system. In the second case an agreement between experimental data and the model is satisfactory.
Better agreement can be achieved by increasing the number of cells in the chain model.
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Figure 3: Amplitude and phase dependencies on the frequency of the 3ω signal component measured for the
nanofabricated TP together with fitted theoretical curves calculated from the LASW (dotted lines) and two-cell
quadrupole model (solid lines)
The validity of the model is examined by comparing computed values of discrete RC elements with

results of finite element simulations and with experimental data. The performance in dc regime can be
simply obtained in the limit of zero frequency. One concludes that the low NTP sensitivity to sample
thermal conductivity is due, much like in dc regime, to significant heat by-pass by conduction through
the cantilever, and to the presence of probe-sample contact resistance in series with the sample.
The model can be also useful for analysis of experiments carried out with other TPs with localized
heat sources.
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Heat transport and thermal conductivity control at small scales has attracted increasing interest in
recent years due to its importance in a wide range of applications, such as phonon engineering,
thermoelectric
lectric generators, energy devices
devic and thermal management in micro and nanoelectronics.
nanoelectronic
Considering the strong size effects in nano-structured
nano structured thin films, where crystallite sizes are comparable
to the heat carrier mean free path, external application of stress/strain should provide a mechanism to
tune the thermall conductivity of materials.
materials Recently, Li et al.[1] demonstrated theoretically that
applying strain/stress affects the thermal conductivity of nanostructures.
nanostructures However, there are limited
experimental results [2,3] that show stress/strain effects on the thermal
mal conductivity of thin films.
In the current work, we aimed at investigating the influence of an applied macroscopic strain on
phonon transport properties of nano-structured
nano structured aluminum nitride (AlN) polycrystalline thin films.
First, in order to understand scattering mechanisms at the interface between film and substrate, grain
boundaries and oxygen related defects,
defects AlN monolayer and multilayer samples were prepared by
varying the film thickness from 270 nm up to 1500 nm. For multilayer preparation, deposition process
was interrupted and vacuum was broken periodically to grow multiple AlN layers, one on top of the
other, intentionally introducing oxygen-related
oxygen related defects at the AlN/AlN interfaces. Fig. 1 illustrates
monolayer and multilayer AlN samples.

Figure 1: Monolayer and multilayer configurations. For monolayers, a periodical interruption of
deposition process breaking the vacuum was performed to create interfaces with oxygen-related
oxygen
defects or
impurities.

We explored the effect of atomicc structure, crystallite
cr
sizes and out-of
of plane disorientation of grains on
the phonon thermal transport properties of non-strained
strained AlN sputtered thin films.
films Texture, crystallite
size, microstructure and interfacial structure of the films were characterized by X-ray
X
diffraction,
scanning and transmission electron microscopy.. 3 omega measurements were carried out to correlate
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structural features with thermal conductivity. Moreover, theoretical calculations based on the
Boltzmann transport equation were performed for grained
grained materials and then compared to
experimental values of thermal conductivity (Fig.2(a)). The study of thermal properties of non-strained
non
AlN polycristalline was done to further understand the phonon thermal transport properties in
complex-structured polycrystalline
ystalline thin films.
fil

(a)
(b)
Figure 2: (a) Comparison between experimental and theoretical values of the keff of grained monolayers and
multilayers as a function of their thickness and (b) keff as a function of grain size.

Our theoreticall calculations based on the Boltzmann transport equation for grained materials are in
good agreement with the experimental values. The results in Fig. 2 show that thermal-conductivity
thermal
increases with thickness and grain size in both monolayer and multilayer configurations and that a
clear dependence on the microstructure and growing conditions exists. The overall drop in thermal
conductivity for multilayer films indicates that oxygen-related
related defects at the AlN/AlN interfaces are
created by the interruption off the deposition process thereby increasing the interface scattering of
phonons. The thermal boundary resistance (TBR) between AlN films and the silicon substrate was
found to depend on the near-interface
interface planar microstructure and defects of the AlN.
AlN

(a)
(b)
Figure 3: (a) Schematic of the grain structure of the AlN films on Si (100) in the cross-plane,
cross plane, according to [4-6],
[4
(b) SEM images of monolayer AlN films on Si (100).

The theoretical results evidenced that the thickness
t
dependence of thermall conductivity arises from the
evolution of grain structure through the
t cross-plane
plane of the films. Stress release, growth
g
mechanisms
and crystal lattice mismatch between AlN and Si causes this structural non-homogeneity
homogeneity of the AlN
films[4]. Grain structure in the cross-plane
cross
is showed in Fig. 3(a). The
he film can be decomposed into
three domains: (3) the columnar region of the film where the grain size is large with a preferential
crystalline orientation, (1)) the amorphous region near the Si substrate that has a disordered structure
within a limited thickness, and (2)
(2) the microcrystalline transition region between the bulk and
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amorphous that features different grain sizes and crystalline orientations. In our case, the so-called
effective thermal conductivity and
an the thermal boundary resistance (TBR) include overall resistive
contributions of the amorphous and transition
tra
regions. SEM analysis confirms that crystallization
crystalli
and
microstructure change with thickness thereby modifying phonon transport properties Fig.3(b).
Additionally we found that the interruption of the deposition process
cess creates oxygen-related
oxygen
defects at
the interface between AlN layers, degrading the phonon transport.
In the second part of this work, thermal
thermal conductivity measurements under external applied strain were
performed coupling the 3-ω method to a 4 points bending system (Fig.4).

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

In order to investigate how microstructure and out-of
of plane crystal disorientation influence strainthermal properties coupling, we measured the thermal conductivity of highly and poorly textured AlN
monolayers as a function of external applied stress.
stress Additionally, wee did the same measurements on
AlN/AlN multilayers to determine the influence of oxygen
gen related defects on thermal transport
properties.. Samples with close values of thermal conductivity at zero applied stress were used (Table
1) for the sake of comparison. Crystallinity, thickness and the out-of-plane
out plane crystal orientation,
described by thee decrease of the full width half maximum of the rocking curve, are given in Table 1.

Table1: Effective thermal conductivity of poorly and highly c-axis
c axis oriented monolayer and multilayer
AlN films as a function of mechanical strain.

The results in Fig. 5 show a strong effect of external applied stress on thermal-conductivity
conductivity for poorly
textured films. Thermal conductivity modulation from 4,99 down to 2,91 Wm-1K-1 is achieved under
164,2 MPa. By contrast, in highly textured layers,
layers thermal conductivity wass found to be almost
independent of stress, except for a possibly not significant 35%
% decrease in a narrow stress range
around 80 MPa for multilayers. In order to explain the observed influence of strain on thermal
conductivity, we calculated the interface thermal resistance of the 3 samples (Table 2).
Sample
Highly textured monolayer
Highly textured multilayer
Poorly textured monolayer

TBR ( m2.K GW -1)
62,736
62,736
104,20

Table 2: Interface thermal resistance of poorly and highly c-axis
c
oriented monolayer and multilayer AlN films.

We found that poorly textured samples have higher interfacial thermal resistance, which means higher
interfacial disorder.
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Figure 5: Effective thermal conductivity of poorly and highly c-axis oriented monolayer and multilayer
AlN films as a function of applied macroscopic stress.

We propose that higher interfacial disorder produce strong phonon scattering and localization of high
frequency vibrations, thus amplifying the strain-thermal conductivity coupling. However, in spite of
the of the highly dislocated AlN layer grown at the Si/AlN interface of all samples and the oxygenrelated defects at AlN/AlN interface for the multilayer configuration, non-localized vibrational modes
in highly-textured AlN films lead to non-observable strain–thermal conductivity coupling.
We are currently extending our work with experimental characterizations of the interface and grain
boundaries atomic structure by transmission electron microscopy and in situ X-ray measurements
using the BM32 Laue micro-diffraction setup from the European Synchrotron Research Facility
(ESRF) coupled to a four points bending system for monitoring strain-induced structural deformations
and variations of deviatoric lattice parameters during flexion. Future research in understanding the
mechanisms of phonon scattering at grain boundaries and interfacial structure is crucial to describe
theoretically the underlying physics driving thermal conductivity tuning observed in nanoscale
polycrystalline AlN thin films.
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Most practical applications of zirconium carbide involve heat generation at high temperature.
Combined with very high melting temperature its rather good thermal conductivity is an essential
feature for these applications. The thermal conductivity (κ) of ZrC is also interesting from the
fundamental point of view as it exhibits a very uncommon variation with temperature: from room
temperature up to melting, the thermal conductivity rises continuously (see [1] and references therein).
Complete understanding of this increase is still lacking and has been the subject of controversy for
decades. This behaviour is indeed puzzling, as for metallic systems (such as ZrC) κ should be constant
at high temperatures. Moreover the exact repartition of electronic and phononic heat conduction
mechanisms is still unknown. Two qualitative arguments have been proposed to explain this
anomalous increase of the conductivity with temperature. First ZrC is a semi-metallic compound, in
the sense that it exhibits a pseudo-gap in its electronic density of states close to the Fermi level. Then
the Lorenz number (ratio of thermal conductivity to the product of electrical conductivity and
temperature) should not be constant but rather increasing with temperature. Second zirconium carbide
being almost always understoichiometric in carbon, it contains many carbon vacancies. These
vacancies should induce an electrical resistivity which is supposed to be constant with temperature.
This additional electrical resistivity induces an increase of the thermal conductivity.
We revisit this puzzle with numerical simulations at the atomic scale. We calculate both electronic and
phononic contributions to the conductivity and deal with the effect of non-stoichiometry by
considering various amounts of carbon vacancies spanning compositions from purely ZrC to ZrC0.9.
We obtain values for electrical and thermal conductivities in very good agreement with experiments.
Phononic contribution to heat transport is found to be much smaller than electronic heat transport at
high temperature. The increase of thermal conductivity with temperature is quantitatively reproduced.
We are finally able to discuss the origin of the increase of thermal conductivity. We find that the
common explanations are partially valid but a major additional source of increase of the thermal
conductivity is brought to light, namely the increase of density of states at the Fermi level with
increasing temperature.
Vibrational thermal conductivity is calculated through empirical potential molecular dynamics. We
use the potential by Li et al. especially designed for ZrC [2]. Technically we calculate the thermal
conductivity with the homogeneous nonequilibrium MD formalism [3] in which a fictitious external
force is added to the atomic interactions and induces a heat current in the simulation box without a
temperature gradient. This heat flux is then, to first order, proportional to the thermal conductivity.
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Non-stoichiometry is described by the random introduction of 1%, 3% and 9% of carbon vacancies in
the 8000 atom simulation box.
As far as electronic thermal conductivity is concerned, we consider the scattering of electrons by
phonons and point defects. The Onsager coefficients (Lij) relating thermal and electrical conductivity
to temperature and electrical potential gradients can be evaluated in the framework of Kubo–
Greenwood theory. In practice it involves calculating with an electronic structure code, in the present
work Abinit [4,5], the Lij coefficients on a simulation box for various atomic positions to obtain an
average value. To obtain such positions, we use constant temperature MD simulations with the same
empirical potential as for the calculation of the vibrational part of the thermal conductivity. The
electronic calculation is performed in the generalized gradient approximation of the density functional
theory (DFT). As in the former calculations various amounts of carbon vacancies are introduced to
account for carbon understoichiometry.
Eventually the total thermal conductivity is calculated as the sum of its phonon and electronic parts.
We restricted our calculations to temperatures rather higher than the Debye temperature (649 K).
Doing so, we can safely disregard any vibrational quantum effect.

Figure 1: Thermal conductivity of ZrC as a function of temperature for various numbers of carbon vacancies
(from ZrC to ZrC0:91). Total, phonon and electron contributions are indicated.

The results obtained for the thermal conductivity are summarized in figure 1 which shows, for each
composition, the variation of phonon, electronic and total thermal conductivity with temperature. The
total thermal conductivity does exhibit an increase with temperature. This is true even for the perfectly
stoichiometric material. Second, the phonic contribution regularly decreases with temperature for all
compositions and the rise of total conductivity relies entirely on the electronic part which is vastly
dominant at temperatures higher than 1500 K. One can observe that phonon transport falls very rapidly
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with the introduction of vacancies. In contrast electron transport seems much less affected, particularly
at high temperature. This makes the rise of thermal conductivity more and more pronounced with
increasing deviation from stoichiometry.

Figure 2: Total thermal conductivity of ZrC as a function of temperature. The calculated values for various
stoichiometries are superimposed on a figure of experimental values gathered by Jackson et al. [1]

Our results are graphically compared with experiments in figure 2. One can first note the rather large
spread of the experimental values. This spread is due to the variations of the state of the material in
terms of composition, porosity and microstructure. Nevertheless, our results prove to be quite close to
the experimental values. They are on the higher side of the experiments. This quite probably comes
from the fact that some sources of thermal resistance are not dealt with in our calculations. Indeed the
thermal conductivity of real materials can be reduced by, e.g. polycrystallinity, presence of impurities
or dislocations, or existence of porosity. All in all the agreement of our results with experiments is
good enough to allow the discussion of the origin of the increase of the conductivity with temperature.
First, an increase of Lorenz number with temperature due to the pseudo-gap in the electronic density
of states at the Fermi level is indeed observed. However this increase amounts at most to 40% of the
increase of conductivity even for the stoichiometric material.
Second, the introduction of vacancies does create a thermal and electrical resistance which in turn
translates into a rise in thermal conductivity at high temperature. However this resistance is not
constant with temperature as it is commonly supposed but rather decreases with temperature.
Eventually, we found an additional phenomenon responsible for the rise of κ: the increase of the
density of states (DOS) close to the Fermi level. Electronic conductivity is naturally proportional to
the amount of electrons available to conduct heat or charge. This amount is proportional to the DOS at
the Fermi level. DOSs are usually implicitly thought to be almost constant with temperature. At the
opposite we found an unexpected important increase of the DOS at the Fermi level with temperature.
This increase directly increases the electrical and thermal conductivity. Moreover, for a given
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temperature, the introduction of vacancies also induces a rise of the DOS at the Fermi level. This
effect is therefore important for both the stoichiometric and understoichiometric compounds.
In summary, the mysterious increase of thermal conductivity with temperature in this material has
been reproduced and explained. We found that the phonon thermal conductivity is negligible at high
temperatures. For the electronic part, three phenomena are responsible for its rise with temperature.
The first two were already identified: the semi-metallic shape of the DOS and the additional electrical
resistivity induced by carbon vacancies. The last phenomenon, namely the rise of the DOS close to the
Fermi level with either temperature or the concentration of vacancies, was not mentioned before. We
believe the mechanisms highlighted for ZrC to be valid for other transition metal carbides which also
exhibit an increase of conductivity with temperature (e.g. TiC, HfC). This study has recently been
published [6]. We plan to check on other metals exhibiting a pseudo gap if the same increase of DOS
is also observed and its relation with thermal conductivity evolution.
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Context and Objective
Two-photon interference can result in a total cancellation of the photon output because of the
coalescence of the two single photons. This interference effect occurs because two possible photon
paths interfere destructively, which produces the famous Hong-Ou-Mandel (HOM) dip in the
detection probability of the output photons. Similar destructive interference effect which results in a
total reflection can be realized in a phonon system [1]. Constant endeavor has been devoted to the
precisely control of heat conduction. Recent efforts concentrated on reducing the thermal conductivity
κ via nanostructured materials with superlattices and embedded nanoparticles. Most works attributed
the reduction in κ to the increased phonon scattering rate and thus the decreased mean free path
(MFP), which are particle descriptions. However, the role of destructive phonon-wave interferences is
not well understood in the tailoring of thermal transport in a wave picture.
Here, we introduce and model a realistic 3D atomic-scale phononic metamaterial that allows for
manipulating the flow of thermal energy [2]. Phonon reflection is generated by exploiting two-path
phonon interference on internal interfaces with embedded defects. The 2D planar defects force
phonons to propagate through two paths: through unperturbed (matrix) and perturbed (defect)
interatomic bonds. The resulting phonon interference yields transmission antiresonances (zerotransmission resonances) in the phonons spectrum that can 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 impurity-atom array is
embedded. The red and blue curve refer to the phonon path through the
impurity atom bonds and through the host atom bonds, respectively.

102

H. HAN et al.

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

Model and Methodologies
An atomic presentation of the 3D phononic metamaterial with a face-centered cubic (FCC) lattice
including a 2D array of heavy defect atoms is depicted in Fig. (1). When the defects do not fill entirely
the defect plane, phonons have two paths to cross such an atom array whereas the phonon path through
the host atoms is blocked when the defect layer is constituted by a uniform impurity-atom array, 100%
packed with impurity atoms. Two types of atomic metamaterials were studied using realistic
interatomic potentials: a FCC lattice of Argon (Ar) where the defects are heavy isotopes and a
diamond lattice of Si with Germanium (Ge) atoms as the defects. The interactions between Ar atoms
are described by the Lennard-Jones potential. The covalent Si:Si/Ge:Ge/Si:Ge interactions are
modeled by the Stillinger-Weber (SW) potential. To probe the phonon transmission, MD-based
phonon wave packet (WP) method was used to provide the per-phonon-mode energy transmission
coefficient. The spatial width l (coherence length) of the WP is taken much larger than the
wavelength λc of the WP central frequency, corresponding to the plane-wave approximation.

Results and Discussion
The transmission coefficient α (ω ) of the WP with l = 20λc , retrieved from MD simulations of an Ar
metamaterial is presented in Fig. (2). The incident phonons undergo a total reflection on the defect
layer at the antiresonance frequency ω R . Phonon transmission spectra displays an interference
antiresonance profile since the two phonon paths interfere destructively at ω R , analogous to the twophoton interference which results in the HOM dip. A total transmission at ωT follows the interference
antiresonance, which is reminiscent of the Fano resonances. For a uniform defect-atom array, the zerotransmission antiresonance profile will be totally suppressed and replaced by a monotonous decay of
transmission with frequency. In the later case, only the phonon path through the defect atoms is
accessible.

Figure 2: Spectra of phonon energy transmission coefficient predicted by equivalent quasi-1D model (solid and
dashed lines) and by MD simulations (symbols) of a 3D Ar metamaterial with planar defect containing heavy
impurities, with mass m = 3m0 . Dashed-dotted line is the convolution of α (ω ) in Eq. (1) with a Gaussian WP
with l = 2λc . Red, blue and yellow symbols represent transmission of WP with l = 20λc through the two paths,
one path with a single and two successive layers of defect atoms, respectively; green symbols represent
transmission of WP with l = 2λc through two paths. (Inset) Three possible quasi-1D lattice models describing
phonon propagation through the lattice region containing the local defect.
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To further understand the phonon antiresonances caused by the interference between two phonon
channels, we use an equivalent model of monatomic quasi-1D lattice of coupled harmonic oscillators
[3], depicted in the inset in Fig. (2). In model (a), phonons propagate through two paths: through the
host atom bonds, and through those of the impurity atoms, whereas in model (b) and (c), only the
second channel remains open. The model (a) gives the energy transmission coefficient for plane wave:
α (ω ) =

2
(ω 2 − ωR2 ) 2 (ωmax
− ω2 )
,
2
(ω 2 − ωR2 )2 (ωmax
− ω 2 ) + Cω 2 (ω 2 − ωT2 )2

(1)

where ω R ,T are the frequencies of the reflection and transmission resonances, ωmax is the maximal
phonon frequency for a given polarization, ωR < ωT < ωmax . C is a real positive coefficient given by the
atomic masses, force constants. The ω R frequency exists only in the presence of an additional channel
which is open for wave propagation through the bypath around the defect atom, see inset (a) in Fig.
(2). As follows from Eq. (1) and Fig. (2), α (ωR ) = α (ωmax ) = 0 and α (ωT ) = α (0) = 1 . In the transmission
of a narrow WP with l = 2λc , given by the convolution of α (ω ) for plane wave from Eq. (1) with a
Gaussian WP with l = 2λc , the interference effect is weakened by more frequency components when
the plane-wave approximation ( l ≫ λc ) is broken and the transmission at ω R is not zero any more, i.e.
α (ωR ) > 0 , which is the case also in the two-photon interference. As depicted in Fig. (2), an excellent

agreement in transmission coefficients is demonstrated between the equivalent quasi-1D model
provided by Eq. (1) and the MD simulations of the 3D atomic-scale phononic metamaterial with the
use of realistic interatomic potential.
We calculate the interfacial thermal conductance G by following the Landauer-like formalism:
G = ∫ ∑ ℏω (k ,ν )vg , z (k ,ν )α
ν

∂
dk
nBE (ω , T )
,
∂T
(2π )3

where ℏ is the reduced Planck constant, vg , z the phonon group velocity in the cross-plane direction,
nBE (ω , T ) = [exp( ℏω / k BT ) − 1]−1 is the Bose-Einstein distribution of phonons at temperature T , k B is the

Boltzmann constant. The integral is carried out over the Brillouin zone and the sum is over the phonon
branches.

Figure 3: (a) The temperature-dependent interfacial thermal conductance across a defect plane 50%-filled with
periodic array of impurities (rectangles) and across a uniform defect plane with (pentagons) and without
(circles) the second phonon path induced by non-nearest-neighbor bonds, in comparison with that of a atomic
plane without defects (hexagons). (b) α (ω ) for a uniform defect plane with (pentagons) and without (circles) the
second phonon path.
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By embedding defect atoms in a monolayer, we manage to reduce the thermal conductance by 30% in
respect to the case of no defects, as shown in Fig. (3a). This destructive-interference induced effect
can be used to explain the remarkable decrease of κ of SiGe alloy with very small amount of Ge, with
respect to pristine Si. G is further reduced by considering the second nearest-neighbor bonds C2
between the host atoms on the two sides of the uniform defect layer in addition to the nearest neighbor
bond C1 linking the host and adjacent defect atoms. This reduction comes from the suppression of
phonon transmission at high frequencies, shown in Fig. (3b), which is due to the opening of the second
phonon path through the non-nearest-neighbor bonds C2 interfering destructively with the first path
through the nearest-neighbor bonds C1 . The emergence of the second phonon path substantially
reduces G by 16% despite the weakness of the corresponding bonds: C2 = 0.08C1 in the Ar lattice.
This demonstrates another advantage of the application of the two-path destructive phonon
interference for controlling the heat conduction: more heat flux is blocked by the opening of the
additional phonon paths.

Conclusions and Perspectives
In conclusion, we provide comprehensive modeling of atomic-scale phononic metamaterial for the
control of heat conduction by exploiting two-path phonon interference antiresonances. Thermal
phonons crossing a defect array undergo strong destructive interference, pointing out similarities of the
phononic phenomena with their photonic counterparts. Such patterned atomic planes can be
considered as high-finesse atomic-scale phononic mirrors. And, at last, we would emphasize that
strong optical reflection observed in stereometamaterials can also be interpreted as photon interference
antiresonances in optically transparent plane, embedded with periodic plasmonic nanostructures. Our
results show that the patterning of the defect-atom arrays can lead to a new departure in thermal
energy management, offering potential applications in thermal filters, thermal diodes and thermal
cloaking.
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The understanding of coupled charge and heat transport in complex systems is a fundamental problem,
also of practical interest in connection with the challenging task of developing high-performance
thermoelectric heat engines and refrigerators, the low efficiency of existing thermoelectric devices
being the factor which limits their use. To investigate this problem, we follow a new approach which
starts from first principles i.e. from the fundamental microscopic dynamical mechanisms which
determine the phenomenological laws of heat and particle transport. In this connection, as it is well
known, the enormous achievements in nonlinear dynamical systems and the new tools developed have
led to a much better understanding of the statistical behavior of dynamical systems. For example, the
question of the derivation of the phenomenological Fourier law of heat conduction from the dynamical
equations of motion has been studied in great detail. Theoretical work in this direction even led to the
possibility to control the heat current and devise heat diodes, transistors, and thermal logic gates. We
are confident that this theoretical approach, combined with the present sophisticated numerical
techniques, may lead to substantial progress on the way of improving thermoelectric efficiency. An
additional motivation in favor of this approach is that thermoelectric technology, at small sizes (e.g. at
micro or nano-scale), is expected to be more efficient than traditional conversion systems. Indeed the
efficiency of mechanical engines decrease very rapidly at low power level. The recent progress in
engineering nanostructured materials opens now new possibilities. The study of dynamical complexity
of these structures may lead to the design of new strategies for developing materials with high
thermoelectric efficiency.
We compute the basic transport coefficients (isothermal charge conductivity, heat conductivity,
thermopower, and Peltier coefficient) starting from the microscopic equations of motion of stylized
models, including billiard models and single-level quantum dots. The transport coefficients are
computed by means of nonequilibrium simulations (stochastic reservoirs) and of the Green-Kubo
formula in classical models, while the (multi-terminal) Landauer-Büttiker approach is used for noninteracting quantum systems.
We show that for systems with a single relevant constant of motion, notably momentum conservation,
the thermoelectric efficiency reaches the Carnot efficiency in the thermodynamic limit [1]. Such
general result is illustrated by means of numerical simulations in the case of a diatomic chain of hardpoint elastically colliding particles [1] as well as for a two-dimensional gas of interacting particles [2].
For systems with broken time-reversal symmetry, we show [3] that the maximum efficiency and the
efficiency at maximum power are both determined by two parameters: a generalized figure of merit
and an asymmetry parameter, given by the ratio of the thermopowers obtained for opposite directions
of the magnetic field [3-5]. In contrast to the time-symmetric case, the figure of merit is bounded from
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above; nevertheless the Carnot efficiency can be reached at lower and lower values of the figure of
merit and far from the so-called strong coupling condition as the asymmetry parameter increases.
Moreover, the Curzon-Ahlborn limit for efficiency at maximum power can be overcome within linear
response, as we have shown numerically in a few examples (Aharonov-Bohm interferometer formed
with three non-interacting quantum dots, transmission windows model) [6]. Finally, always within
linear response, it is not forbidden by the laws of thermodynamics to have Carnot efficiency and
nonzero power simultaneously [3].
We also discuss the efficiency of a thermal engine working in linear response regime in a multiterminal configuration [7]. We provide a general definition of local and non-local transport
coefficients (electrical and thermal conductances, and thermoelectric powers). Within the Onsager
formalism and in the three-terminal case, we derive analytical expressions for the efficiency at
maximum power, which can be written in terms of generalized figures of merit. Also, using two
examples (single and double dot), we investigate numerically how a third terminal could improve the
performance of a quantum system, and under which conditions non-local thermoelectric effects can be
observed.
While our approach has been so far limited to the linear response steady-state regime, we can foresee
his extension to nonlinear transport as well as to time-dependent drivings, i.e. to microscopic thermal
machines performing cycles. Moreover, the above discussed mechanisms could be tested by means of
molecular dynamics or other kind of simulations of more realistic models. We know that symmetry
breaking together with nonlinearity are at the key ingredients for thermal diodes and transistors and we
are confident that relevant results can be obtained on the same basis also with regard to the problem of
improving thermoelectric efficiency.
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The amount of energy exchanged between bodies separated by a submicron distance is notably higher
than that for bodies separated by macroscopic lengths [1-3]. The tunneling of evanescent
electromagnetic waves is responsible for this enhancement, an effect that can rise only when the
bodies are close to each other. Due to the contribution of evanescent modes, the local density of states
is modified near an interface separating two media. This implies that also the thermodynamic
functions will depend on this contribution and will show a very different behavior from the
corresponding one in the far field case [4]. Furthermore, at the interface of polar materials, the
coupling of phononic excitations with the electromagnetic fields results in the so-called surface
phonon-polaritons. When two planar sources supporting surface phonon-polaritons are placed at a
distance smaller than the thermal wavelength, the resonance of these modes is responsible for the
considerable increase of the emitted radiation. These surface waves can be thermally excited at the
nanoscale due to their existence in the infrared [5,6].
In addition, using the fluctuation-dissipation theorem, the correlations of electromagnetic fields can be
computed, whence the average Poynting vector is obtained [5]. The Poynting vector gives the radiated
can be computed, where is the
energy flux Š , and from this quantity the entropy flux ‹
temperature of the radiating body. Both energy and entropy fluxes depend on the spectral flux of
modes Œ ! which contains the information about optical properties of the materials. Here, we show
that the maximum work that can be obtained from the thermal radiation emitted between two planar
sources in the near-field regime is much larger than the one corresponding to the blackbody limit [7].
This quantity and an upper bound for the efficiency of the process are computed from a thermostatistic
formulation in the near-field regime. Both maximum work flux and efficiency depend on the optical
properties of the materials, and the explicit dependence on the frequency of the surface phononpolariton has been obtained. In Figure 1, we show the maximum work flux and the upper bound for
the efficiency as a function of the temperature of the hot source • for two materials, hexagonal boron
nitride (hBN) and silicon carbide (SiC), and for two different environmental temperatures Ž . Once the
energy and entropy fluxes are known, the maximum work flux is given by • = Ž Δ‹ − ΔŠ, where
Δ‹ = ‹ Ž − ‹ • and ΔŠ = Š Ž − Š E , and an upper bound for the efficiency can by computed
as ‘̅ = • /Š • . The maximum work flux is also called the ideal work flux 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 function of the temperature of the hot source for two
different environmental temperatures (taken from Ref. [7]). The materials are modeled by using the Lorentz
model for the dielectric constants.

Energy converters can be used with the purpose of capturing thermal energy from their surroundings
and transform it into usable work. Here we consider this energy harvesting process in an ideal
situation. We consider a semi-infinite medium acting as a thermal energy source at a temperature
higher than the environment temperature. This medium could be a certain component of a device
which, as a consequence of an independent task, is kept at a working temperature • . A second semiinfinite medium is placed near the first one, with a vacuum gap separating the (planar) surfaces of the
two media. The second medium is assumed to be in thermal equilibrium with the environment at
temperature Ž . Due to the difference of temperatures, a certain amount of work can be extracted from
the thermal radiation. This function is assigned to the converter, which can be assumed to be coupled
to the medium at temperature Ž . The specific mechanism utilized by the converter to transform the
radiation will determine the entropy production and, therefore, the efficiency of the process. If this
mechanism is not particularized, bounds for the efficiency and work flux can be obtained by
considering an ideal process. In particular, we focus on the case where the difference of temperature
between the hot medium and the environment is relatively small. Small temperature differences are the
physically relevant situation for energy harvesters at the nanoscale, where near-field thermal radiation
is the dominant contribution.
The energy flux can be written as Š

B

= “= d! U! r !,

Œ ! , where U is the reduced Plank

is the average number of photons in a single mode of frequency !. Introducing
constant, and r !,
the reflection coefficients of the vacuum-material interface ” •, ! for the polarizations – = p, s, the
spectral flux of modes for two identical half-spaces separated by a vacuum gap of width * is defined
by
Œ ! = + ˜'
”;ž,Ÿ

=

/<

B
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where E is the speed of light in vacuum, and • is the component of the wave vector parallel to the

surfaces satisfying p = k !/E
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be obtained by considering the thermodynamic relation

‹

=

B
“= d!

(S ‰ !,

?K

= *‹/*Š and, therefore, be written as

Œ ! , where (S is the Boltzmann constant and we have introduced
‰ !, = c1 + r !, j lnc1 + r !, j − r !, ln r !, . For polar materials supporting
surface phonon-polaritons, the main contribution to the spectral flux of modes in the near-field regime
is due to p-polarized evanescent waves (the second term in curly brackets in (1) with – = p). As a
consequence, the spectral flux of modes in this regime becomes [7,8]
Œ¡¢ ! = £› ! ¤ ! − != ,

£› ! =

Re§LiR ž ! ©
,
4%* R d′ !

2

where ¤ is a Dirac-delta distribution, != is the frequency of the surface phonon-polariton, LiR

is the
dilogarithm function, and d ! = Im§ ž ! ©/Im § ž ! © so that d ! = *d ! /*!. Thus, using (2), the
considered thermodynamic quantities show an explicit dependence on the resonance frequency != .
R

R

ª

The formulation of the thermodynamics in the near-field regime sheds light on thermal radiation
energy conversion exploiting optical properties of the emitters. In particular, our analysis highlights
how these properties influence the performance of an energy-harvesting process. This analysis can be
further elaborated by taking into account a concrete converter and, according to the specific
conversion mechanism, including the corresponding entropy production. This will provide a better
bound for the efficiency, as happens with blackbody radiation.
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Introduction
In recent year the researches devoted to increase electrical conversion efficiency have led to the limit
of 25% [1] at standard conditions i.e., AM1.5 spectrum and cell temperature at 25°C. However, the
performances during their use are lower. This degradation caused by the temperature is generally
described mathematically with a linear expression of the efficiency given by η=ηst(1-β(T-Tst)), where
ηst is its value at cell's temperature equal of 25°C. A review of β coefficient is summarized by Skoplaki
et al.[2].
The general approaches available in literature to predict thermal behavior of PV cell, consist to use
empirical correlations which link cell's temperature to its environmental conditions (ambient
temperature, solar irradiation, etc.) [2]. Other methods are based a resolution of energy balance
equation, i.e., the incident solar irradiation absorbed within the PV panel is balanced between the
electrical and the thermal energy. A good review of this approach is given by Jones et al. [3]. On the
other hand, there are a few theoretical studies about coupling heat transfer and carriers transport in
semiconductor devices [4]–[7]. Only Vaillon et al. studied silicon solar cells in particular. However,
its thermal model based on [6] did not included heats sources generated by thermoelectric and Joule
effects outlined by Lindefelt and Watchutka.
The purpose of the present paper is to propose an insight into heat generation in silicon solar cells. The
paper starts with the description of the physical problem. Then, a detailed analysis of heating and
cooling mechanisms within the photovoltaic cell under short-circuit conditions are discussed. And
finally, the variation of the temperature of a solar cell as a function of the applied bias is presented.

Simulation parameters
To study the thermal and electrical behavior in a solar cell, a set of parameters related to the cell
characteristics are listed in Table I and a scheme of the studied n+p junction solar cell is shown in Fig.
1.
The results are obtained under AM1.5G illumination. The surroundings areas are modeled as a black
body at 25°C exchanging radiative energy with the solar cell. The ambient temperature is set to 25°C,
and a convective thermal transfer is considered via a symmetrical convection coefficient h at the
boundaries of the cell.
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Base doping (p-type,
type, uniform)
Emitter doping (n-type,
type,
uniform)
Junction
depth

1015 cm-3
1019 cm-3

Wafer thickness

250 µm

Front surface recombination

1000 cm.s-1
10000 cm.s-

Rear surface recombination

300 nm

No front antireflection coating

1

Si/Air back interface
Figure 1: One dimension model of a n+p solar
cell

Table 1: Parameters of the simulated solar cell

The different values used for the symmetrical convection
conv
coefficients are: h=2
=2 W.m-2.K-1 (very low
-2
-1
natural convection, no wind), h=5
=5 W.m .K (natural convection, weak wind), h=10
=10 W.m-2.K-1 (strong
natural convection, strong wind) and h=100 W.m-2.K-1 (forced convection, cooling system). The
simulations are
re performed thanks to the coupled solution of the radiative transfer problem, the
continuity equations and the thermal transfer equation. The operating temperature of the cell depends
on the illumination, the radiative and convective thermal transfers and the efficiency of the cell.

Discussion about non-isothermal
isothermal conditions
The thermal sources and the thermal boundaries conditions determine the operating temperature of the
cell. Among the thermal sources of a solar cell, the Thomson and the Joule effect [4] are of particular
interest regarding that they had been ignored until this paper for the analysis of the heat generation in a
solar cell. For the sake of brevity, we only focus on these effects at Jsc in this abstract.
abstr

(a)
(b)
Figure 2: Spatial and spectral map of heat generation from Joule effect (a) and thermalization (b) of
the charge carriers
Fig.2 portrays the local spectral heat generation within the depletion region due to the Joule effect at
Jsc The restt of the cell is assumed to be quasi-neutral,
quasi neutral, i.e., E=0. Furthermore, only heat generation
within the base part of the depletion area is shown because the doping characteristics of the cell leads
to a very thin charge zone in the emitter, i.e. XN= 0.3nm and XP=341 nm (see Fig.1). Basically, within
the SCR zone, the maximum value of electric field occurs at metallurgical junction (top of Fig.2a) and
vanishes at its boundaries. The current flow is uniform through the cell. These two facts lead to a
decrease of heat generation in-depth
depth of the depletion zone. As for the low value of the Joule heat
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source for the wavelength in between 300 and 400 nm and in between 1100 and 1200 nm, this is
readily explained by the low value of irradiation in these spectral ranges.
ranges. Fig.2b shows the heat
generation from the thermalization of the charge carriers at Jsc.
The Thomson effect reflects the balance between the generation and the recombination of carriers for
each position in the cell. In regions where the recombinations exceed
exceed the generation rate, the Thomson
effect generates heat whereas where the generation is higher than the recombination, it carries out of
the cell heat. These behaviors are shown in Fig.3.

(a)
(b)
Figure 3: Spatial and spectral maps of Thomson effect:
effect: (a) Heat source, (b) Heat sink
In the usual analysis, in application of the principle of superposition, the temperature is determined at
Jsc and then considered constant for all polarizations although NRR and Joule heat sources vary with
voltage. These variations change the thermal equilibrium of the solar cell and consequently the
operating temperature. Fig.4a represents the different thermal sources and sinks at short-circuit
short
Jsc,
maximum power point Mpp and open-circuit
open
Voc conditions.

(a)
(b)
Figure 4: Heat sources and sinks of the solar cell at Jsc, Mpp and Voc conditions on the left (a) and
temperature of the solar cell as a function of applied voltage for h = 2, 5, 10 and 100 W.m-2.K-1 on the
right (b)
Three sources are considered: thermalization
thermalization of the carriers, the Joule effect and the NRR heat source.
The sources are very similar for a given voltage for any h because the sources are quite independent of
the convective conditions. Thermalization is almost constant with the applied voltage and
a h.
At Jsc, the Joule and the thermalization sources are equally important whereas the NRR source is small
compared to the two others. The Joule heat source is important at Jsc because the photocurrent losses
energy during the crossing of the potential barrier of the cell via phonon emission whereas at Voc, no
current flows in the solar cell thus the Joule heat source is null. On the contrary, the NRR thermal
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source is low at Jsc and increases with the voltage to reach a maximum at Voc. The diode is blocked at
Jsc, so the recombinations are low, but approaching Voc, the potential barrier of the junction decreases,
increasing the amount of recombination to reach the total amount of photogenerated charges.
Convection is the main heat sink for any h and any voltage, and the higher h, the lower the
temperature at any polarization. The two other sinks, Thomson and radiative, are weak in comparison
with convection, although they affect the temperature. Fig.4b depicts the variation of the temperature
as a function of the applied voltage resulting from the equilibrium between heat sources and sinks. The
greater the value of h, the weaker the radiative sink because the temperature of the cell is lower hence
the cell emits less than with low h. Convection has little impact on the Thomson sink, which falls from
its maximum value at Jsc where recombinations are low, to zero at Voc where recombinations and
generation are equal.
For large h, the temperature is rather invariant with respect to the bias of the cell. The greater the value
of h, the lower the temperature at any polarization. It is worth noting that the lowest temperature is
reached close to Mpp which is consistent with the fact that when the electrical output is maximal, the
thermal losses that heat the cell are close to the minimum. This is important because the more efficient
a solar cell is, the lower the operating temperature will become. One can also note that the temperature
attains a maximum at Voc in accordance with the fact that all the absorbed energy is transformed into
heat at Voc.

Conclusion
A coupled solution of the multiphysics problem taking place in a solar cell is used to analysis the heat
generation in a solar cell. The detailed analysis shows that the consideration of the variation of the
temperature of a solar cell with the applied bias is not negligible when h is low. Therefore, we
recommend that the nominal operating cell temperature be determined at Mpp instead of Voc as defined
in the ASTM standard and to take into account the temperature at Mpp in the optimization of solar
cells.

References
[1]
[2]
[3]
[4]
[5]

[6]

[7]

M. A. Green, K. Emery, Y. Hishikawa, W. Warta, and E. D. Dunlop, “Solar cell efficiency tables
(version 43)”, Prog. Photovoltaics Res. Appl., vol. 22, no. 1, pp. 1–9, 2014.
E. Skoplaki and J. a. Palyvos, “On the temperature dependence of photovoltaic module electrical
performance: A review of efficiency/power correlations”, Sol. Energy, vol. 83, no. 5, pp. 614–624, 2009.
A. D. Jones and C. P. Underwood, “A thermal model for photovoltaic systems”, Solar Energy, vol. 70,
no. 4, pp. 349–359, 2001.
U. Lindefelt, “Heat generation in semiconductor devices”, J. Appl. Phys., vol. 75, no. 2, p. 942, 1994.
G. K. Watchutka, “Rigorous Thermodynamic Treatment of Heat Generation and Conduction in
Semiconductor Device Modeling”, IEEE Trans. Comput. aided Des., vol. 9, no. 11, pp. 1141–1149,
1990.
M. Dramicanin, Z. Ristovski, P. Nikolic, D. Vasiljevic, and D. Todorovic, “Photoacoustic investigation
of transport in semiconductors: Theoretical and experimental study of a Ge single crystal”, Phys. Rev. B,
vol. 51, no. 20, pp. 14226–14232, 1995.
R. Vaillon, L. Robin, C. Muresan, and C. Menezo, “Modeling of coupled spectral radiation , thermal and
carrier transport in a silicon photovoltaic cell”, Int. J. Heat Mass Transf., vol. 49, pp. 4454–4468, 2006.

Session 9 – Energy conversion

115

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

Low concentration solar-thermophotovoltaic
system using high-temperature photonics
Makoto SHIMIZUa*, Asaka KOHIYAMAa, Fumitada IGUCHIa and Hiroo YUGAMIa
a

Graduate School of Engineering, Tohoku University, Aoba6-6-01 Aramaki Aoba-ku, Sendai, Japan
*corresponding author: m_shimizu@energy.mech.tohoku.ac.jp

Keywords: Thermophotovoltaic, Thermal radiation, Solar selective absorber, Selective emitter, Multi-layer
coating,

Solar thermophotovoltaic generation systems (STPV) are a type of a photovoltaic generation system.
In this system, the solar absorber, heated by the irradiated solar energy, causes the emitter to heat up
and radiate thermal energy; the thermal radiation from emitters is then converted into electricity at a
photovoltaic (PV) cell as shown in Fig. 1. Some advantages over conventional PV generation systems
can be seen in STPV system. For instance, it is possible to control the thermal radiation spectrum of
the emitter to optimize electron excitation in the inherent sensitive region. By such spectral matching
in a single-junction PV cell, a PV conversion efficiency comparable to that of a triple-junction PV cell
system can be obtained. Furthermore, in this system, the power generation density is very high, and
unlike a multi-junction cell, the generation efficiency is not sensitive to seasonal solar spectrum
fluctuations.

Solar energy

Absorber

Emitter

Photovoltaic cell

Figure 1: Schematic illustration of solar-TPV system.

In recent years, the study of solar-TPV systems has attracted attention. In 2014, an MIT group
reported 3% net efficiency of a solar-TPV system. This system uses an InGaAs cell that has a 0.55 eV
bandgap and an operating temperature of 1285 K [1]. System efficiencies of STPVs [1-4] have
gradually increased through technological improvements, but remain low. The low system efficiency
is mainly a result of excessive heat loss from the high-temperature absorber/emitter. Therefore,
suppressing energy losses is necessary to obtain a high efficiency system.
To obtain high system efficiency on STPVs, two main losses should be reduced. One is the energy
losses at absorber such as reflection and infrared radiation losses and the other is at emitter such as
spectrum mismatch with spectral response of TPV cells. Therefore, we can improve the energy
efficiency by controlling thermal radiation spectrum, which we call “High-temperature photonics”, on
both absorber and emitter. In this study, we develop a high-efficiency STPV using a monolithic planar
spectrally selective absorber/emitter. Power generation tests in the fabricated equipment were
conducted using a GaSb TPV cell under a concentration ratio of solar irradiance of several hundreds
using a solar simulator.
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In STPV, solar irradiance is converted into useful thermal radiation at the emitter. Therefore, in these
kinds of systems, regarded as photon-photon conversion systems, spectral matching with PV cells in
order to attain high operating temperatures with low input power is critical for obtaining high
efficiency. With this in mind, we considered the planar absorber/emitter as being appropriate for a
STPV. Owing to the small surface area, the input power required for a planar type absorber/emitter
can be reduced to one third of volumetric cavity type absorber/emitter for the same temperature.
However, the optical losses of the planer type absorber/emitter cannot be ignored. Therefore, for
efficient photon-photon conversion in STPVs using a planar absorber/emitter, it is important to control
thermal radiation spectrum from both absorber and emitter surfaces.
The monolithic planer absorber/emitter, which has absorber and emitter on the front and back sides of
a single planer metal substrate, is fabricated. For the absorber/emitter, the spectrally selective
properties are obtained by fabricating a multi-layered coating that consists of thin film tungsten (W)
layer sandwiched between yttria stabilized zirconia (YSZ) layers as depicted in the inset of Fig. 2 (a).
Spectrally selective absorption, regarded as emission, could be a product of destructive interference.
Therefore, the enhanced wavelength range can be controlled by thickness of the coatings as shown in
Fig. 2 (a). Optimum properties calculated from measured reflectance of the absorber and the emitter
are shown in Fig. 2 (b). The optical properties are well consistent with simulated results.
1.0

(a)

(b)
Absorber

0.8

Emitter

1-R (-)

0.6
0.4
0.2
0.0

0.5

1.0

1.5

2.0

2.5

3.0

Wavelength (µm)

Figure 2: (a) Contour of absorptance spectra for various thickness of lower YSZ layer. (b) Absorptance
spectra calculated from measured reflectance of fabricated absorber and emitter.

The solar-TPV system was designed and fabricated to conduct a power generation test. In this system,
a solar simulator was used as a light source to conduct the experiment under stable conditions. The
energy density of the light can be adjusted from 8 to 100 W/cm2. The incident light reaches the
absorber through φ9 mm pinhole. The absorber is fabricated on φ9 mm area at center of φ15 mm
substrate. A silicon dioxide filter is attached to the emitter with a small gap that blocks infrared
radiation. Gap between a GaSb TPV cell (10 × 15 mm) and the emitter is 30 mm and the cell is
mounted on the stainless steel water jacket to prevent degradation of TPV cell performance. The test
was conducted under a high-vacuum condition (1.0 × 10-5 Pa). Reached temperature as a function of
input power is shown in Fig. 3. The required power to obtain working temperature can be drastically
reduced from our previous study using blackbody cavity type absorber/emitter [2]. As shown in Fig. 3,
over 1500 K, which is sufficient to perform power generation by GaSb TPV cell, is obtained by
incident power less than 1000 sun.
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Figure 3: Temperature of absorber/emitter as a function of input power comparing with previous STPV
system [2].

From the test, the system efficiency ηsystem is calculated from the following formula,

η system =

Pmax
× Femitter − cell
E solar

(1)

where Esolar is incident light power from the solar simulator, Pmax is the maximum output power from
the cell, and Femitter-cell is view factor between the emitter and the cell. Therefore, ηsystem indicates the
efficiency when thermal radiation from the emitter is fully reached to the cell, i.e. view factor is
assumed to be 1. The highest ηsystem of 8% is obtained at 1640 K. The maximum PV conversion
efficiency of 23% was also achieved at 1640 K. Though the incident power density is almost similar to
1 sun, due to small Femitter-cell (≈ 0.01) , the achieved efficiency exceeded 20%, which is defined as the
Shockley–Quisser limit [5] for a GaSb bandgap energy of 0.67 eV.
In this paper, we describe STPV system using a high-temperature photonics. For solar
absorber/emitters, reaching very high temperatures with low input solar power is essential for high
efficiency. We designed the STPV system using the monolithic planer spectrally selective
absorber/emitter based on multi-layer coating, in order to experimentally evaluate the system
efficiency. Temperature of the absorber emitter is reached at over 1500 K by input power lower than
1000 sun. This energy density can be easily obtained by Fresnel type concentrator. A PV conversion
efficiency of 23% exceeded the Shockley–Quisser limit is achieved due to the spectral matching. High
system efficiency of 8% comparing with the previous studies is also indicated taking into
consideration a view factor. It is expected that these results have a great contribution to practical
realization of STPV systems.
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It is now well understood that the net radiative heat flux exchanged by two bodies at different
temperatures depends on the distance between the bodies [1]. At large distances, the usual laws of
incoherent thermal radiation (use of the specific intensity, Stefan-Boltzmann and Wien’s law,…) hold.
This is the far-field regime. At distances smaller than the characteristic wavelength for thermal
radiation, usually estimated as being the Wien’s wavelength of thermal radiation (10 µm at room
temperature), the contribution of evanescent waves appears. When the distance becomes very small,
the heat flux due to the evanescent waves is dominant and can exceed the far-field radiative heat flux
by several orders of magnitude. This is the near-field regime for thermal radiation.

a.

b.

Figure 1: a. Two parallel plates at different temperatures T1 and T2 exchanging heat through thermal radiation.
b. far-field to near-field regimes for thermal radiation between the two plates.

The transition zone between the near-field and the classical macroscopic thermal radiation is the focus
of the present study. It is often estimated that the broadband spectrum of thermal radiation does not
allow observing sharp interference features. For a monochromatic radiation, interference of multiplyreflected waves in the vacuum gap between the plates can lead to a decrease of the net radiative heat

Session 10 – Subwavelength radiation (2)

121

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

flux, unless the evanescent wave contribution overrides it. The present work shows that a decrease of
the net radiative heat flux in comparison to the far-field value is possible even in the case of broadband
thermal radiation. This is a consequence of the existence of a far-field coherent regime, which had
been overlooked in past studies. We provide the characteristic distances defining (i) the transition
between the far-field incoherent regime and the far-field coherent regime dincoh-coh and (ii) the transition
between the far-field coherent regime and the near-field regime dcoh-NF. In addition, we provide the
distance at which the net radiative heat flux is minimum dflux-min for the case of metals and an
analytical expression of the flux value. All the characteristic distances are given by equalities
T.d = f(ε), where the function f depends on universal constants k B , c, ℏ and on the optical properties
of the involved materials.
To do so, we first compute the net radiative heat transfer flux exchanged by two semi-infinite parallel
plates as a function of the distance between the plates for various dielectric and metallic materials
using the expression proposed by Polder and Van Hove [2]. Spectral and directional analyses of the
transmission term in the formulation of the propagative component of the flux allow emphasizing the
conditions of existence of constructive interferences and of reduction of the exchanged radiative heat
flux [3,4]. The temperature and distance dependence of the radiative heat transfer coefficient is
investigated. For aluminium, Figure 2.a shows that the location where the flux starts to decrease
(T.dincoh-coh) and the location of the minimum (T.dflux-min) are superimposed for all temperatures [3,4].
For silicon carbide (Figure 2.b), there is not necessarily a unique minimum and a wavy behaviour can
be observed for the propagative contribution to the radiative heat transfer coefficient.

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

Then, we derive analytically approximate equations defining the far-field regime and the regions of
decreasing or increasing fluxes in the transition regime. We also find analytically the distance at which
a minimum is observed (see [5] for metallic materials). As a result, laws defining boundaries between
incoherent far-field, coherent far-field – when it exists – and near-field regimes of thermal radiation
between plates made of the same material are proposed.
Finally, experimental conditions that would allow the observation of a decrease of the net radiative
heat flux exchanged by two parallel plates made of bulk metals, and ways of enhancing the amplitude
of this decrease are discussed. Future analyses will investigate the impact on the aforementioned
observations of surface roughness and temperature dependence of the permittivities.
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We theoretically study heat transfer between two anisotropic nanoparticles in vacuum, using scattering
theory [1]. We derive closed expressions for nanoparticles, whose scattering properties are well
described by their anisotropic dipole polarizabilities. The heat transfer between anisotropic
nanoparticles allows for a large freedom of tunability. For a typical dielectric material, the transfer
between anisotropic particles (i.e. spheroids) can be 30-40 times as large as for two isotropic objects
(i.e. spheres) of equal volumes. Such increase with anisotropy is also found for the heat emission of an
isolated small spheroid. Furthermore, we observe a strong dependence of transfer on the relative
orientation (factors up to 103 or 104 by a simple twist of one of the objects), yielding the interpretation
as a heat transfer switch.
Considering a typical material for the two interacting objects, SiC, we express the dielectric constant

( ε (ω ) ) as follows [2]
ε (ω ) = ε ∞

ω 2 − ωLO 2 + iωγ
ω 2 − ωTO 2 + iωγ

.

(1)

Here ε ∞ = 6.7 , and ωLO , ωTO and γ take values 0.12, 0.098 and 5.88 x 10-4, all in eV, see Fig.1.

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

Figure 2: Heat transfer between two identical parallel spheroids with T1 = 300 K and T2 = 0 K , of fixed
volumes as a function of R⊥ R (radii that characterize them) in the limit of small (red curve) and large (black
curve) distance. Inset: Dashed blue and magenta lines represent the heat radiantion of an isolated
microspheroid and a macroscopic spheroid (computed by Stefan-Boltzmann law), respectively. All curves in the
figure are normalized by the value for spheres with volumes equal to the spheroid volumes. Note that in all the
curves, the particles are considered small enough such that their radiation is proportional to their volumes.

The inset of Fig. 2 shows the transfer as a function of relative angle β , displaying a pronounced
dependence. Main graph represents the quality, defined as the ratio between maximal and minimal
value in the inset, as a function of the eccentricity.

Figure 3: Heat transfer between two identical spheroids, as a function of angle β (see inset). Main graph gives
the quality of the transfer switch as a function of R⊥ R . In the shown limits for d (distance between the center of
the center of the objects), the transfer assumes simple power laws, such that the given ratios are d-independent.
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One of the main issues of the study of heat transfer at nanoscales is the drastic decrease of the phonon
thermal conductivity of nanodevices, nevertheless this kind of devices has consequently a very high
surface-to-volume ratio, which enables to use surface effects to enhance the nanoscale thermal
transport. One of the surface energy carriers is the surface phonon-polariton (SPP), which is an
evanescent electromagnetic wave propagating along the interface of polar-dielectric materials. These
surface waves can offset the reduction of phonon thermal conductivity if we enhance their propagation
[1,2].
In this work, we investigate the propagation of SPP along nanometric-micrometric glass tubes, aimed
at showing that the coupling of these surface waves increases their propagation length and therefore it
enhances the global thermal conductivity of the device [2]. We intend to prove experimentally this
effect, by measuring the diffraction of SPP at the tip of micrometric glass tubes. Moreover, the effect
of the tip geometry (walls thickness, outer/inner radius) on the enhancement of heat propagation is
analyzed. We proposed an original experiment, which enables us to measure thermally excited SPP
from near field to far field, in a similar way to the detection of SPP diffracted through surface gratings
[3,4]. In addition, the diffraction of SPP is localized thanks the use of an infrared (IR) Microscope.
The experimental setup is composed of a Fourier Transform InfraRed (FTIR) spectrometer coupled
with an IR microscope. The radiation is collected through a Cassegrain objective between an angle of
23° and 46° (figure 1). A copper coating is deposited on the basis of the glass tube to allow for heating
the tube by focusing a green laser on it. Temperatures close to 600°C at the focus point can be reached
through this method. SPPs are thermally excited at the focal point and propagate then along the tube to
be finally diffracted at the tip. This is the reason why we decided to measure the radiation coming
from the tip set in three positions: horizontal, vertical, and tilted at 35°. SPP diffraction is expected to
be measured for the tilted configuration. Indeed in this position the tip axis is in the direction of the
detection cone of the Cassegrain objective, which is not the case for the horizontal and vertical ones.
Moreover the angular width of the SPP emission in the far field is estimated to be lower than 20°
which is also the angular width of the detection cone. This diffraction behaviour is similar to the one
due to a grating [3,4] except that in our case all the frequencies are diffracted in the same direction:
along the axis of the tube (see FDTD simulations in figure 2).
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46°
23°

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

Figure 2: FDTD simulation of the normalized electric field of SPP being diffracted at the tip of a glass tube with
3 microns thick wall. The outer diameter of the tip is 12 microns. The units are arbitrary.

The emission spectra are shown in figure 3. The amplitudes of the signals collected for each tilt were
very different, which led us to arbitrarily normalize the spectra to establish a qualitative comparison.
The peak due to SPP is expected around 1200 cm-1 [2] and we did observe it for a tilt of 35 degrees
and for the horizontal setup. The relatively small peak for the first configuration could indicate the
presence of SPP. The peak was not expected for the horizontal setup, its presence could be due to
noise or the anisotropy of the glass tube emission determined by its geometry. Further studies need to
be implemented to clarify the direction dependence of the tube emission. Based on our current
calibration process, these results pave the way for detecting SPP thermally excited in the far field even
though the non linearity problems of the MCT detector are not yet been completely solved. More
quantitative results linking the heating of the laser and the energy radiated by SPP will be possible
with appropriate reference signals not yet available today.
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Figure 3: Normalized emission spectra of the glass tube for three different tilts. A small peak appearing at 1200
cm-1 could be due to SPP.
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Nowadays, the control of electric currents in solids is the cornerstone of modern electronics devices
which have revolutionized our daily life. Astonishing, the same control for heat flows exchanged
between bodies out of thermal equilibrium is not at all so frequent. In 2006 Baowen Li et al. [1] have
proposed a thermal analog of field-effect transistor by replacing both the electric potentials and the
electric currents in the electronic circuits by thermostats and heat fluxes carried by phonons through
solid segments. Few years later, several prototypes of phononic thermal logic gates [2] as well as
thermal memories [3, 4] have been fabricated and characterized. More recently photonic analogs of
these devices have been proposed [5-10] to overcome the problem of the operating speed limitation of
phononic systems. He we pursue these developments by discussing the concept of radiative thermal
memory we have recently introduced [11].
The system we consider in this study is sketched in Fig.1-a. It consists in two simple membranes of
silica and vanadium dioxide, a metal-insulator phase transition material [12-13], separated by a
vacuum gap and surrounded on the right and on the left by two thermal baths at two different
temperatures. These membranes interact together radiatively on one side through the intracavity fields
and on the other side with the fields emitted by the thermal baths.

(a)

(b)

Figure 1: (a) A two membranes SiO2/VO2 system surrounded by two thermal baths at different temperatures TL
and TR. The temperature T2 of the VO2 membrane can be tuned (either increased or reduced) using Joule
heating with a voltage difference applied through a couple of electrodes or using Peltier elements. (b) Example
of Trajectories of membranes temperature (pink and turquois lines) for different initial conditions with δ1 = δ2
=1 µm. The blue dashed and red solid lines represent the local equilibrium conditions for each membrane (i.e
Φ1 = 0 and Φ2 = 0 ). The green and red points denote the stable and unstable equilibrium states, respectively.
The temperature of thermal reservoirs are TL = 320K and TR = 358K and the separation distance is d=200 µm.
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On the VO2 membrane a volumetric power can be either added or extracted through electrodes (by
joule effect) or Peltier elements. By calculating the radiative heat flux through all planes parallel to
exchange surfaces using a many body generalization [14-15] of the Polder and van Hove theory [16],
the temperature fields in both membranes can be calculated at any time. In Fig. 1-b we show the time
evolution of the membrane temperatures without external excitation for different initial temperatures
by assuming each membrane as isothermal.

Figure 2: (a) Hysteresis of the VO2 membrane temperature during a transition between the thermal states "0"
and "1" inside a two membrane SiO2/VO2 system with δ1 = δ2 =1 µm (those thicknesses have been chosen to
generate several equilibrium states). The volumetric powers supplied and extracted from the VO2 layer during a
time interval ∆t1 = 0.4 s and ∆t2 = 1.5 s are Q2 = 10-2 W.mm-3 and Q2 = -2.5 × 10-2 W.mm-3, respectively. The
writing time of state "1" ("0") from the state "0" ("1") is ∆t(0 →1) = 4 s (∆t(1 →0) = 8 s). (b) Time evolution
T1(t) and T2(t) of SiO2 and VO2 membrane temperatures. The thermal states "0" and "1" can be maintained for
arbitrary long time provided that the thermostats (TL = 320K and TR = 358K) remain switched on like in a
volatile memory.

This evolution is represented by the pink and turquois curved lines in the (T1, T2) plane. They
converge toward two points which correspond to the global thermal equilibrium states highlighting so
the bistable behavior of system. These two states can be viewed as two binary states " " and " ".
This bistable thermal behavior results from the phase transition of the VO2 membrane around its
critical temperature (Tc=340K) which gives to this layer two radically different optical behaviors.
The thermal bistability can be exploited to build a thermal memory able to switch the system from one
thermal state to the other. We illustrate this in Fig.2. We illustrate the operating modes of such a memory
when a thermal power is either added in or extracted from the VO2 membrane. We see in Fig. 2-a that
the temperatures in the system follow a hysteresis curve when the former transits from one state to the
other one showing so the symmetry breaking in the system temporal evolution. In Fig. 2-b we see that
the writing time is of the order of the second. Obviously this time could be drastically reduced using
more important thermal powers.
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We calculate by means of fluctuationnal electrodynamics and coherence theory, thermal emission of a
circular aperture filled by a vacuum or a material at temperature T. We show that thermal emission is
very different whether the aperture size is large or small compared to the thermal wavelength.
Aperture with a size much larger than thermal wavelength emits radiation with a well-known
emissivity simply related to the material Fresnel reflection coefficients. Subwavelength apertures
behave completely differently: thermal emission is strongly decreased for wavelength larger than the
aperture size. A simple expression of the emissivity is obtained. In the case of subwalengths aperture
separating the vacuum at temperature T from the outside, it is shown that the emissivity tends to 0
when the aperture size goes to 0. Moreover, subwavelength apertures have a typical radiation variation
law in T6 compare to the usual T4 law given by the Planck law. When the disk is constituted of a
material, it is still found that thermal radiation can hardly exit from the material. However, if the
material support surface waves or exhibit resonances, thermally excited evanescent resonant modes
are scattered by the aperture. Thermal emission is enhanced so that it occurs at one particularly
frequency and is larger than the usual thermal emission predicted by the Planck theory. An expression
of the emissivity is here also derived showing that this new enhanced emissivity is strongly related to
the near-field radiation close to the material. We think this behavior could open the way to very useful
applications such as very narrowband passive source.
We now consider thermal emission of a circular aperture with radius r0 surrounded by a perfect
reflector. Our goal is to calculate the thermal energy emitted by such a system and susceptible to be
detected by an optical device. Fluctuational electrodynamics allows to calculate the electromagnetic
field above a planar emitter. More precisely the electromagnetic field spatial correlation above a plane
semi-infinite interface has been known for more than a decade [1]. The question addressed here is to
see what is happening when near-field thermal electromagnetic field is confined to a certain
subsurface and what is the consequence on the field radiated at large distance. Since the seminal work
of Walther [2], it has been shown that coherence properties can be related to radiometric quantities
such as the specific intensity. This last quantity is actually the Wigner transform of the
electromagnetic field E the electric field and H the magnetic field), performed over the emitter
aperture

Lω (r, u) =
where

θ

k02
ccosθ ∫ ε 0 E(r + r '/ 2)E* (r − r '/ 2) + µ 0 H (r + r '/ 2)H * (r − r '/ 2) e−ik0u⊥r ' d 2 r '
32π 2
aperture

(1)

is the angle between the normal to the surface and direction u considered. u⊥ is the unit

vector direction component perpendicular to the normal i.e. parallel to the interface, r is the point
where the specific intensity is calculated and ω is the angular frequency at which the calculation is
132

K. JOULAIN et al.

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

performed. The flux emitted by the aperture is calculated by an integration of the specific intensity
over the aperture

φω = ∫ cosθ Lω (r, u)T(r)d 2 r dΩ

(2)

where T(r ) is the transmission function of the system so that T(r ) = 1 if r is in the domain where
the material emits and 0 in the opposite case. Fluctuationnal electrodynamics field spatial correlation
function calculation above a planar interface can be found in the literature [1,4]. From these
calculations, emission of an aperture can be expressed in the form
aperture surface, H ω0 (T) is the blackbody emittance and

ε eff

φω = Hω0 (T)Sεeff where S is the

εeff the effective emissivity where

 1 κ dκ

2
2
(2 − r s − r p ) J 0 (κ u )
∫

2 k0 r0
2
0 1− κ

= ∫ WT (u , k0 r0 )udu  ∞
F (u )
3
0
+ 4κ d κ  ℑ(r s ) + ℑ(r p )  e −2 κ 2 −1k0 z J (κ u ) 
0


 ∫

2
 1 κ −1


where

F(u) = [sinu− ucos(u)] / u3

WT (r, r0 ) =

2

π

{cos

−1

,

J0

is

the

Bessel

function

(3)

of

order

0

and

}

(r / 2r0 ) − r / 2r0 1− (r / 2r0 )2 [3]. Equation (3) has actually to be evaluated in
s, p

the limit where the distance to the interface z tends to 0. r are the Fresnel reflection coefficient in s
and p polarization. This expression is the sum of a contribution of propagative waves for which the
normalized parallel wave vector κ is between 0 and 1 and of a contribution of evanescent waves for
which the normalized parallel wave vector is larger than one.
Let us now examine the simple situation of an aperture filled with vacuum. In that case, reflection
coefficients are equal to 0 and

εeff =

2k0 r0

∫

2sin u

0

sin u− ucosu
WT (u, k0 r0 )du (4)
u3

Figure 1: Effective emissivity of an aperture with

k0 r0 .

which variations are plotted versus k0r0.We observe that emissivity tends to unity when the wavelength
is much larger than the aperture and to zero when the aperture reaches a subwavelength size.
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Integration over frequency can also be performed. It is shown that total emission follows a T4 law for
large apertures and T6 law for small one. Transition between the two regimes is shown in Figure 2 in
the thick blue curve which converges to the two regimes shown in the dashed curves.

Figure 2: Total emission of an aperture of 10µm radius versus temperature (Thick blue). At low temperature,
emission follows a T6 law whereas it is a T4 law at high temperature (dashed curves).

We now go the case of disks of materials surrounded by a perfect reflector. First of all, one notes that
both propagating and evanescent waves contribute to thermal emission. As it is the case for vacuum
propagative waves, contribution is reduced for subwavelength disks due to the fact that they can
hardly escape from the apertures. Evanescent wave contribution is very similar to what can be
obtained when one calculate the density of energy above a planar interface. Close to an interface, there
is an increase of the local density of electromagnetic states due to the presence of electrostatic modes.
Moreover, this increasing can be even more important when the material support surface waves.
We plot in Figure 3, the emission spectrum of a nanodisk of amorphous silica (SiO2) for different size
of disks. For a large disk radius (here 100 microns), thermal emission is limited to the one of a semiinfinite plane of SiO2. Around 8 and 20-micron wavelength, emission is very low due to the fact that
SiO2 is a very reflecting material in this spectral range. When the aperture size approaches the typical
thermal wavelength, emission is increasing. We see that the disk emits much more than would emit an
ideal blackbody. If thermal emission is normalized to the one of a blackbody which shape is a disk,
one finds that this body emits with an emissivity greater than one. The more the hole is small, the
more the disk emits compare to its size. What is happening actually is due to the fact that the
additional evanescent modes due to the presence of surface waves are scattered by the aperture.
Therefore, in addition to the usual propagative modes that can escape the system, additional
evanescent modes are coupled to the far-field by the aperture. The more the aperture is small, the more
high spatial frequency modes can be scattered and radiated and the more classical heat radiation will
be surpassed.
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Figure 3: Emissivity spectrum of SiO2 disks for different radii: . Thick blue : 1 micron. Dot-dashed red : 4
microns. Dashed green : 10 microns. Dotted black : 100 microns.

We have shown that thermal emission of a material is greatly affected by its size. Propagative waves
with wavelength larger than the emitter size can hardly exit from the material so that this contribution
is lowered. An evanescent wave contribution exists when the material is emissive especially if the
material support surface waves. In that case, the finite emitter size scatters evanescent waves so that
thermal emission is enhanced especially at the resonant waves frequency. It has been shown that the
emissivity defined as the emitted flux divided by the emittance multiplied by the surface emitter can
exceed 1. Applications such as narrow band emitter could be designed with this method.
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The characterization of a single molecule is a topic of high interest, with a lot of progress in terms of
experimentally probing the electronic nature of several different individual molecules [1,2]. Despite
this fact, the investigation of the thermal conduction stagnates, mainly due to the experimental
difficulties concerning the needed resolution in the range of 10 – 100 pW/K as calculated by Segal et
al. [3] in case of octanedithiol. This experimental challenge is by now circumvented by probing not
the thermal conductance of a single molecule but the thermal conductivity integrated over a defined
molecular film area, from which a single molecule thermal conductance of 6-50 pW/K can be
determined by means of the area per molecule [4,5]. Our ansatz for directly measuring the thermal
conductance of a single molecule is to use our self-build Near Field Scanning Thermal Microscopy
(NSThM) consisting of a commercial variable-temperature scanning tunneling microscope (VT-STM)
with a thermocouple at the apex of the NSThM tip. By means of calibrated sensors and applying a
temperature difference between the tip and the sample we are able to observe simultaneously the
resulting absolute heat flux and tunneling current in UHV environment (Figure 1).

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

To contact a single molecule we use the so called I(t)-method introduced by W. Haiss [2]. Therefore, a
Au(111) substrate is covered with a low density monolayer of octanedithiol. After transferring our
sample into the ultra high vacuum system (UHV) of the NSThM the sample is cooled down to about
150 K while the tip stays at room temperature. Thereafter, NSThM-tip is brought into close proximity
of the molecules keeping the control loop of the STM opened. By recording the tunneling current I(t)
as a function of time, the spontaneous formation of a substrate-molecule-tip bridge results in distinct
step like current changes in the time trace with a quantized step height per molecule of 1nS, revealing
the amount of molecules involved in the bridge. These signatures in the I(t)-signal are correlated with
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the simultaneous recorded time trace of the thermo voltage to determine the thermal conductance of a
single molecule.
The NSThM-tip used for our experiments consists of a Platinum-Chromium-thermocouple for which
the calibration reveals a sensitivity of 14 µV/µW. This leads together with a 600 nV noise amplitude
of the thermo voltage and a tip-sample temperature difference of 150 K to a thermal conductance
resolution of about 300 pW/K. We have measured hundreds of time traces with multiple of the distinct
current step height of 1 nS but not a single signature in corresponding thermo voltage signal could be
observed. Representative time traces of both signals are shown in Fig. 2. The step height of 3 nS in the
electrical conductance (black) corresponds to the switching of three octanedithiol molecules at once.
The signal to noise ratio for the corresponding thermal conductance (grey) is below one, leading to an
experimental determined upper limit of 100 pW/K for a single octanedithiol molecule.

Figure 2: The step-like current changes in the electrical conductance (black) result from the switching of three
octanedithiol molecules. At the same time the heat flux is recorded. In the time trace of the heat flux no signature
of switching can be observed. By means of the resolution of out sensor one can deduce that each molecule must
contributes less than 100pW/K to the thermal conductance (grey).

We are currently working on the improvement of our heat flux resolution by reducing the noise further
to finally measure the single molecule thermal conductance. This is done by an improved experimental
setup and by a more sophisticated data analysis method.
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Abstract. We consider Si nanoresonator with mechanical mode frequencies in the GHz range. In
these a reformulated Akhieser model is validated, which takes into account the reduction of the
thermal conductivity due to the impact of boundary scattering on the thermal phonons lifetime and
accounts for the observed shortening of the mechanical mode lifetime. From this model the thermal
conductivity can be extracted from the measured lifetime of mechanical modes in the high-frequency
regime, thereby showing that the Q-factor can be used as an indication of the thermal conductivity
and/or diffusivity of a mechanical resonator.

Introduction
Advances in nanofabrication processes have enabled the progression from the micro-to nanoelectromechanical systems (MEMS and NEMS). The vast scope of their applications ranges from
semiconductor based technology to fundamental science [1]. In particular, MEMS- and NEMS-based
oscillators have been exploited as extremely sensitive mass [2], force [3], charge [4] and spin [5]
detectors.
As consequence of this miniaturization trend, the operation frequency of mechanical resonators is
entering into the GHz regime [6]–[13]. Therefore, the total energy dissipation will be limited mainly
by intrinsic damping mechanism arising from phonon-phonon interaction. This introduces a
fundamental limit in the performance of the resonators, which is usually expressed by the “Q·f”
product of the quality factor, Q, and the operating frequency, f. As phonon-phonon interaction
processes depend on materials properties, it is important to consider the changes arising from
decreasing feature size. In this context, the reduction of the thermal conductivity observed in
nanoscale materials will affect the lifetime of the thermal phonons and, consequently, the intrinsic
phonon-phonon interaction processes will be modified.
In the present work, we report the impact of modified thermal properties of a mechanical resonator on
the intrinsic Akhieser damping mechanism. The intrinsic mechanical mode absorption is calculated
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using the Akhieser damping model [14] modified to take into account the size effect on the thermal
conductivity due to thermal phonons scattering at the boundaries. Furthermore, we show that from
lifetime measurements it is possible to extract the thermal conductivity. This opens the prospect of
using the Q-factor as a measure of the thermal conductivity and or diffusivity of the resonator. As an
example, we calculate the thermal conductivity of a 1D optomechanical crystal [12], [13].

Results
The energy dissipation of the nanoresonators is divided into intrinsic and extrinsic components. While
the first is related to the anharmonic decay, i.e., phonon-phonon scattering processes, the latter is due
to scattering from fabrication defects, air damping and rough surfaces and interfaces. The intrinsic
acoustic phonon attenuation arises from phonon-phonon interactions described as Akhieser damping
processes [14], expressed as [14]–[16] :
−1
τ AK
(ωi ) =

CV T ω s2τ TH
γ2
2
ρvs2 (1 + ω s2τ TH
)

(1)

where CV is the volumetric heat capacity, T the temperature, ρ the mass density, vs the group velocity
of the mode s and γ is an average of the Grüneisen parameter taken over the entire spectrum of the
thermal phonons. In general, the lifetime of the thermal phonons, τTH, can be expressed as:

τ TH ≈

3κ
CV v 2

(2)

where κ is the thermal conductivity of the system andv the sound velocity. In this context, it is well
known that thermal conductivity of thin layers and membranes, κfilm, decreases appreciably compared
to their bulk counterpart, κbulk. This reduction is mainly associated with decreasing phonon mean free
path and, concomitantly, with the phonon lifetime due to diffuse phonon scattering at the boundaries
[17]–[20]. As a consequence, the lifetime of thermal phonons will depend on the system size and the
intrinsic phonon relaxation rate in the Akhieser regime can then be rewritten as:

ωs2 (κ film / CV )
CV  v 
 
= 3T
γ2
4
2
ρ  vs  ( v + (3ωsκ film / CV ) )
2

τ

−1
AK

2

v
αωs2
= 3TCP  
γ2
4
2
 vs  ( v + (3αωs ) )

(3)

where α = κfilm/CV is the thermal diffusivity and CP the specific heat capacity.
In simple systems the reduction function of the system is well known being typically the Fuchs
reduction function. However, in many instances the shape of the nano/micro oscillators can be quite
complex and the reduction function and/or the experimental values of the thermal conductivity are
unknown. Taking this into consideration, we propose the possibility to extrapolate the thermal
conductivity from the experimental values of phonon lifetime or Q factor of the nano/micro
oscillators. By assuming that the phonon attenuation/damping of the system is dominated by pure
Akhieser mechanism, it is possible to estimate the thermal conductivity/diffusivity by fitting the
phonon lifetime or Q-factor with the equation (3) for different values of the thermal conductivity. As
an example, we calculate the thermal conductivity of a 1D optomechanical crystal [12]. The
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complexity of this structure, shown in the inset to figure 1, makes the calculation of the reduction
function virtually unfeasible. Figure shows the experimental and theoretical quality factor as a function
of the phonon frequency. The experimental data were taken from reference [12]. The thermal
conductivity was extracted from the best fit to the experimental quality factor. The obtained value,
κbeam = 56.2 WK−1m−1, is in good agreement with a similar structure reported by Marconnet et al. [21].

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

The dependence of the lifetime with the thermal conductivity has a direct impact on the upper limit of
the nano-resonators Q-factor which, depending on the frequency regime, could enhance or degrade the
resonator performance. In addition, we suggest the possibility to extract thermal conductivity values
from lifetime measurements, which opens the possibility to use the Q-factor as indicative of the
thermal conductivity/diffusivity of nano-resonators.
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One of the most challenging tasks for our society consists in facing the energy crisis by developing
new energy sources which are environment friendly and economically affordable. Although many
different ways have been explored, some are still far from realizing their full potential due to several
limiting factors in their development and large scale applicability. Among these there is the
thermoelectricity, i.e. the conversion of wasted heat into electrical current. It is obviously an extremely
interesting and potentially useful way of producing energy as there are many sources of wasted heat in
the day-to-day life. Moreover, thermoelectrical devices present several advantages with respect to
other energy conversion technologies such as simplicity, compactness, absence of pollution-emission
greenhouse gas emissions, lack of mechanical noise and inconvenience, lack of surfaces exposed to
degradation of natural and/or human, weather-independent, reliability, long life, etc. Despite these
promising bases, the low efficiency and high cost of the current commercial devices has hindered the
spreading of this technology.
In order to change this status, research in thermoelectricity needs to go beyond the already existing
thermoelectric materials and look for novel materials with properties allowing for dramatically
decreasing the cost of the device and improving the energy conversion efficiency. The challenge is to
realize the Phonon Glass Electric Crystal ideal: a material conducting well the electricity but not the
heat.
An efficient and economic way to reduce the thermal conductivity of bulk materials, without
degrading their electronic properties, is to profit of the nanostructuration or of the complex crystalline
structure to reduce the phonons lifetime and then their efficiency in heat propagation. In this latter case
a very convenient way is to take advantage of inelastic resonant scattering between heat-carrying
acoustic and non-propagative phonons, arising from isolated impurities with internal oscillator degrees
of freedom. In cage compounds like skutterudites or clathrates, the network of guest atoms was
formerly regarded as an assembly of isolated harmonic oscillators (Einstein oscillators), characterized
by a discrete frequencies spectrum [1]. The host-guest interaction leads then to resonant scattering
phenomena between acoustic phonons of the host lattice and non-propagative guest phonons within
narrow frequencies ranges centered at the Einstein frequencies. At a macroscopic level and, in the
framework of the relaxation-time approximation of the Boltzmann equation, such resonant scattering
lead to additional resonant relaxation times [2] currently used to fit data of thermal conductivity
measurements [3]. In opposition to this picture of a freely rattling guest atom in a host cage, recent
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neutrons studies demonstrated that the guest atoms are coherently coupled with the host-lattice
dynamics [4,5]. In this circumstance, the mechanism of energy dissipation through local resonators as
described above cannot be strictly applied and the effect of the host-guest interaction of the heat
transport is still not understood.
In this talk, I will briefly introduce both neutrons and X-ray inelastic scattering techniques which
probe simultaneously the momentum and the energy of phonons. I will in particular point out the
difficulties in evaluating the intrinsic energy width, i.e. phonon lifetime, and the dynamical structure
factor of a phonon mode from the measurement. I will then show experimental results on a clathrate,
focusing on the mechanisms leading to a low thermal conductivity in such systems. [5,6].
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The influence of interfaces on phonon scattering is currently of great interest in the context of phonon
lifetimes and heat transport. Wherever two materials with different properties are in contact with each
other, the interface between them plays an important role. Also the adhesion between two different
materials is dominated by the interface structure and the roughness is a critical parameter.
In this study the influence of different adhesion strengths between a thin Al film and a Si membrane
on the phonon spectrum is investigated. By modeling the adhesion through a spring between the two
layers we are able to simulate the features in the spectra induced by the dilatational mode oscillation of
the Al film. Due to the small thickness of the Si membrane the generated phonon pulse passes through
the interface between the two layers up to thirteen times, which is favorable to study the effect of the
interface. This is a novel non-invasive approach for measuring adhesion between two layers.
The coherent acoustic phonons were generated and detected by optical pump-probe spectroscopy,
whereby the technique used is asynchronous optical sampling (ASOPS) [1]. ASOPS utilizes two
coupled femtosecond Ti:sapphire oscillators with a repetition rate of 800 MHz. An actively stabilized
fixed offset in the repetition rates changes the time delay between the two laser pulses increasingly,
allowing measuring a time window of 1.25 ns in 0.2 ms. All investigated samples have the same layer
structure with varying thicknesses. The samples consist of a thin Al film on top of a single crystalline
Si membrane. The membranes are obtained from a commercially available Si-on-insulator wafer,
which is wet-etched from the backside with potassium hydroxide using a silicon-nitride etch mask,
resulting in ~340 nm thick Si membranes. On top of the membranes, 10-20 nm thick Al films are
evaporated or sputtered, leading to a different adhesion strength.
Previously we showed the results for a Al/Si membrane with strong adhesion [1]. We generated
broadband acoustic frequency combs in the 100 GHz frequency range over nearly an octave using
Al/Si membranes. 9 to 45 well separated modes could be excited, given by the harmonics of the
fundamental mode. A frequency shift of the higher harmonics due to the different mechanical
properties of the two layers was observed with great precision. By comparing the individual reflected
pulses it was possible to obtain the lifetimes for an Al/Si layer system over the whole frequency range.
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Figure 1: Time transient spectra of an Al/Si-system. The whole spectrum and the spectra of individual pulses are
shown. Additionally the theoretically predicted spectrum is displayed a) for a system with strong adhesion, b)
for a system with weak adhesion.

In figure 1 the Fourier spectra of a well adhered film (a)) and a poorly adhered film (b) are shown. The
spectra consist of the spectrum of the whole time transient and the first three individual pulses visible
in the time transient. Additionally the theoretical spectrum of the first pulse, calculated with the strain
profile generated by a thermoelastic excitation and deformation potential, is shown, including
reverberation at the Al/Si-interface.
In general one can see that the spectrum of the first pulse becomes damped after one and two round
trips. Thereby one is able to extract the lifetimes of the different frequencies. Additionally due to the
cavity-like structure of the two-layer system the whole spectrum resembles an optical frequency comb,
where only the cavity-allowed frequencies are visible. For the individual first pulses, in comparison
with the weakly adhered sample a plateau is visible in the spectrum instead of a parabolic behavior.
Modeling the interface by assuming a spring between the two layers, we are able to derive an
analytical term for the spectrum of the first pulse, only depending on the material parameters and a
variable spring constant. As one can see in figure 1, the features are described quite clearly. However,
the main effect of the weak adhesion reveals itself after the next passing of the interface. An additional
dip at ~200 GHz appears, corresponding to the acoustic eigenfrequency of the Al film. The eigenmode
oscillation affects strongly both the damping and the phase of this frequency regime in the spectrum.
In future works the adhesion evaluated here will have to be compared to other measurement
techniques. Also the influence on the heat conduction due 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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Stress-induced
induced changes in the dispersion relations of GHz acoustic phonons propagating in 27 nm
thick single crystalline Si membranes
membranes were investigated experimentally and theoretically. The static
tensile stress acting on the Si membranes of up to 0.3 GPa was achieved using an additional strain
compensating silicon nitride frame [1]. Thermally activated hypersonic phonons were measured
measur by
means of Brillouin light scattering spectroscopy [2,3]. The theory of Lamb wave propagation was
developed for anisotropic materials subjected to an external static stress field using the elastic
continuum approximation [3,4]. In addition, we showed how
how Brillouin spectroscopy provides a
contactless and nondestructive tool for the stress measurements in the nm-scale
nm scale systems.
Figure 1 shows the experimental dispersion curve compared to the theoretical calculations for the
static stress σ = σ11 = σ22 = 0.304 GPa .

Figure 1: Comparison between experiment and theory of the A0 mode dispersion
relation of the 27 nm thick Si membrane
membr
under the applied load σ = 0.304 GPa.

The thermal properties of the samples were studied in a contactless manner by means of two-laser
two
Raman thermometry [5]. These studies have impact on micromicro and nano-electromechanical
electromechanical systems
(MEMS and NEMS) development
pment as well as deep implications in thermal conductivity engineering.
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Thermal rectification can be defined as an asymmetry in the heat flux when the temperature difference
between two interacting thermal reservoirs is reversed. We present a far-field radiative thermal
rectifier based on high-temperature superconducting materials with a rectification ratio up to 80%.
This value is among the highest reported in literature. We examine the heat exchange between a
superconductor (Tl2Ba2CaCu2O8) and a black body. Presented results might be useful for energy
conversion devices, efficient cryogenic radiative insulators engineering, and thermal logical circuits’
development.
For a system in an initial state characterized by a given thermal gradient, the rectification ratio can be
defined by

=

«S

‰¬-

−

bS

«S , bS

where qFB is the heat flux in the initial state (Forward Bias, FB) and qRB is the heat flux when the
thermal gradient is reversed (Reverse Bias, RB). A nonzero rectification means that a reversal of the
thermal gradient induces, in addition to the reversal of the heat flux direction, a variation of its
magnitude. The realization of a device exhibiting such an uncommon behavior, a thermal rectifier, for
instance, can be very useful for thermal insulation applications. It would also pave the way for the
development of thermal circuits in the manner non-linear electronic devices marked the genesis of
modern electronics [1]. Indeed, as in electronics, thermal logical circuits need a thermal diode, which
can be defined as an ideal rectifier, i.e., a one-way heat transmitter. Consequently, an increasing
interest has been given to thermal rectifiers during the past decade. First works focused on heat
conduction devices and led to rectification models based on non-linear lattices [2-5], graphene nanoribbons [6,7] and several other interesting mechanisms [8,9]. Some authors went beyond the thermal
rectification issue and proposed theoretical models of thermal logical gates [10] and a thermal
transistor [11]. During the last 4 years, a few authors tackled the question of radiation-based thermal
rectification. A theoretical study and an experimental suggestion of a radiative thermal rectifier based
on non-linear solid-state quantum circuits operating at very low temperatures (a few mK) were first
presented [12]. A rectification ratio up to 10% was predicted. Later on, two theoretical schemes of
radiative thermal rectification based on near-field thermal radiation control were proposed [13,14]. A
rectification ratio up to 30% (according to the present paper rectification definition and using the
references data) was theoretically predicted for temperature differences ranging between 100K and
300K. Comparable rectification ratios have also been reached, for the same temperature differences,
by a Fabry-Pérot cavity based far-field radiative thermal rectifier we recently presented [15]. We
reported a maximal rectification ratio of 19%. We shall note here that the interacting bodies in all
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these early radiative rectifiers are discrete modes resonators: bulk materials supporting surface
resonances, surface phonon-polaritons or surface plasmon-polaritons for instance, nanostructured
materials with cavity modes or nonlinear quantum resonators. Rectification is therefore achieved by
controlling the coupling between the two bodies modes. Switching from a state where the two thermal
reservoirs modes are strongly coupled, FB, to a state of weak coupling, RB, leads to a decrease in the
exchanged radiative heat flux (RHF), thus to a thermal rectification.
More recently, the idea of broadband radiative thermal rectification (BRTR) emerged with the use of a
phase change material (PCM), VO2, for instance [16-18]; Heat flux contrasts up to 80% and 90% have
been experimentally proven in the far-field and the near-field respectively. We emphasize here that
these contrasts are only observed around VO2 metal-insulator transition temperature (67°C), which
strongly restricts their potential practical scope. Using these contrasts to design a VO2–based thermal
rectifier was then proposed [19-20] and rectification ratios up to 70% and 90% for small and large
temperature differences were reported, respectively. Consequently PCM seems to be good candidate
for efficient thermal rectification.
Superconducting materials are a subset of PCM and we propose here a far field radiative thermal
rectifier based on high temperature superconductors. We choose these materials for two reasons. First,
when they are switched from the normal to the superconducting state, their reflectance significantly
increases to almost 1 in the far infrared, while the mid-infrared spectrum remains almost unchanged
[22]. The second reason is that a black body at T ≈ 100 K emits almost 90% of its intensity in the
spectral range above 20 µm, i.e, in the far infrared. This is exactly the spectral domain where these
materials show large TOP (thermo-optical properties) which makes them good candidates for radiation
based thermal rectifiers. We investigate here the radiative heat transfer between a black body and the
supercondconductor Tl2Ba2CaCu2O8(Tc=125 K).
A rectification ratio of almost 80% can be reached with the proposed implementation for small
temperature differences around Tc=125K. The proposed device is composed of two opaque thermal
baths 1 and 2 held at temperatures T1 and T2 , respectively, and exchanging heat through thermal
radiation.

Figure 1: Two parallel planar bodies separated by a vacuum gap of thickness d. In FB
configuration T1=Tl and T2= Th. In RB, T1=Th and T2=Tl.
Figure 1 shows a schematic of the proposed device, which is composed of two parallel planar bodies 1
and 2 separated by a gap of thickness d and characterized by their optical properties, their emissivities
for instance, and temperatures (ε1 (T1 ), T1 ) and (ε2 (T2 ), T2 ), respectively. In FB, T1=Tl and T2=Th .
Subscripts l and h stand for low and high temperatures, respectively. The two bodies temperatures are
swapped in RB. The two bodies are assumed to be in vacuum. Consequently, q is a RHF density.
Their emissivities and reflectivities (ε and ρ, respectively) are completely governed by their dielectric
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functions and geometries. In the case of opaque bodies, energy conservation and Kirchhoff’s laws
combination lead to the following relation between the monochromatic emissivity and reflectivity at a
given temperature:
We also assume here that the two bodies are Lambertian sources, i.e., with isotropic radiative
properties. Consequently, ε and ρ are direction independent. The gap width d is assumed to be much
larger than the dominant thermal radiation wavelength. The net RHF density exchanged by the two
media reduces then to the far-field contribution. Indeed, the near-field contribution becomes
significant when the distance separating the interacting bodies is of the order or lower than the
characteristic wavelength of thermal radiation since it is due to evanescent waves. On the other hand,
the far-field contribution, due to propagative waves and described by Planck’s law, is distance
independent for the considered configuration. The net RHF density can then be written as follows [22]

where

is the black body specific intensity of radiation at a temperature T and

is the monochromatic RHF density transmission coefficient between 1 and 2.

Figure 2:. Exchanged spectral radiative
heat flux density in FB (solid line) and
RB
(dashed
line).
Insets:
(a)
Experimental data of Tl2Ba2CaCu2O8
reflectance in the normal (solid line) and
superconducting (dashed lines). (b)
Spectral transmission coefficient in FB
(solid line) and RB (dashed line) using
the reflectance data shown in inset (a).

First, consider the case where Tl =77 K (liquid nitrogen boiling point) and Th = 140 K. Body 1 is a
black body so that ε(λ,T)=1. Body 2 is made of Tl2Ba2CaCu2O8 (Tc=125 K). Figure 2 depicts the
resulting exchanged radiative heat flux spectral density in forward and reverse bias, respectively. A
rectification ratio R=0.7 is obtained. The behavior of the rectification ratio as a function of the
temperature difference between the two bodies is shown in Figure 3. The low temperature is
maintained at Tl =77K and Th is given by Th=Tl + ∆T with ∆T ranging between 1 and 65 K. No
rectification is observed for Th<Tc. The rectification ratio reaches its maximum Rs,max=0.79, when Th is
slightly larger than Tc then slowly decreases. This value is of the order of the maximal experimentally
observed contrasts in far-field radiative heat transfer with phase change materials. Since our
calculations are based on experimental reflectance data, we also represent in Figure 3 the uncertainty
range of the rectification ratio (dashed lines) corresponding to a 10% uncertainty on used reflectance
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data. This shows a relative uncertainty on the maximal rectification ratio ranging over [-10%, +5%].
The inset of Figure 3 illustrates the exchanged RHF density in FB (solid line) and RB (dashed line).
Both fluxes increase over the whole range as ∆T increases. When Th<Tc , qFB=qRB , since the optical
properties of both the black body and the superconducting material do not vary between Tl and Th.
This leads to zero rectification. When Th slightly surpasses Tc, the superconducting material becomes
less reflecting in FB, i.e., when T2=Th, which explains the sharp increase of the exchanged RHF
density. Indeed, at T2 ≥ Tc, in addition to the flux increase due to ∆T rise, FB RHF density is strongly
enhanced due to the non-linearity of the superconducting material TOP. Such materials with a strongly
variable thermal conductance can find promising applications in insulation engineering.

Figure 3: Rectification ratio as a function of the
temperature difference with 10% uncertainty on
the superconducting material reflectance
experimental data (dashed lines). Inset:
exchanged radiative heat flux density in FB (solid
line) and RB (dashed line) as a function of the
temperature difference.
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1. Introduction
In the context of semiconductor device miniaturization, thermal management at the nanometer scale is
a critical issue. From a theoretical point of view, the modeling of thermal transport in devices of size
comparable to the phonon mean free path, typically about 100 nm in usual semiconductors, must be
able to include not only ballistic but also quasi-ballistic effects as some scattering events can still
occur at this intermediate scale.
Recently, in 2012, Bartsch and co-workers [1] demonstrated the fabrication of air-gap heterostructures
based on ultra short GaAs pillars with a diameter of 100 nm (Fig. 1a). Two different pillar lengths
(between GaAs substrate and the capping layer) of 4 nm and 6 nm have been fabricated. The thermal
conductance measured in these structures was reduced by several orders of magnitude compared to
that of bulk GaAs. In their theoretical interpretation of the results, the authors assumed the pillar to be
perfect ballistic point contacts and the phonon current through the pillars was considered as fully
ballistic, i.e. not influenced by any scattering mechanism.
In this work, by numerically solving the Boltzmann Transport Equation (BTE) with an accurate
phonon dispersion, we investigate the influence of scattering mechanisms on phonon transport in such
GaAs pillars. We show that at room temperature, some scattering events occur even in 4 nm-long
pillars and have a significant influence on the thermal conductance at high temperature.

(b)
(a)

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

2. Model
To investigate the thermal conductance of nanometer-long pillars, one longitudinal acoustic mode
(LA) and two transverse acoustic phonon modes (TA) were considered. For each mode, the BTE was
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used to model the phonon behavior in the crystal lattice. The common relaxation time approximation
(RTA) was used to model the complex scattering term. In the absence of external forces, the steadystate 1D BTE for phonons (along z-direction) can be written as
v gz ,s ⋅

∂N s ( z, q )
∂z

=−

N s ( z, q ) − N s ,Tscattering ( z, q )

τs

,

(1)

where NS is the phonon distribution function, s is the phonon mode, τs is the relaxation time of phonon
mode s and Tscattering the temperature at which the equilibrium distribution NS,Tscattering is calculated
(according to the Bose-Einstein statistics). This scattering temperature is provided by the solution of
the heat Fourier equation.
A sine approximation is used to model the acoustic phonon dispersion in GaAs. This function was
experimentally calibrated for bulk GaAs in Ref. [2] and written as
ωs ( q ) = ωsmax ⋅ sin 

qa 
,
 4 

(2)

where a is the lattice constant and ωsmax is the maximum phonon frequency. The values of ωsmax are
taken from ref. [3]. As in Ref. [1], the optical phonon modes are neglected. This is a reasonable
approximation since these phonons have low group velocity and high activation energy [4] and hence
do not strongly contribute to the thermal flux.
Based on the Holland’s model [5], our scattering parameters for Normal (N) and Umklapp (U)
phonon-phonon scattering rates have been adjusted to fit the thermal conductivity in bulk GaAs. All
scattering mechanisms and corresponding parameters are reported in Table 1. The resulting thermal
conductivity in bulk GaAs material matches very well the experimental data in the range 2-300K [6].
Scattering type
phonon-phonon

TA – Normal
−1 = B ω T 4 , with
τ TA
TN

BTN = 1.98×10-11 K-4

phonon-impurity
phonon- boundary

LA

TA – Umklapp

−1 = B ω 2 sinh ℏω k T ,
τ TA
(
TU
B )
with BTU = 0 (if ω < ωcut ),
BTU= 4.58×10-18 s (if ω > ωcut )

−1 = B ω 2T 3 , with
τ NU
L

BL = 6.8×10-24 sK-3

τ I−1 = Aω 4 , with A = 1.25×10-44 s-3
τ b−1 = vg ,s L F , with L = 0.51×10-2 m, and F = 0.68

Table 1: Relaxation times for the phonon scattering mechanisms used in this work. kB is the Boltzmann constant,
vg,s is the group velocity of mode s, F is an average form factor, q is the phonon wave vector, ∆ is the roughness
parameter, θ B is the incident angle of particle to the surface. The frequency ωcut = ω ( qmax 2 ) corresponds to
the frequency at which the Umklapp scattering processes for TA phonons become possible.

Besides, in the nanopillar schematized in Fig. 1, the cross-plane phonon-boundary scattering
mechanism is also considered. The corresponding relaxation rate is given by

τb =

D pillar
vcross − plane
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In Ref [1], the pillar diameter Dpillar was experimentally estimated to be 100 nm. The in-plane group
2
2
velocity vcross-plane is defined as vcross − plane = v gx
. Finally, the total relaxation time (including
+ v gy

phonon-phonon, phonon-impurity and phonon-cross-plane boundary scatterings) is computed by
applying the Matthiessen’s rule. The authors have developed a similar model for phonon transport in
Si to study self-heating effects in short-channel transistors [7].

3. Results and discussion

(a

(b)

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

In Fig. 2a, the thermal conductivity is plotted for 4 nm- and 6 nm-long nanopillars in the case of pure
ballistic pillar, in which only the cross-plane boundary scattering mechanism is considered, and pillar
with a complete set of scattering mechanisms. As expected, the pure ballistic case gives the highest
value of conductivity. For both 4 nm and 6 nm-long pillars, with complete set of scattering
mechanisms (phonon-phonon, phonon-impurity and phonon-boundary), the conductance is lower than
that of ballistic cases for temperature higher than 100 K. This difference suggestss that the scattering
mechanisms limit the heat transfer even in such short nano-pillars. This phenomenon is less
pronounced in the 4 nm-long pillar than in the 6 nm-long ones but it is still significant. The
corresponding thermal conductivities are shown in Fig. 2b. It should be mentioned that, due to the
nanostructuring, these conductivities, in the range 1-2 Wm-1K-1, are more than one order of magnitude
lower than the bulk GaAs conductivity that is equal to 46 Wm-1K-1.
To illustrate the quasi-ballistic nature of phonon transport, the spatial evolutions of the phonon
distributions along a 6 nm-long-pillar are shown in Fig. 3. For an applied temperature gradient of
20 K, both the LA and TA distributions are presented in the case of three different average
temperatures: 50, 100 and 300 K. If the transport was perfectly ballistic everywhere in the device, the
distributions of phonons with a negative wave vector (left side) would have been exactly the same
form as that injected at the cold side (blue line). Similarly, the positive part of the distribution should
be that injected at the hot contact Th. However, in Fig. 3 we can see that, at all studied temperatures,
the evolution of the distributions between the hot and cold contacts is not fully abrupt, in particular for
phonons with small wave vector qz. This means that although the ballistic regime is clearly dominant
even at room temperature, some scattering events occur and have an impact. Indeed, as we can see on
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Fig 2a, only the onset of scattering can explain the decrease of thermal conductance observed
experimentally at high temperature.

(a)
(b)

Fig. 3. Spatial evolution of the phonon distribution in the 6 nm long pillar with Th and Tc = [60 K, 40 K], [110 K,
90 K] and [310 K, 290 K], from left to right, respectively. The normalization is done with respect to the phonon
occupation at the hot temperature Th. (a) LA phonons. (b) TA phonons. The arrow gives the hot to cold direction.

4. Conclusion
In this work, the steady state BTE has been solved considering a sine dispersion. This modeling
approach is able to satisfactorily reproduce the evolution of the experimental thermal conductance of
4 nm and 6 nm-long-nanopillars as a function of temperature. Our work suggests that at temperature
higher than 100K even sub-10 nm-long pillars do not reach the full ballistic regime, which manifests
in the decrease of thermal conductance when the temperature increases.
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Modern microelectronics technology requires developing more efficient ways of heat extraction and
device cooling at the tens-nanometer scale. The thermal conductivity of materials decreases as their
characteristic sizes are scaled down, while the influence of the surface effects increases with the
growth of surface-to-volume fraction. This is why the surface phonon-polaritons (SPPs), which are
evanescent electromagnetic waves propagating along polar-dielectric interfaces and generated by the
fluctuation of the electrical dipoles of polar media (Fig. 1(a)), are expected to lead to a significant
enhance of the thermal conductivity of these materials [1-6]. Focusing of SPPs could be an efficient
way of heat extraction in nanodevices [7], but this effect is not well explored yet.

(a)

(b)

Figure 1: (a) Generation of SPPs due to the fluctuation of electrical dipoles. (b) Real ( ε R ) and imaginary ( ε I )
parts of the permittivity of SiO2 as a function of frequency.

In the present work, the focusing of SPP energy along conical and wedge structures of SiO2
surrounding by air is analyzed based on the analytical solution of Maxwell’s equations. In the conical
structure, the SPPs are propagating along the SiO2-air interface toward the point-like tip, where the
SPP energy is focused (Fig. 2(a)), while in the wedge this focusing is along its linear edge (Fig. 2(b)).
The dispersion relations for the cone and the wedge are given in Eqs. (1a) and (1b), where ε1 (ω ) is
SiO2 permittivity as a function of frequency ω , ε 2 is a permittivity of the surrounding medium (air),

I n (αλ ), is modified Bessel functions of first kind and of order n; Pλ(1) (X) is associated Legendre
function of first order; X = cos(α ) ; α is the aperture angle of each structure.

Poster session 1

159

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

X(

ε1 (ω )
ε (ω ) Pλ(1)+1 (−X) Pλ(1)+1 (X)
−1) + 1
+
= 0,
ε2
ε 2 Pλ(1) (−X) Pλ(1) (X)

(1a)

ε1 (ω )tanh(ηα ) = −ε 2 tanh(η (π − α )) .

(1b)

The solutions of these dispersion relations for the propagation parameters λ and η are complex, due
to the fact that SiO2 is an absorbing material with a complex and frequency-dependent permittivity, as
shown in Fig. 1(b). The real part of propagation parameter η is associated with the attenuation of the
electro-magnetic field; while its imaginary part is related to the propagation of the electro-magnetic
wave along the SiO2–air interface. The solution of the dispersion relation for the wedge structure and
its effect on the electrical and magnetic fields of SPPs is performed (Fig. 3). The existence of SPPs is

z
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Figure 2: Schematics of the (a) conical and (b) wedge structures of SiO2 surrounded by air. The red arrow
indicates propagation of SPPs from the heat source to the cone tip and wedge edge.
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Figure 3: Propagation parameter (real and imaginary parts) as a function of frequency for the wedge structure
for different aperture angles of the wedge.

observed only in the regions of frequencies where the real part of permittivity is negative, which
corresponds to the results obtained for thin films and thin wires, reported in [1, 2, 4, 5]. According to
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the energy conservation law, there are no SPPs in the regions of frequency where the imaginary part of
the propagation parameter is greater than 0.5. Both real and imaginary parts of the propagation
parameter should be positive in order to have propagation of the electro-magnetic field towards to the
tip and to have focusing of the electro-magnetic field along the SiO2–air interface. The focusing effect
increases when the imaginary part of the propagation parameter decreases.
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The knowledge of heat transfer at micro/nanoscale is essential for micro/nanotechnologies based on
energy dissipation [1-3]. For the thermal studies at these scales, AFM-based techniques as Scanning
Thermal Microscopes (SThM) have been developed to obtain information regarding thermal
properties of materials with nanometer to micrometer resolution. [4-7]. This AFM-based technique
requires a specific thermal probe, instead of conventional AFM tip, operating at ambient air and giving
simultaneously topography and thermal property images of materials. When this microscope is
equipped with a thermal-resistive probe, the interaction between the probe and the sample is ensured
by the heat transfer. Thus, a better knowledge of heat transfer between the hot probe and the cold
investigated sample is crucial for quantitative measurements.
When a hot probe-based Wollaston and a cold sample are in contact, heat can be exchanged through
contact solid-solid (probe/sample) conduction, conduction (tip/holder), convection, water meniscus
depending on ambient humidity [8]. Due to the probe shape, the probe is not a local heat point;
thermal exchange through ambient air takes place along the probe filament. This contributes to the
experimental measurement. So it is crucial to have a quantitative estimation of the heat transfer
between the tip and the sample as heat transfer by air. This problem concerns also nanoscale device
operating at high temperature or used for techniques of designing thermally storage data [9].
Investigation of 1 mm distances between the probe and the cold surface revealed a thermal resonance
phenomenon of temperature field [10] which is independent of material properties but depends only on
the distance between the probe and the sample. It can be interpreted as a resonance, with the behavior
of thermal waves associated with the AC heat diffusion, due to the experimental geometry
(probe/sample surface). In [10], the Finite Element method was used to study heat transfer through air
between the probe and the sample and the heat transfer was assumed in the diffusion regime. In this
paper, we report the development of a quantitative predicting tool of heat transfer through the fluid
between SThM probe and sample at distances of nanometers as illustrated in figure 1. It is known that
when the heat source and sink are separated by a distance comparable to the heat carrier mean-freepath (about tens of nanometers for the gas molecules composing the fluid medium), the classical
macroscopic laws such as the Fourier law and Navier Stokes equations breakdown. In this case,
advanced microscopic approaches have to be used. Regarding only the heat transfer through gas
molecules, the problem can be modeled using the Boltzmann transport equation (BTE). We use direct
Monte Carlo simulation (DMCS) for solving the BTE [11]. After the verification of model with
classical cases of heat transfer between parallel plane surfaces, we discuss the effects of the separation
distance and the size of the heating object on the temperature field within the fluid and heat flux
transferred to the cold wall.
162

J. RANDRIANALISOA & N. TRANNOY

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

(a)

(b)

Figure 1: (a) 3D geometry used to simulate the heat transfer through gas molecules (blue region) between a hot
tip (gray cylinder) and a cold sample surface (black plane). (b) Typical 2D temperature distribution of the fluid
phase for a tip located at 62.6nm above the sample surfaces
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The interest for the thermophysical properties of nanomaterials has grown in the past years. The
reason behind this interest is related to many possible applications in various fields such as
nanophononics [1] and thermoelectric [2]. There has been many works in the recent years that showed
the large reduction of effective thermal conductivities in nanoscale samples compared to bulk
materials, which results from phonon-boundary scattering, particularly at low temperatures. This
phenomenon has been demonstrated in thin layers [3] and in nanowires [4-7], and the results can be
reproduced with the phonon Boltzmann transport equation. In the samples, the mean free paths (MFP)
of phonons, here denoted Λ, are controlled and are comparable to the geometric dimensions. The
Knudsen number ®r = Λ/° defines the ratio of the MFP Λ to the characteristic geometric length D
(device size). We observe that, at room temperature, an estimation of the average MFP in silicon is
close to 300 nm and that this value becomes larger when the substrate temperature decreases.

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

The aim of our study is to investigate heat conduction different transport regimes. Here, we analyse
the transition between two limit cases, when Kn < 1 (diffusive regime) and when Kn > 1 (ballistic
regime). To do so, the measurements are performed at different levels of temperatures and for various
heater sizes. This configuration provides various degrees of freedom that allow us to probe different
ranges of Kn. Some optical measurements techniques [8, 9] have been introduced to probe this ranges
of Kn and to measure the MFP distribution in silicon substrates. The principle of our technique is
similar [10] but in our work, the measurements of the thermal conductance of silicon substrates are
performed electrically using a four-probe electrical measurements technique [11] with small-scale
devices.

164

W. JABER et al.

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

The method consists in depositing a thin metallic wire on top of a flat silicon sample to be
characterized. Figure 1 shows a schematic of the cross-section of the deposited device, which acts both
as a heater and as a thermometer. The wire width ranges between 10 µm and 50 nm. The cross-section
profile is controlled using both optical microscopy and atomic force microscopy (AFM) as
exemplified in Figure 2. Two types of samples have been fabricated, by UV photolithography (largest
widths) and by electron-beam lithography (smallest widths).

Figure 2: Representative optical and AFM images of the heater.

The measurements are performed by sending an ac current I(t)=I0 cos(ωt) through the metallic wire.
By Joule heating, temperature oscillations at frequency 2ω are produced. Measuring the wire-voltage
component (dc or ac) across the heater sensor, the electrical resistance and thus the temperature of the
wire are determined. Four-probe electrical-transport measurement allows determining the thermal
properties of different materials at room and cryogenic temperatures. The sample temperature was set
and controlled in a liquid-helium cryostat, from room temperature down to ~10K.
Numerical simulations based on Finite Element Method with a commercial package (Comsol) were
performed in order to estimate the temperature profile on the sample surface (see Figure 3).

Figure 3: FEM-simulated profile around a Joule-heated deposited metallic wire on top of the substrate.

The obtained results are compared to previous experimental results with similar geometry [10] and
also to numerical simulations based on FEM and on the Boltzmann transport equation (BTE) for
phonons.
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Thermal Interface Materials (TIMs) are widely used as gap-filler materials to improve the heat
dissipation of electronic devices such as light emitting diodes (LEDs). The aging of TIMs leading to
cracks and delamination generally ends up with the loss of heat transfer and premature device failure.
In this work we introduce a new concept to autonomously repair cracks and delamination ultimately
leading to the recovery of the necessary heat dissipation for a proper device function. For the purpose
we use intrinsic self-healing polymers. In these type of polymers covalent or non-covalent reversible
bonds are included in the main network allowing, upon an external trigger, enough mobility to the
networks so as to fully or partially restore damages [1].
In our previous work we introduced the concept of self-healing TIMs showing both adhesive and
cohesive healing [2]. However there is no report on how filler size and surface treatment influence the
healing ability. In the present work, we used a novel sol-gel based hybrid polymer as the self-healing
matrix [3]. This polymer is a dual organic (epoxy-amine)-inorganic (siloxane) crosslinked network
containing non-reversible crosslinks and reversible groups based on tetra-sulfides as explained in
detail in [3]. The presence of the dynamic disulfide bonds allows for multiple healing events at
relatively low temperatures (between 50 and 70ºC) [3]. In order to evaluate the effect of the particle
size in the healing performance glass beads of different sizes were employed as fillers. The first results
show how the cohesive healing efficiency increased with the particle size as well as with the healing
time (Figure 1). The cohesive healing efficiency was calculated as follows:

Healing efficiency =

σ Healed
×100%
σ virgin

(1)

where σhealed and σvirgin is the ultimate tensile strength of healed sample and virgin sample respectively.
In order to gain a major understanding of the role of the particle-matrix interface in the healing process
several surface pre-treatments were implemented to the glass beads, namely (3-mercaptopropyl)trimethoxysilane and bis-[γ-(triethoxysilyl)-propyl]-tetrasulfide, here on called -SH and -S-Srespectively. Figure 2 shows how the surface pretreatments by silane coupling agents increase the
mechanical performance of the systems while at the same time allow for much higher healing
efficiencies. The developed TIM films show on-demand restoration of the thermal conductivity as
result of the recovery of the particle-matrix interface. In this work we will show the effect of the
particle size and surface pretreatment in the healing performance as well as restoration of the thermal
conductivity using good and poor thermally conductive particles in the same healing polymer matrix.
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Figure 1: Effect of particle size and healing time on the healing efficiency of a self-healing polymer-based TIM
containing 50% volume glass beads.

Figure 2: Effect on the mechanical properties and self-healing ability of a self-healing polymer-based TIM
containing 50% volume glass beads with different surface treatments.
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Photonic Crystals (PCs) are kind of artificial material [1] which consist of different dielectrics
periodically, and it has the ability to control propagation of electromagnetic transfer through photonic
band gaps(PBG). Thermal control structure integrated with PCs become an emerging hot topic to
protect the internal components of energy and power system from the damage caused by high
temperature and heat flux, in view of effective reflection of electromagnetic energy through PCs band
gap [2-5]. Through reasonable design, a kind of meta-material based on PCs can be developed with
high emissivity and high reflectivity in the infrared region, which can modulate heat transfer. This
paper demonstrates optimizing design of thermal protection structure with PCs meta-material
considering micro-scale transfer characteristics.
In case of hypersonic aircraft, the main ways of heat transfer is aerodynamic heating [6], which is
illustrated as objective of thermal protection by PCs coating in the current study. Through numerical
simulation of aerodynamics and heat transfer [6-7], the following operation conditions are obtained for
future consideration of thermal protection, including: flight speed 6 Ma, maximum aircraft surface
temperature 1075.55 K, heat flux to aircraft substrate 97954.30W/m2 as the worst flight environment,
and so on.
There are several kinds of forms of PCs can be selected, in the current study, FCC lattice structure is
considered, because it is the easiest way to form a complete band gap [8], without protrusion at the
edge of the Brillouin zone. When the PCs are integrated to the thermal protection system, the reduced
amount of energy flux to the aircraft substrate can be denoted by the following equation:

∆E = Eall − E1 = (1 + η ) ε2σT 4 − ε1σT 4 = (ε2 + η ε2 − ε1 )σT 4

(1)

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

⌢
 1

Luk = ( ik + ∇ ) × 
( ik + ∇ )  × uk = ωɶ 2uk
 ε ( x)


(2)

Simulation was carried out with RSoft software. With starting the CAD tool, a three-dimensional
periodic structure was rendered, as shown in figure 1. The simulation was based on plane wave
expansion (PWE) algorithm, with plane wavelength 2.5µm.
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Figure 1: Three-dimensional periodic structure as diamond FCC lattice(a=1, 7×3×20)

The effect of dielectric sphere size on 3D-PCs band structure was simulated, with fixing refractive
index 3.5 and the diamond lattice. The sphere radius are specified as 0.20µm, 0.22µm, 0.25µm,
0.26µm, 0.28µm and 0.29µm respectively, and the distribution of PBG center can be referred in
Figure 2. It can be inferred that: with the increase of dielectric sphere radius, the PBG center appeared
in a certain location; as the dielectric sphere radius continue to increase, the PBG center will gradually
decrease and will eventually disappear.

Figure 2: Distribution of the PBG center with varying sphere radius

The effect of dielectric sphere refractive index on 3D-PCs band structure was also simulated, which
can be referred in Figure 3, which shows its effect on PBG center, with fixing sphere radius 0.22µm. It
can be inferred that: with the increase of refractive index, the PBG center will reduce gradually and
tends to disappear.

Figure 3: Distribution of the PBG center with varying refractive index of the dielectric sphere

The so-called “sphere radius optimization approach” is proposed to optimize the design of PCs
structure by regulating dielectric sphere radius and refraction index simultaneously. Figure 4 shows
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the ratio of the reflected energy by PCs to total blackbody radiation energy, and it can be inferred that
the energy density entering into hypersonic vehicle substrate material can be reduced by 4.26 percent.

Figure 4: 3D-PCs radiation reflection ratio with the dielectric sphere radius

The so-called “refractive index optimization approach” is also proposed. Figure 5 shows the ratio of
the reflected energy by PCs to total blackbody radiation energy, and it can be inferred that the energy
density entering into hypersonic vehicle substrate material can be reduced by 7.68 percent.

Figure 5: 3D-PCs radiation reflection ratio with the refraction index

Therefore, the above optimization approaches can be coupled together to improve the protection
effect, and result of PBG band structure was shown in figure 6. It can be inferred that the energy
density entering into hypersonic vehicle substrate material can be reduced by 7.99 percent.

Figure 6: The optimization of three-dimensional PBG distribution

The PBG is free of scale, therefore, when the lattice constant is not a constant, the band structure will
correspondingly changes. In this view, two design approaches were proposed, i.e., wavelength
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approximation and lattice constants increasing, to reduce the energy density entering into hypersonic
vehicle substrate material as 5.77 and 6.27 percent respectively.
This work demonstrates optimizing design of thermal protection structure with PCs meta-material
considering micro-scale transfer characteristics, with 6Ma hypersonic aircraft aerodynamics heating
conditions as objective for thermal protection structure design. The effect of dielectric sphere radius
and refractive index on 3D-PCs band structure was simulated. Several optimization approaches were
proposed, showing good effect on reducing the energy density entering into hypersonic vehicle
substrate material.
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Based on atomic force microscopy using a thermal sensor, Scanning Thermal Microscopy (SThM) is
one of the key tools for performing micro/nano-scale heat transfer analysis. In this study, we focus on
the heat transfer through the water meniscus at nanoscale contacts by using this method. Two facts
have motivated this work. First of all, little information is available on this heat transfer and few
results are subject to controversies. This heat transfer mechanism deserves to be analyzed more in
depth for an improved use of quantitative SThM. Secondly, its understanding and management could
support the design and optimization of new devices involving water meniscus. As an example, stiction
remains an issue that can damage the performances of NEMS/MEMS devices. While working under
ambient conditions, the main origin for stiction is the liquid meniscus that is formed at the small
contacts due to capillary condensation. Stiction forces can be reduced by changing the surface
properties or by reducing the contact area. Thermally-controlled devices may be another alternative
that is not yet explored.
In order to investigate a large meniscus, a Wollaston wire SThM probe was used. The probe is made
of a Pt 90%/ Rd 10% wire of diameter 5 µm and length 200 µm. The wire, bent in a V-shape with a
curvature radius Rp of 15 µm, is obtained by electrochemical etching of the silver shell of a Wollaston
wire of diameter 75 µm. In this study, we selected a germanium (Ge) sample of hydrophilic nature.
The capillary forces are the dominant of the pull-off forces while working under ambient conditions
[1, 2]. We investigated the meniscus at the tip-sample contact by performing pull-off forces
measurements as a function of the probe mean temperature Tm (Ta=30 °C and relative humidity RH=40
%). Using Wheatstone bridge with a feedback circuit, the probe mean temperature was maintained
constant during the measurements. Figure 1 shows the variation of the pull-off forces as a function of
Tm. It is observed that the pull-off forces Fpo decrease until reaching a certain temperature around Tt
beyond which they become almost constant. It is observed that the pull-off forces Fpo decrease until
reaching a certain temperature around Tt where they become almost constant. The individual forcedistance curve takes about 15 seconds. The contact time between the tip and the sample is larger than
one second and we observed that there is no variation of the pull-off forces for larger contact times.
This is in agreement with the study of study of Sirghi [3] where the meniscus reached the state of
thermodynamic equilibrium after a certain limit of the contact time.
We noticed a hysteresis in the measurements while increasing Tm and decreasing Tm (see Figure 1).
This could be related to the reported hysteresis during evaporation and the capillary condensation at
the tip-sample contact as observed by Crassous et al. [4].
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Figure 2: Variation of the pull-off forces Fpo as a function of Tm for the sample of Ge.

Using the expressions of the Kelvin equation [5] and the meniscus radii of Crassous et al. [4] and
Sirghi [3], the variation of the largest radius as a function of Tm was determined. Figure 2 represents a
schematic of the probe apex in contact with the sample. The total thermal conductance of the meniscus
Gtot can be determined taking into account the conductances at the interfaces of probe-meniscus and
meniscus-sample [6]. The variations of the total thermal conductance of the meniscus as a function of
Tm are shown in Figure 3. When the meniscus is large, the values of Gtot are at most one order of
magnitude smaller than the values of the thermal conductance due to the heat transfer through air for
the same probe [7, 8]). As a consequence, the thermal conductance through the water meniscus is not
predominant in the thermal interaction between the probe and the sample [9].

Figure 2: Schematic of the meniscus when the probe is in contact with the sample.

This work clarifies the role of the heat transfer through water meniscus in scanning thermal
microscopy and will allow an improved use of quantitative SThM. We underline that our analysis
justifies SThM calibration methods that have been developed previously with the same kind of
microprobes at temperatures Tm larger than 100 °C. As the meniscus is almost evaporated at these
relatively high temperatures, it has a smaller impact on the heat transfer to the sample and simplifies
the analysis. The thermal conductance through the water meniscus is not predominant in the thermal
interaction between the probe and the sample. It is striking that our findings are in accordance with the
observations made with a nanoprobe, even though the tackled sizes are very different. The
methodology used with the Wollaston probes in this paper can be extended later for the case of smaller
probes and is one of the perspectives of this work [9].
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Figure 3: Total thermal conductance of the meniscus Gtotal as a function of the probe mean temperature Tm.
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The search for materials that can produce electrical power from a temperature gradient - the Seebeck
effect-, has gained significant interest in recent years. Indeed thermoelectric materials have proved to
be viable solutions for the remote generation of electrical power in satellites [1]. The reverse (Peltier)
effect allows to cool down electronic components in devices through a cold pole obtained with an
electrical current passing through a junction of two conductors. The efficiency of a thermoelectric
material is characterized by the figure of merit ZT [2], which is proportional to the electrical
conductivity ( σ ) and to the square of the Seebeck coefficient (Q), and inversely proportional to the
thermal conductivity ( κ ).
ZT =

σ Q2T
κ

(1)

Improving the efficiency of thermoelectric devices requires an understanding of the mechanisms that
control electronic transport. In particular, in semiconductors, the Seebeck coefficient increases
drastically as the temperature decreases [3-4]. This is known as the phonon drag effect: phonons
carrying a thermal current tend to drag the electrons with them from the hot side to the cold side of the
sample. The phonon drag effect leads to the improvement of the figure of merit ZT. However, the
phonon drag effect cannot be described in the framework of usual Boltzmann transport equations
(BTE) [5-6]. In the first part of this presentation, we will present the approach to study the phonondrag effect in materials [7].
At the same time, solving the transport equation for the electrons requires the knowledge of the
electronic structure and of the carrier interactions (electron scattering on impurities and electronphonon scattering). A good description of these physical mechanisms is achieved by parameter-free
calculation in the framework of density functional theory (DFT) [8]. In a second part of the
presentation, we will describe an approach based on the coupling of the Boltzmann transport equation
with DFT calculations of the electronic structure and the electron-phonon coupling [6-7]. It has been
successfully applied to the determination of the thermoelectric properties of bulk silicon [9]. This
approach has the advantage of reducing the number of adjustable or ad hoc parameters in simulation
of transport properties and thus leads to a better understanding of the underlying physical laws (in
particular the phonon drag phenomenon), as shown in Ref. [8-9].
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Introduction
Thermionic emission is based on the ability of a material to emit electrons whose energy is greater
than the work function of the material, which is defined as the difference between the vacuum energy
level and the Fermi level. Basically, the thermionic converter material is made of a low work function
metal, and requires a very high temperature (> 1000°C) in order to achieve high conversion efficiency.
A new solar energy conversion concept, based on the combination of photon absorption using a
semiconductor material and thermionic emission, was recently suggested [1]: Photon Enhanced
Thermionic Emission (PETE).,

Figure 1: the energy diagram of the PETE energy conversion process

Absorption of solar photons leads to an increase in both the minority carrier concentration in the
conduction band and the quasi-Fermi level splitting. As a result, the energy barrier between
conduction band and vaccum is reduced and the temperature level required for the electrons to be
emitted from the surface is dramatically lowered.
In this paper, we present a self-consistent model which predict the thermal and electrical behavior of
the PETE diode cell.

Material and method
We present in this section the mathematical model of the PETE diode cell. Assuming a lumped-heat
transfer model, the cathode energy balance is given by:

 E f ,n −E f , p 
Psun + JA (φ A + 2kTA ) + RNRR ( Eg + 3kTC ) = σ T 4 + JC (φC + 2kTC ) + P0 e kTC −1
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where:
•

±² + 2(

²

is the energy carried away by electron from the anode(heating process) [2]

|

is the energy carried away from cathode (cooling process)

•

±| + 2(

•

RNRR(Eg+3kTC) is the energy supplied by the non-radiative recombination

•

σ T4 is black body emission

•

 E f ,n−E f , p 
P0 e kTC −1 is the no-equilibrium radiative recombination rate [3]



The cathode (JC) and anode (JA) currents are calculated as the difference between the cathode total
optical generation (G) and recombination (R) rates, given by the equation:

L(G − R) =

JC − JA
q

where L is the charge carriers diffusion length, assumed to be equal to the cathode thickness.
The cathode emission current is given by :

Jc =

∞

∫

q vx N(E) f (E) dE = q < v > nexp(−

Eg+ χ

χ
kTc

)

where Eg, ³ and <v> are respectively the bandgap, the electrical affinity, and the thermal velocity of
carriers. The anode current density is calculated using the standard expression of thermionic current
for metals :
−φ A
2 kTA

JA = AT e

±² is the anode work function and A the Richardson-Dushman constant : 1.201×10-6 A m-2 K-2
The generation rate is given by:

G=

N ( E > Eg )
L

where N(E> Eg) is the number of photons with energy above the band gap. The 3 main recombination
processes (radiative, Auger and SRH) were accounted for in the model, as well as the thermal
dependence of the main electrical parameters (Eg, ni…) .

Results and discussion
Figure 2 depicts the variation of electrical conversion efficiency as a function of temperature for
various values of the electrical affinity. It is shown that a high ³ value leads to an increase in the diode
voltage (´ = ³ + µ¶ − µ· − ±² ). As a consequence, the cathode work function rises and the
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temperature required for the electrons to overcome such an energetic barrier by thermionic emission is
increased
Figure 3 shows the different flux contributions for an illumination equivalent to 15 suns (where 1 sun
= 1 mW/mm²) for both silicon and gallium arsenide semiconductors. At low applied voltage, the heat
removed by the cathode electron emission and the thermal radiation applies a low temperature
compared to high voltage.

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

Actually, for high voltage i.e., exceeding the limiting voltage Vlim for which φc= Vlim+φa, the cathode
emission current drops, causing a temperature increase. Moreover, the rate of radiative and nonradiative recombination is enhanced. We then notice two different diode behaviours depending on the
material considered. For Silicon (indirect band gap) PETE device, non-radiative recombination
dominates over the radiative recombination, generating a supplemental source of heat,whereas in the
GaAs, the radiative recombination, which removes heat, is enhanced. It should be noticed, that for an
average concentration (X = 15), the temperature level of the cathode is ~ 700 K for silicon and 650 K
for GaAs.

(a)

(b)

Figure 3: The contribution of power heat and power dissipation mechanisms.
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Conclusion
In this paper a novel solar energy conversion process was presented. A self-consistent electrical and
thermal model is developed and used to analyse the different heat generation mechanisms and the
resulting electrical efficiency.
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1. Context and objectives
With the development of the nanotechnology, the domain of thermoelectricity has pushed itself to the
frontiers of the global research on energy harvesting. Efforts are aimed at finding efficient
thermoelectric materials under the idea of “electron crystal-phonon glass” material system [1]. The
efficiency of a thermoelectric material is characterized by the dimensionless figure of merit (ZT
value), which involves the Seebeck coefficient S, electrical conductivity σ and thermal conductivity κ
through the formula of:
ZT =

S 2 σT

κ

.

(1)

However, highly accurate measurements of the three concerned factors are required for a well
determination of the ZT value. The measurement of thermal conductivity stays the greatest
experimental challenge, especially for epitaxial thermal resistive thin films grown on electrical
conductive substrates, which are the best material candidates for potential thermoelectric applications
in microelectronics.
In this work we have developed an advanced experimental technique based on 3-omega method [2, 3,
4], for highly precise measurements of thermal conductivity of epitaxial semi-conductor thin films.
Experiments have been done for the measurement of the thermal conductivity of a nanostructured Ge
thin film. The results contribute to the investigation of the thermoelectric properties of this material,
also importantly, help to achieve a complete comprehension of the thermal transport mechanism in
nanostructured materials.

2. Originality of the research
For energy harvesting using thermoelectricity in the domain of microelectronics, the search of an
efficient thermoelectric material stays the first challenge. It must be a semiconductor material and well
compatible with the existing silicon based microelectronics platform.
Here we would like to present a work on the thermal characterization of nanostructured epitaxial
Ge:Mn thin film, as a highly potential thermoelectric material for microelectronics. It is a thin film of
a doped Ge matrix containing Ge3Mn5 nanoinclusions. The inclusions have a nearly isotrope
distribution, and a diameter of 5 to 50 nm depending on the epitaxial conditions using MBE
(Molecular Beam Epitaxy) [5, 6]. Being perfectly monocrystalline with a high doping level (p-type,
182

Y. LIU et al.

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

1018 cm-3), the Ge matrix of the thin film possesses a high value of electrical conductivity, a low
thermal conductivity is then expected for a high ZT value.
To achieve the most precise measurement of the thermal conductivity of this Ge:Mn thin film, which
presents itself as a thin (generally 200 nm), epitaxial and electrical conductive layer, we have
developed a highly sensitive experimental technique using the 3-omega method.

3. Method
3.1. The 3-omega method
To investigate the thermal properties of a thin film using the 3-omega method, a transducer metal line
(role of both heater and thermometer, figure 1) is needed to be deposited on the film, in our case it is a
100 nm thick platinum transducer. For the case of an electrical conductive thin film, an isolating layer
is required to isolate the transducer from the sample surface. A layer of 50 nm of aluminium oxide
(Al2O3) (figure 2) is chosen to do the task in our work, deposited using the technique of ALD (Atomic
Layer Deposition).
Transducer
Al O
2

Ge:Mn

3

Substrate

Figure 1: Designed motif in lithographic mask
for the deposition of transducer.

Figure 2: Schematic illustration of the sectional
structure of a prepared sample for thermal
measurement.

The 3-omega method concerns the measurement of the third harmonic part (3ω) of the voltage signal
of the transducer after applying an alternating current (AC) of angular frequency ω. The frequency
dependence of this V3ω permits the extraction of the thermal conductivity of the substrate material.
Here we have designed our measurement devices based on a differential geometry [2, 3, 7]. The
sample is mounted inside a cryostat which ensures a large range of temperature environment from the
temperature of helium liquid up to 400K.
AC
current

in
f

V

R

ref

1ω

Pre-amp.

-

V

Osc.
3ω

+ (x1000)
Sample
Transducer
Rtr

Digital
lock-in

Pre-amp.
V +V
1ω

3ω

Figure 3: Schematic diagram of the electrical circuit for 3-omega
measurement (the zone inside the dashed line represents a homemade electronic device).
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3.2. 3-omega method for thin film
According to the principles of 3-omega method, for the case of a narrow transducer metal line on the
surface of an infinite half-volume substrate, if the width of the line is largely small comparing to the
thermal penetration depth (low frequency range), and the thickness of the transducer is negligible, an
approximation of the temperature oscillation at the sample surface can be deduced [2]:
∆T =

2

Pl  1 ω
π
 − ln + η − i 
4
π ⋅ k0  2 Ω

R I
( Pl = tr )

(2)

l

Where Pl is the linear heat dissipation with Rtr the electric resistance, I the applied AC current and l
the length of the transducer; the thermal angular frequency
frequency of the AC current; Ω =

ω = 4πf , where f is the electric

k0
with k0 the thermal conductivity of the substrate, ρ the
ρ Cb 2

density, C the specific heat, b the half width of the transducer and η = 0.92 .
The Ge:Mn thin film (thickness t1 ) is generally deposited on a thick substrate (Si or Ge, 300 µm
thick). As long as t1 is largely small comparing to the width 2 b of the transducer, the heat transport is
considered to be one-dimensional across the film and the heat flux conserved. This approximation
brings a shift in the real part of the surface temperature oscillation:
∆T =
∆

Pl  1 ω
π  P ⋅ R′
 − ln + η − i  + l
4
2b
π ⋅ k0  2 Ω

∆Treal
P

=

(3)

R′
2bl

(4)

The thin film represents itself only as a thermal barrier resistance R′ for the heat flux, which is
directly related with its thickness and thermal conductivity through:
t
R ′ = 1 + Rc
k1

(5)

where Rc is the effective thermal resistance of interfaces, being the total interface thermal resistance
of the thin film involved sample minus the total one for the case of the sample substrate.

4. Experimental results
The 3-omega measurements have been carried out on samples of Ge:Mn thin films (240 nm thick)
grown on a n-type doped Ge substrate. As the Ge matrix of Ge:Mn thin film is perfectly crystalline
and homoepitaxied on the Ge substract, the interface thermal resistance between the film and the
substrate is neglected [8]. The Data of V3ω signals as a function of frequency (here within 100 – 1000
Hz), from the sample and the reference Ge (n-type) substrate, at different temperature, are gathered
and treated.
At one certain temperature, the comparison of the curves

∆Treal
from the two samples reveal a clear
P

shift as shown in figure 4, from the curve of reference sample to the Ge:Mn sample. For the case of
320K in the figure, the thermal conductivity of the Ge:Mn thin film is calculated to be 5.5 (±1) Wm1 -1
K . The results have revealed a remarkably reduced thermal conductivity of this thin film by a factor
of 10 at 320K, compared to the value for bulk Ge substrate (60W/mK).
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5. Future works
To properly understand the physics of the involved phonon scattering mechanism introduced by the
nanostructure, the 3-omega measurements will be continued on different samples of the Ge:Mn thin
film, grown with different Mn concentration, at different annealing temperature. The measurement
results will be evaluated together with further characterization results using TEM (Transmission
Electron Microscopy), to finally identify the influence of the nano-inclusion, with its diameter and
dispersion, on the heat transport inside the thin film. Meanwhile, experiments for a complete
characterisation of the thin film’s thermoelectric properties will also be carried out, mainly the
measurements of its electrical conductivity and Seebeck coefficient, aiming at a final determination of
the ZT value.

8
Ge:Mn sample on Ge
Ge(N) substrate
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Figure 4: Comparison of the curves

∆Treal
from Ge:Mn
P

sample and the Ge reference substrate sample at 320K.
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There is an increasing demand for accurate, non-invasive and self-reference temperature
measurements as technology progresses into the nanoscale. This is particularly so in micro- and
nanofluidics where the comprehension of heat transfer and thermal conductivity mechanisms can play
a crucial role in areas as diverse as energy transfer and cell physiology [1,2].
In fact, the integration of optics and micro/nanofluidic devices to provide novel functionalities in
nanosystems is stimulating a promising new area of optofuidics, for nanomedicine and energy. Despite
promising progress precision control of fluid temperature by accounting for local temperature
gradients, heat propagation and accurate temperature distributions have not yet been satisfactorily
addressed, e.g., investigating heat transfer mechanisms in nanofluids or mapping temperature
distributions within living cells. The major obstacle for this has been the unavailability of a
thermometer with the following requirements (that should be simultaneously satisfied): (i) high
temperature resolution (<0.5 degree); (ii) ratiometric temperature output; (iii) high spatial resolution
(<3 µm); (iv) functional independency of changes in pH, ionic strength and surrounding
biomacromolecules; and (v) concentration-independent output. The most suitable class of
thermometers to fulfil these requirements are the luminescent ones [3].
With the objective of investigate the heat transfer mechanisms in nanofluids and mapping temperature
distributions we have focused in the development and characterization of nanothermometers that can
be dispersed in different base fluids or incorporate organic-inorganic hybrid films [2,3]. The
thermometers performance can be compared using the relative sensitivity (Eq. 1) , defined as the
relative change on the thermometric parameter ∆ (taken as a ratio of intensities, ∆ = I1 I 2 to avoid any
dependences of the temperature read on local concentration, fluctuations on excitation sources, etc.):
Sr =

∂∆ ∆T
∆

(1)

Also the spatial resolution (δx) is defined as δx = δT ∇T
and ∇T

max

max

, where δT is the temperature uncertainty

= ∂T ∂x the largest temperature gradient that can be measured [4], and the temporal

resolution defined as is defined as δt = δT (∂T ∂t ) ,where (∂T ∂t ) the largest temporal temperature
change measured.
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In 2013 we reported the development of two luminescent ratiometric nanothermometers (NP5-1.4,
spherical NPs, DLS diameter of 119.2 ± 11.6 nm and NP4-1.3, spherical NPs, DLS diameter of 40.2 ±
5.9 nm) based on a γ-Fe2O3 maghemite core coated with an organosilica shell co-doped with Eu3+ and
Tb3+ β-diketonate chelates [2]. The design of either the siloxane-based hybrid host or the chelate
ligands permits the nanothermometers to be used in nanofluids (i.e. water suspensions of the
nanothermometers) at 293–320 K with an emission quantum yield between 0.24 ± 0.02 and 0.38 ±
0.04, a relative sensitivity of up to 1.5% K-1 (at 293 K), a spatiotemporal resolution (constrained by the
experimental setup) of (64–65) µm/150 ms (to move out of the temperature uncertainty, δT, stated as
0.4 K).
The nanothermometers are easily dispersible in water forming transparent and stable nanofluids under
day light illumination, making them ideal for temperature determination in micro- and nanofluidics
using the temperature dependence of their emission properties. A demonstration of the use of these
particles was performed by mapping the temperature of a glass tube with an inner diameter of 1 mm
and a longitudinal length of 20 mm, filled with the nanothermometers nanofluids (1 g L-1). A steadystate temperature gradient was induced in the nanofluids by an electrical current flowing in a coilshaped resistance (Fig. 1a). The current was adjusted to produce the temperature gradient within the
293–320 K range. When illuminated with UV light, the nanofluids presented a blue-green (NP5-1.4)
or a red-orange (NP4-1.3) emission (Fig. 1b and c) and an optical fiber was used to collect the
emission spectra which were converted into absolute temperatures. Both nanothermometers gave
analogous temperature values (temperature gradient along the capillary tube up to 3000 K·m-1), as
shown in Fig. 1d. A temperature map recorded with a state-of-the-art commercial IR camera was used
as a control measurement. The spatial resolutions of the nanothermometers and IR camera are 64 µm
(NP4-1.3), 65 µm (NP5-1.4) and 160 µm, respectively, despite the optical fiber's inner diameter of 450
µm being ca. 1.5 times larger than the camera pixel field of view.

Figure 3: Temperature maping using Ln3+-based nanothermometers. (a) Experimental setup used for
temperature mapping in nanofluids. (b) Photograph of the NP5-1.4 suspension under UV irradiation (c)
Photograph of the NP4-1.3 suspension under UV irradiation (handheld lamp). The heater, the capillary tube and
the optical fibre are also visible. (d) Comparison of the temperature profile obtained with an IR camera (black
squares) and with the light emission of NP4-1.3 (blue circles) and NP5-1.4 (red triangles). The shadowed area
corresponds to the position of the heater. The pseudo-colour image of the NP4-1.3 suspension is represented in
the inset.
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None of the ratiometric luminescent and non-luminescent devices proposed so far can map the
temperature in a micro/nanofluid in the 293–320 K range with such high emission quantum yields,
relative sensitivity, temperature uncertainty, and spatio-temporal resolution values. Furthermore, a
velocity in of heat traveling within the nanofluid, (2.2 ± 0.1) mm s-1, was determined at 294 K simply
using the Eu3+/Tb3+ steady-state spectra of the nanothermometers (Fig. 2). There is no precedent of
such an experimental measurement in a thermometric nanofluid, where the same nanoparticles
constituting the nanofluid are used to measure the temperature and to study the heat transfer.
In this communication we will present our most recent heat transfer studies using Ln3+ based
nanothermometers and compare the experimental values with the ones reported in the literature.

Figure 2 : Temperature dynamics on the capillary tube a) temperature dynamics monitored at different points x
along the capillary tube using the NP5-1.4 thermometer . (b) linear relationship (r2 = 0.996) between the
distance x travelled by the thermal wave and the time instant t0 for which the temperature starts to increase
relative to the equilibrium value (294 K).
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grant.

References
[1] C.D.S. Brites, P.P. Lima, N.J.O. Silva, , A. Millan, V.S. Amaral, F. Palacio, , L.D. Carlos "Thermometry at
the Nanoscale", Nanoscale 4, 4799, 2012.
[2] C.D.S. Brites, P.P. Lima, N.J.O. Silva, , A. Millan, V.S. Amaral, F. Palacio, , L.D. Carlos " Ratiometric
Highly Sensitive Luminescent Nanothermometers Working in the Room Temperature Range. Applications
to Heat Propagation in Nanofluids", Nanoscale 5, 7572, 2013.
[3] C.D.S. Brites, P.P. Lima, N.J.O. Silva, , A. Millan, V.S. Amaral, F. Palacio, , L.D. Carlos " A Luminescent
Molecular Thermometer for Long-Term Absolute Temperature Measurements at the Nanoscale", Adv.
Mater. 22, 4499, 2010.
[4] K. Kim, W. H. Jeong, W. C. Lee and P. Reddy,” Ultra-High Vacuum Scanning Thermal Microscopy for
Nanometer Resolution Quantitative Thermometry” ACS Nano, 6, 4248, 2012.

188

C.D.S. BRITES et al.

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

Xe-Arc Flash Lamp Crystallization of Amorphous
Silicon Thin-Film for Large-Scale Displays
Seungho PARK
Hongik University, Seoul, Korea
*corresponding author: spark@hongik.ac.kr
Keywords: Flash Lamp Annealing, Solid-Phase Crystallization, LTPS, Thermal Warpage, Large-Scale Display

The present study investigates the flash lamp annealing (FLA) process for fabrication of lowtemperature poly-crystalline silicon (LTPS) as one of the most promising and economical candidate
processes for large-scale windows of up to size of 2.2 × 2.5 m2 [1]. Experimental and theoretical
investigations on FLA of amorphous silicon (a-Si) film on glass were carried out in order to replacing
excimer laser crystallization process. A Xe arc flash lamp of 950mm in length and 22mm in bore
diameter was applied with nominal input voltage of 7kV and flash duration of 0.4ms.
Figure 1 shows the configuration of the FLA experimental setup, consisting of a lamp, a reflector, and
a substrate. The radiation distribution incident on the substrate was simulated by the ray tracing
method and compared with experimental measurements. To gain a better understanding of the detailed
routes of phase-transformation, images of poly-Si microstructures after the process were observed by
scanning electron microscopy (SEM), atomic force microscopy (AFM) and Raman Spectroscopy.

Figure 1: Schematic diagram of the flash lamp annealing system with a-Si substrate.

Prior to the annealing process, the specimen for FLA was preheated at 650oC, which was very close to
the service temperature of the glass specimen used in this study. Crystallization of a-Si could be
achieved in solid-phase by applying a flash beam with light density of at least 5J/cm2, and its phasetransition characteristics that varied with energy densities could be explained by theoretically
estimated temperature fields.
Since the major phase-transformation in the FLA process occurs during the lamp-flashing period of
about tens or hundreds of microseconds with the heating rate in the order of 1~10 kW/cm2 in general,
convective and/or radiative heat losses in the order of 1~10 W/cm2 can be considered negligible,
compared with the conduction heat transfer. Based on this approximation, temperature fields inside the
thin-film structure can be estimated by the one-dimensional heat conduction/radiation model. Here,
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local radiation absorption rate was estimated from the distributions of electromagnetic fields and the
resulting Poynting vectors. Since the temperature variation during the FLA process was extremely
large and plays a critical role during the crystallization process, temperature dependencies of the
physical properties for thin-film material were included in the present theoretical estimation.
Figure 2 describes temperature variations at the surface (solid line) as well as that at the region 15µm
beneath the surface (dashed line), respectively for the experimental and electrical input conditions
under the preheating at 650oC. While the glass backplane remains almost transparent to the flash light,
the a-Si thin-film has a high value of imaginary refractive index in the visible wavelength range and
absorbs major portion of the light energy. Therefore, the subsurface region of the glass adjacent to the
a-Si film can be heated only by the thermal conduction from the a-Si.
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Using a short duration heating, crystallization of a-Si usually requires temperatures around or beyond
its melting point (higher than 1420 K), which is much larger than the glass softening point, Tsp, in
general. The glass used in this study is Corning Eagle 2000, of which Tsp is 1258K. It could be
assumed, therefore, that the glass softening cannot be avoided in the current FLA process. The peak
temperature at the surface was about 1435 K, which was sufficient not only to crystallize a-Si, but also
to soften the material. Furthermore, the peak temperature at the region 15m beneath the surface
reached Tsp, indicating a possibility that there occurred softening deep inside the backplane.

800
2.0

TIME [ms]
Figure 2: Experimental input voltages and currents and temperature predictions at
surface and 15µm beneath the surface.

Through electron microscope observations Fig. 3 confirms that solid-phase crystallization preceded
melting of a-Si due to relatively long flashing (heating) duration of 400µs, which was comparable to
solid-phase crystal-growth times at elevated temperatures [2].
In addition, deformation of a large-window glass backplane during an in-line flash lamp annealing
process for crystallization of amorphous silicon thin-film was investigated numerically using a
viscoelastic model and experimentally, as shown in Fig. 4. This phenomenon is understood through
the structural mismatching of hypothetical two-layers in a homogeneous glass structure [3]: thermally
softened and uninfluenced, and is mechanistically different from that induced by the mismatch in
coefficients of thermal expansions among heterogeneous thin-film structures [4].
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Fig. 5 compares the various shapes of the glass deformations according to the specimen sizes, in case
their center regions were exposed to a single flash under the conditions close to the experiments. The
deformations were totally different after the final cooling stages, although the center regions were
bulged up during the heating (flashing) stage regardless of the specimen lengths. Here, we could
postulate that the critical mechanisms for deformations were structural shrinkage due to stress
relaxations accompanied by glass softening and gravitational self-loading
self loading of the backplane, acting in
the opposite way.

Figure 3: Picture of specimen exposed to flash beam and SEM images with respect to flash fluencies.
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Figure 4: Comparisons between experimental and numerical deformations of the glass substrate after the FLA
process of a single flash at the central zone of the specimen (length: 186 mm).
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(a)

(b)

(c)
Figure 5: Thermal deformations of the glass substrates during the FLA process of a single flash at
the central zone of the specimen: lengths and enlargements in vertical direction of (a) 186
mm, by 10 times, (b) 300 mm, by 100 times, and (c) 2200 mm, by 1500 times.
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Among available Scanning Thermal Microscopy techniques, the use of thermoelectric probes remains
limited due to the difficulty to fabricate them. As a result, resistive probes represent the most widespread technique for which thorough theoretical and experimental studies have been performed [1-3].
The so-called Wollaston probe using a 5 µm wire and microfabricated cantilevered resistor tips
represent the main active sensors for imaging substrate local apparent thermal conductivity. They also
can be used in passive mode for temperature imaging of a surface.
Resistive probes differ from thermoelectric probes in terms of the measurement location. Unlike the
mean temperature value derived from the probe resistor, a thermoelectric junction provides a direct
thermoelectric voltage located at the junction. This should lead to a significant advantage of a
thermoelectric probe in terms of dynamic range, and then on the expected image contrast. On the other
hand, the need to increase the spatial resolution leads to reduce the tip size. However, this reduction
contributes to degrade the tip-to-surface thermal admittance and subsequently the expected dynamic
range of the probe.
To address these points, we have recently developed resistive and thermoelectric probes based on
identical wires and different diameters. This should give the opportunity to explore the effects of
dimension, shape and measurement methods on the spatial/thermal resolution and the sensitivity. The
contact force mastering differs from usual cantilever technique since the principle is based on the use
of a quartz tuning fork (QTF) on which the sensor is embedded (Figure 1a). During point contact
scanning, a phase control of its resonant frequency insures a constant mechanical coupling between the
tip and the sample surface [4].

(a)

(b)

(c)

Figure 1: (a) QTF based resistive probe; (b) 5µm Pt-Rh10% resistive wire; (c) 1.3 µm Pt-Rh10% resistive wire.

An example of results is presented in Figure 2, obtained on a sample made of metal blocks separated
by polymeric glue. Figure 2a corresponds to an AFM view whereas Figure 2b depicts the same area of
the 3ω magnitude thermal image obtained with a 5µm wire probe supplied with an AC current of 12
mA. A single scan line is shown in Figure 2c-f, corresponding to the dotted line of Figure 2a.
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metal

(b)

(c)

(d)

(e)

(f)

Figure 2: (a) AFM image of a metal-metal sample separated by polymeric glue; (b) 5µm resistive wire: 3 ω
magnitude image at f=17Hz; (c) 5µm resistive wire (f=17Hz, i=12mA RMS) 3 ω magnitude and (d) phase (dotted
line); (e) 1.3µm resistive wire (f=230Hz, i=2mA RMS) 3 ω magnitude and (f) phase (dotted line).

These first results simply show that the sensitivity of both resistive probes seems to be comparable,
and that more specific samples are needed to point out a significant effect of the wire diameter on the
thermal spatial resolution.
A second example illustrates the interest of a thermoelectric probe used in active mode regarding to
resistive wire probes [5]. Wollaston wires of platinum and platinum-10% rhodium have been used to
produce S type thermoelectric probes which are also embedded on a QTF resonator (Figure 3a). To
optimize the contact area, the junction is controlled and shaped by means of a focused ion beam (FIB)
(Figure 3b).

(a)

(b)

Figure 3: (a) QTF based 5µm wire thermocouple probe; (b) junction aspect after ion etching (FIB).
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The following results have been obtained by using of a 5 µm wire thermocouple, similar to the
configuration of the previous resistive probes. However, a thermoelectric probe which is supplied with
a periodic current (AC) at f frequency provides simultaneously a 2f thermoelectric component
(junction temperature) and a 3f component corresponding to the mean resistive value (mean
temperature). Figure 4 depicts simultaneous images obtained by a scanning on a platinum layer (300
nm) deposited on a glass substrate and etched by means of FIB. Platinum has been removed so that the
bottom of the etched letters corresponds to the glass substrate. A simple comparison of both 2f and 3f
signals shows that the 2f images contrast (magnitude and phase) are four times higher than the 3f
resistive images.

(a)

(b)

(c)

(e)

(d)

(f)

Figure 4: (a) FIB image of the sample surface; (b) topography given by the QTF resonance control (z table
location); (c) 2 ω magnitude; (d) 3 ω magnitude; (e) 2 ω phase; (f) 3 ω phase. Frequency current f=270 Hz; RMS
current i=22 mA.

These results have been obtained using a 3 axis NanoCube® piezo stage which is not optimized for a
high resolution scanning purpose. Perspectives of this work include the use of specific AFM scanning
piezo stages. In addition, the use of specific and well adapted samples are necessary to explore the
effect of dimension and tip shapes.
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Phase change memories (PCMs) are the emerging non-volatile storage devices based on chalcogenide
materials in which the programming function depends on the different electrical resistance offered by
their amorphous and crystalline phases, reversibly induced by suitable current pulses [1, 2]. A very
attractive option involves the use of chalcogenide nanowires (NWs) for highly scaled PCM devices
and multilevel memory applications, since lowering active material volumes to be programmed
requires shorter and less intense current pulses and implies higher cell density. In this paper we intend
to measure the thermal conductivity of a Sb2Te3 nanowire using the scanning thermal microcopy
(SThM) technique in the 3ω mode [3]. This well known contact method that allows reaching submicron spatial resolution [4]. In addition, the methodology we developed here does not require
connecting the nanowire non handling it in a specific way.
The growth of the Sb2Te3 NW was performed in a MOCVD reactor on 4’’ Si(100)/SiO2 substrate.
After the growth, some NWs were harvested on a new Si(100)/SiO2 substrate eSiO2=120 nm (thick
thermal Si oxide) by mechanical rubbing. The NW is LNW=3.5 µm long with a rectangular cross
section area of height eNW=150 nm and width lNW=850 nm.
Our SThM is based on a silicon nitride (Si3N4 ) AFM tip on which is deposited a palladium (Pd) strip
(1 µm thick and 10 µm long) that plays the role of the heater and the thermometer. A constant periodic
current i0 at angular frequency ω=2πf passes through the resistive strip, generating Joule's effect and
thus a heat source at 2ω. The resulting temperature increase ∆T2ω leads to change the strip electrical
resistance as: R=R0(1+αR ∆T2ω), where R0 denotes the strip electrical resistance at ambient temperature
and αR = 1/ R0dR/dT is the thermal coefficient. It is easy to demonstrate that the voltage drop at the
strip ends is expressed as a function of ω and 3ω. The third harmonic contribution V3ω allows
expressing the temperature increase as: ∆T2ω=2 V3ω / R0 i0 αR Therefore, measuring the third harmonic
from a lock-in amplifier gives insight on the temperature increase of the palladium strip. The figures 1
a,b and c, respectively show the images obtained in mode AFM and SThM-3ω for the zone where the
nanofil is deposited on the layer of SiO2 for a frequency of 871 Hz. The images were carried out under
a constant argon flow, for the goal was to reduce to the maximum conduction by the water meniscus.
The heat flux φp(ω) through the AFM tip is related to the measured temperature Tmeas (ω) of the Pd
strip through the thermal impedance Zp =(ω)Ap(ω)exp(iϕp(!))/P0, where P0=R0i02. Facing the
complexity of the tip, we proposed to obtain this thermal impedance from the measurement of the
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amplitude Ap,mea(ω) and phase ϕp,meas (ω) in the contact-less mode. This obviously suggests that the
heat transfer in the tip is not significantly influenced by the sample in the contact mode measurement.
The procedure enabling us to measure the thermal conductivity of our nanofil in Sb2Te3, initially
consists of carrying out cartographies varying thermals according to the frequency in a range from 871
to 3123 Hz. In the second phase, we compare this measurement with simulations of the model
described in the previous section in the same frequency band.

Figure 1: Experiment realized with 871 Hz: (a) topographic image, (b) amplitude of the temperature and
(c) phase of the signal.

Figure 2: Amplitude and phase of the thrmal signal.

The figure 2 show the variation of the average temperature of the tip when this one is in contact with
the layer of SiO2 (red curve) for a frequency varying from 871 to 3123 Hz. This measurement enables
us to estimate the value of the resistance of contact Rc between the probe and the sample. On the
assumption that the speed of the probe remains low we suppose that the value of this resistance of
contact remains constant during sweeping. By extrapolating the experimental points from the model
given in the previous part and in fixing RNW=RNW/SiO2=0, RSiO2/Si=4.5x10-9 K.m2/W [5], we deduce from
it a value of Rc equal to 3.87±0.2x106 K/W (either a resistance of 2.62±0.3x10-7 K.m2/W).
Minimization between the experimental points and the model was carried out using the algorithm of
Levengerg-Marquardt. In the case of a measurement carried out under argon and with low power, the
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resistance of contact is made up of several resistances [6]. The knowledge of the resistance in relation
to the atmospheric condition, the radiation and the solide-solide contact needs further investigation. In
case the probe is a wire of Wollaston and high power, the value of the resistance of contact is of the
order 0.2x106 K/W [7]. In the case of an experiment in carried out vacuum with a probe of the type
Pd/SiO2, the resistance of contact is estimated 4.09x106 K/W [8]. The value of Rc estimated by the
model is in agreement with that reached in the literature.
The value of the temperature according to the frequency on the figure 2 represents when the probe is
in contact with the NW. It is noted that the influence of the NW adds an additional resistance to the
measurement obtained previously for the probe in contact with the layer of SiO2. By estimating the
value of the resistance of contact (calculation is based on the model Diffuses Mismatch) RNW/SiO2 at
1.061x105 K/W [9] (i.e., 7.196 x105 K.m2/W) and by considering that the value of Rc and r0 remains
unchanged, we deduce that RNW equal to 2.351x106 K/W. For dimensions of the NW, thermal
conductivity kNW is 0.93±0.3 W.m-1.K-1. It is in a good agreement with value presented in the literature
for the bulk (kSb2Te3,bulk=0.96 W.m-1.K-1 [10]). This result is not surprising since the phonon mean free
path is much less that the nanowire transverse characteristic dimension (width or heigh). However, the
experimental method can be implemented with smaller dimension, leading to observe the phonon
confinement along the nanowire transverse direction. The main drawback of the method is related to
the contact zones between the AFM probe and the nanowire at one end and between the nanowire and
the substrate on the other end. The thermal boundary resistance between the tip and the nanowire has
been considered identical to that measured between the tip and the SiO2 layer, whose properties are
well known. This assumption seems realistic in the studied configuration, since Sb2Te3 and SiO2 are
expected to behave in a similar way considering the heat transfer diffusion. The thermal boundary
resistance at the interface between the nanowire and the SiO2 substrate has been estimated using the
DMM theory. Although, this former approach seems leading to a consistent value, it could be more
critical in the case of thermally conductive nanowires.
The authors would like to acknowledge Dr. Toni Stoycheva of CNR-IMM, for the MOCVD
deposition and TXRF analysis of the Sb2Te3 NW.

References
[1]
[2]
[3]
[4]
[5]
[6]
[7]
[8]
[9]
[10]

M. H. R. Lankhorst, B. W. S. M. M. Ketelaars, and R. A. M, Nature Materials, 1350, 3347, 2005.
M. Longo, R. Fallica, C. Wiemer, O. Salicio, M. Fanciulli, E. Rotunno, and L. Lazzarini: Ge1Sb2Te4
Nanowires, Nano Lett, 12, 1509–1515, 2012.
D. G. Cahill: Review of Scientific Instruments, 61, 802–808, 1990.
A. Majumdar, J. P. Carrejo, and J. Lai, Appl. Phys. Lett., 62, 2501, 1993.
R. Kato and I. Hatta: International Journal of Thermophysics, 29, 2062–2071, 2008.
S. Gomes, N. Trannoy, P. Grossel, F. Depasse and C. Bainier, and Daniel Charraut, International
Journal of Thermal Sciences, 40, 948–958, 2001.
L. David, S. Gomes, P. Galland, B. Vassort, and M. Raynaud: 17th European Congress on
Thermophysical Properties (ECTP), Bratislava (Slovakia), p.87, 2005.
E. Puyoo, S. Grauby, J.-M. Rampnoux, E. Rouvière, and St. Dilhaire: J. Appl. Phys., 109, 024302,
2011.
E. Swartz and R.O. Pohl, Rev. Mod. Phys., 61, 605, 1989.
R. Venkatasurbramanian, Physical B, 61(4), 3091, 2000.

Poster session 1

199

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

Poster session 2

200

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

Time-resolved measurements and quantitative
analysis of the cooling dynamics of gold and goldsilica nanospheres in liquid environment
Tatjana STOLL*, Paolo MAIOLI, Aurélien CRUT, Natalia DEL FATTI and Fabrice VALLEE
FemtoNanoOptics group, Institut Lumière Matière, Université Lyon 1- CNRS,
43 Bd du 11 Novembre, 69622 Villeurbanne, France
*corresponding author: tatjana.stoll@univ-lyon1.fr

Keywords: pump-probe spectroscopy, metal nanoparticles, thermal interface conductance.

With the development of devices in the nanometric size range, understanding and modelling thermal
transport at the nanoscale are becoming key technological issues [1]. In particular, much attention is
currently devoted to the increased role of thermal interfaces, characterized by a temperature
discontinuity due to the so-called Kapitza resistance (or its inverse, the thermal interface conductance).
In this context, cooling of bare gold and gold-silica core-shell nanospheres in solution was
investigated using time-resolved spectroscopy. Here, we demonstrate a large contribution of the heated
solvent to the pump-probe signals. Moreover, these data were quantitatively analyzed by modelling
heat transfer in such systems and its impact on their optical properties. Using this approach, the
thermal interface conductance at metal-liquid, metal-silica and silica-liquid interfaces could be
estimated.
We performed measurements on bare 18 nm gold nanospheres in water and ethanol using optical
pump-probe spectroscopy. Additionally, various samples obtained from the encapsulation of these
nanospheres with 3 to 26 nm thick silica shells were considered. In such contact-free experiments,
metal nanoparticles are selectively heated by a “pump” laser pulse. Their subsequent relaxation is then
followed using a time-delayed “probe” pulse which monitors the change of the sample transmission
induced by the pump beam. Typical signals consist of a large peak at short timescales, reflecting
electronic excitation and internal thermalization of the nanoparticles, followed by a slower decay
associated to nanoparticle cooling by energy transfer to their environment (Figure 1). For bare
nanospheres in ethanol, relative probe beam transmission changes measured for different probe
wavelengths close to their surface plasmon resonance (Figure 2) present different dynamics, with in
particular modification of the amplitude and sign. This demonstrates that, in contrast to a frequent
assumption of previous pump-probe studies, these signals are not directly proportional to the
temperature of the metal nanoparticles (as this would lead to probe wavelength-independent signal
shapes in Figure 2), but are also strongly affected by thermal kinetics in the liquid environment.
Cooling of an initially heated metal nanosphere and temperature evolution in its environment were
modelled taking into account thermal resistance at the metal-liquid interface and heat diffusion in the
liquid [2]. The resulting changes of the sample optical transmission were deduced by computing its
sensitivity to changes of the nanoparticle/liquid dielectric functions, and using available measurements
of the temperature derivatives of these functions. The temperature dependence of the refractive index
of ethanol is particularly large, explaining the experimental observations described above by a large
solvent contribution to pump-probe signals, even dominating that of gold for some wavelengths.
Conversely, smaller environment impact is predicted for water, in agreement with experiments. For
both liquids, time-resolved signals could be quantitatively reproduced using for all probe wavelengths
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the same value of the metal-liquid thermal conductance, the only free parameter in the analysis. The
deduced value for the gold-water interface (G≈110 MW.m-2.K-1) was similar to earlier experiments
involving X-ray probe [3]. A smaller conductance (G≈40 MW.m-2.K-1) was obtained for the goldethanol interface, in agreement with recent measurements on gold nanorods [4].
Slight changes of the dynamics of pump-probe signals were observed for encapsulated nanoparticles.
They were analyzed by extending the heat transfer model used for bare nanoparticles in order to
include an additional interface. Estimations of the gold-silica and silica-liquid thermal interface
conductances could thus be made, with however larger uncertainties due to limited knowledge of the
characteristics of Stöber-synthesized silica shells such as porosity and possible solvent penetration
(these parameters affecting the heat capacity and thermal conductance of silica shells). More precisely,
a 2-step analysis was performed. First, samples involving the thickest silica shell (whose cooling
kinetics can be approximated by that of nanospheres in an infinite glassy matrix) were used to estimate
the thermal conductivity of the silica shell and the conductance at its interface with gold (G≈100
MW.m-2.K-1). In a second step, these parameters were used for analysis of thinner shell samples,
enabling determination of a lower bound for the silica-liquid interface conductance.
In conclusion, optical pump-probe experiments on metal nanoparticles, bare and encapsulated, in
ethanol and water, performed at different wavelengths, combined with a detailed model have permitted
a quantitative analysis of heat transfer processes. This work could help interpretation of future optical
experiments in temperature sensitive environments, allowing accurate estimation of interface
conductances.

Figure 1: Normalized probe beam transmission
change ∆T/T measured in 18 nm gold nanoparticles in
ethanol (560 nm probe wavelength). The strong peak
reflects particle heating and internal thermalization,
heat dissipation to the environment dominating on
longer timescales. Inset: principle of pump-probe
experiments.

202

Figure 2: Long delay normalized transmission
change for three different probe wavelengths (same
sample as in Figure 1). The dashed lines indicate fits
with the thermal interface conductance using the
model described in the text. Inset: sample
absorbance, with the three wavelengths indicated.
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Phononic materials have been shown to possess interesting physical properties and provide new ideas
for devices controlling both sound and heat [1]. The development of material design and fabrication
capabilities has allowed to study the impact on sound in phononic crystals [2-3], which are artificial
periodic structures made of two elastic materials. Proposals involving the use of such crystals to
control heat have been highlighted in recent years [1, 6]. One ambition is to create thermal devices
such as electronic diode/rectifier and transistor, which could lead to a revolution similar to the one
acknowledged by electronics since the 1950s. Some nonlinear effects, such as non-uniform mass [7-8]
and geometry [7, 9] or nonlinear acoustic response [10] have been used for the rectification.
It is interesting to note that acoustic waves sent perpendicularly to the sides of a periodic column of
triangles can be reflected in a stronger way than the wave sent to the vertices [4], which leads to the
fact that the transmittivity is quite different in these two cases. A. A. Maznev et al. [5] have pointed
out that the matrix of coefficients of reflection-transmission (R-T) is symmetric (Sij = Sji), so that this
is essentially a “filtering effect” in linear systems. Hence, if we excite all angles of incidence, the
components of the wave are diffracted at different angles and reciprocity is fulfilled.
Here, we do not consider the nonlinear effects and do not investigate rectification effects. Instead, we
analyze how a column of periodic objects set perpendicularly to the heat flux direction can be
considered as a thermal barrier associated to a thermal resistance. We study numerically the
transmission of the phonons through crystals with various geometries, including triangular-hole based
crystals (see Fig. 1). This is realized by solving the elastic equation in 2D by a Finite Element Method
technique with a commercial package (COMSOL):

ρ

∂ 2u
+ ∇σ = 0 ,
∂t 2

(1)

where ρ is the density, u is displacement field and σ is the strain tensor. Results are presented for
silicon (Si) in the isotropic approach: knowing the longitudinal and transverse elastic constants C11 and
C44 (C11 = 16,57×1010 Nm-2, C44 = 7.692×1010 Nm-2 [11]), the constant C12 is defined as in [11] by C11
– 2C44. Perfectly-Matching Layers are implemented at left and at right in the computational domain
while periodic conditions are set at the top and bottom (see Fig. 1).
In contrast to previous acoustic works, we excite not only the acoustic waves that are perpendicular to
the periodic direction, but also oblique waves. In Fig. 1, a longitudinal wave is excited and propagates
towards the triangle-based crystal column with the initial following components: ux = cos( ωt ), uy = 0,
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where ω is the circular frequency. The wavelength λ =

2π v

ω

, where v is the acoustic velocity of the

material, is compared to the crystal periodicity a with the non-dimensioned number Nω =

λ

. Fig. 1
2a
illustrates the displacement fields after reaching the stationary regime with Nω = 5 for normal and
oblique incidences.
(a)

(b)

Figure 1. Displacement field ux after reaching the stationary regime for (a) normal incidence and (b) oblique
incidence.

Reflection-Incidence region

Transmission region

(a)

(b)

Figure 2. Spatio-temporal Fourier transform of the displacement fields in the reflection-incidence region (left
column) and transmission region (right column) for (a) normal incidence and (b) oblique incidence.
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It is well known that when waves are transmitted through a periodic lattice, they can be diffracted
according to the Bragg’s law: a sin θ = nλ , where n is an integral number. Hence, in the case of Nω =
5, two diffraction angles appear, at θ1 ≈ 23,6°and θ2 ≈ 53,1°. By employing the spatio-temporal
Fourier transform, we verify that transmitted waves follow the Bragg’s law whatever the wave’s initial
polarization. In addition, we observe the generation of a transverse wave after the lattice when the
crystal is excited with a longitudinal wave; both transmitted waves have the same ky component, as
predicted by acoustic Snell’s laws.
The same calculations can be made for the acoustic Poynting vector P = −

1
vσˆ , which carries the
2

energy associated with the wave. The energy reflection and transmission coefficients in the direction
of the scattered angle θ t are then computed for each incident angle θ i and for each frequency ω:

τ (ω , θ i , θ t ) =

Pθt (ω )
Pθi (ω )

.

(2)

The total transmission coefficients can be calculated for the two following cases: (i) the wave is sent
to the bases and (ii) to the vertices of triangle crystals. These transmissions allow defining the thermal
conductance of various crystals. We vary the shapes of triangle and circular hole-based periodic
column and compare the effects on the thermal conductances associated to these crystals.
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1. Scope of work
Hydrogen production is seen today as a route for reducing greenhouse gases emissions in the
atmosphere. These molecules can be produced by steam reformers, water electrolysis or by
gasification processes. In this last process, fuels are pressurized up to 70 bars: natural gas, fuel-oil or
coal are introduced with pure oxygen for making a mixture of CO/H2. Heat transfer in partial oxidation
chambers is dominated by radiation and more specifically by CO, CO2 and H2O molecules. Evaluating
radiation levels is necessary to understand the flame behavior and to predict potential hot spots that
could damage the combustion chamber or the burner. In traditional lean combustion oxygen flame,
such as glass furnaces and steelmaking furnaces, soot produced by the gaseous combustion can be
neglected because they are destroyed as soon as they are formed. Ammouri et al. [1] have measured
soot volume fractions of 0.5*10-6: they assumed a refractive index of 1.55 – 0.56i for the soot and used
the Rayleigh approximation to calculate the absorption coefficient of the mixture. In such flames, the
residence time of soot is very short and their trajectory meets oxygen molecules very quickly (for
example, 5% of oxygen in flue gases represents 100000 times more oxygen molecules than soot
aggregates). In order to evaluate the radiative properties of the soot in this type of combustion, the Mie
theory has been widely used assuming that they behave as homogeneous spheres.
The results presented above are based on data obtained on lean combustion and must be reconsidered
in the case of partial oxidation conditions. In rich flames, the residence time of soot and the
concentration of carbon atoms are much higher than in full oxycombustion flames; therefore the
contribution of soot and of its morphology to the radiative transfer becomes important. This research
aims to build a complete methodology from the description of the morphology of soot to the derivation
of its radiative properties and its possible effects in rich flame conditions on the radiative heat transfer
in a combustion chamber by use of experimental (microscopy) and computational tools.
The morphology of hydrocarbon soot is investigated by TEM (Transmission Electron Microscopy)
and SEM (Scanning Electron Microscopy) images and by associated tomography techniques in
parallel with the data gathered from the literature. The state of the art work on heat transfer
simulations including combustion soot [2,3] and the studies on the effect of soot morphology (Oh and
Sorensen 1997, Skorupski et al. 2013) rely on numerically generated geometries. In parallel with the
classical aggregate numerical generation techniques, this study proposes SEM image reconstruction to
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describe actual aggregate morphologies and considers the implementation of multiple scattering from
complex shaped aggregates in the computation of thermal radiative properties and radiation heat
fluxes. Soot radiative property spectra obtained by the DDA (Discrete Dipole Approximation) are
coupled to non-gray
gray gas properties which are then inserted in the radiation simulation of a simplified
representative
ative case of the combustion environment by discrete ordinates method.

2. Microscopy studies on soot morphology and numerical aggregate generation
The size of soot aggregates being susceptible to reach 1µm, i.e. the order of magnitude of the incident
wavelengths
ths in the visible and near IR, the necessary input throughout this research is the complete
description of the soot morphology. Furthermore, our modeling approach (DDA) accounts for the
complex geometry of the target in the computing of the radiative properties.
prop
The early researches on soot morphology and later experimental works are based on a fractal
description of the aggregates [4,5]. In order to better predict the radiative properties, Talbaut et al. [5]
have measured real n and imaginary k components of the optical index indirectly from the extinction
coefficient of an oxygen flame by assuming a fractal shape of soot:
N p = k f (Rg / dp )

Df

(1)

where Np is the number of monomers in the aggregate, Df is the fractal dimension, kf is the prefactor,
dp is the monomer diameter and Rg is the radius of gyration of the aggregate. The characteristic sizes
of aggregates are deduced from experimental observations. The fractal definition remains valid
according to up-to-date
date information provided by other researchers
researchers [1,2,7] defining the fractal geometry
of soot from combustion of hydrocarbon fuels. As methane combustion is of primary concern, Df
varies in a narrow range of 1.60--1.75 whereas kf varies in a larger range of 1.2-7.9,
7.9, Np in an aggregate
varies from 100 to 500, and dp is around 20 nm according to the literature data gathered in our
previous work [6] retrieved mainly from the studies of Köylü, Farias, Sorensen, Cai, Zhang and Lee.
The DLCCA (Diffusion Limited Cluster-Cluster
Cluster
Aggregation) algorithm [7]] is selected for Df < 1.9;
the fractal parameters of the generated aggregate in Figure 1 are Df = 1.7, kf = 2.0, Np =500.

Figure 4: Methane soot aggregate
generated by DLCCA algorithm.
Figure 2: SEM image of soot
indicating fractal agglomerate.

Figure 3:: TEM image of soot
monomers.

In parallel with the above-mentioned
mentioned numerical approach, a soot deposit is extracted from a laboratory
scale propane flame and the aggregation pattern is examined by SEM (see Figure 2). Some of the
collected soot is deposited on a TEM membrane: monomers are correctly represented by 20 nm
diameter spheroids as shown in Figure 3. First EDX experiments indicate that the monomers are
amorphous and mostly composed of carbon. It is not yet possible to distinguish between the
agglomerates and the individual aggregates; nevertheless one can say that the fractal theory seems to
hold because soot has the same geometry pattern regardless of the size of the aggregate/agglomerate.
The fractal nature of the aggregates
gregates is also examined by SEM: a series of images is obtained for
subsequent 3D geometry reconstruction from a 100° rotation of the soot sample around a tilt axis
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within the microscope as shown in Figure 4. These microscopy results will allow us to test the fractal
morphology assumption, to validate the literature values extracted for the fractal parameters.

Figure 4: Left: Examples of SEM images of a soot aggregate obtained with tilt angles from -50° to +50° for 3D
image reconstruction. Right: Reconstructed 3D geometry; scale 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 radiative properties of soot aggregates between different other
methods such as the Mie solution, RDG-FA, the T-matrix method, GMM and FDTD due to its
applicability to complex shaped aggregates not limited to spherical monomers and due to its advantage
in terms of discretization effort, computation time and solution techniques as mentioned in our
previous study [7]. The target is discretized into a sufficient number of dipoles satisfying Draine’s
condition |m|kδ < 1 where m is the complex optical index of the material, k is the wavenumber and δ is
the characteristic size of the discretization [8]. Each dipole is polarized under the effect of the incident
light and contributes to material-light interaction depending on its composition and its position. The
whole set of oscillating dipole moments are determined under two orthogonal polarization directions,
from which the radiative properties of the set of dipoles are deduced [9].
Our research being focused on radiation in combustion chambers at high temperatures of 1500K2000K, the relevant radiation spectrum ranges from 0.5µm to 20µm. In this wavelength range, the
applicability limits of the DDA are checked and the radiation spectra of soot are obtained as shown in
Figure 5. The calculations are performed by our in-house developed DDA code which has been
validated with analytical results and tested for its applicability to highly absorbing materials [7]. The
aggregate fractal parameters and the number and size of the monomers are fixed to the values
presented in Section 2. It is worth to mention here the low sensitivity of soot radiative properties to the
fractal parameters around the selected values, as demonstrated in our previous research [10].

(a)
(d)
(b)
(c)
Figure 5: (a) One dipole per monomer satisfies the Draine’s condition based on the complex optical index of
soot reproduced from Dalzell and Sarofim (1969); Soot absorption (b), scattering (c) cross-sections and
asymmetry parameter (d) computed by DDA over the wavelength range of interest.

4. Effect of soot on radiation heat transfer in combustion chambers and future works
In order to account for the non-gray properties of gases and for the scattering from soot, the discrete
ordinate method is selected for the resolution of the radiative transfer equation. One advantage is that
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the problem of selection of the proper quadrature for directional integration/averaging has already
been treated in the course of the development of our DDA code [6]. Soot spectra obtained by DDA
will be coupled to combustion gas properties obtained from the HITRAN/HITEMP database through
Equation (2) written for extinction, where β {gas + soot} stands for the extinction coefficient of the mixture
{gas + soot} and the notations C and n refer respectively to individual extinction cross-sections (of one
gas molecule or one soot aggregate) and to volume number densities (of gas molecules or soot
aggregates):

β
= n C +n
C
{gas + soot} gas gas soot soot

(2)

Results of radiative transfer simulations will be presented between two infinite walls at controlled
temperatures in order to quantify the effect of different soot concentrations on heat flux rates. Low
heat flux sensitivity to soot morphology is expected at high concentrations. On the other hand, better
sampling techniques regarding partial combustion need to be developed for more representative
morphology analysis of soot in flames.
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Superlattice structures are increasingly common in solid state applications, primarily to manipulate
electrical properties of the device in order to optimize performance; specific applications of these
devices include quantum-well laser diodes. As the scale of the system approaches the phonon mean
free path and then the phonon wavelength, Fourier's law fails to correctly predict the heat flux and
more sophisticated treatments are required. Molecular Dynamics (MD) can be used to compute the
thermal properties as emergent behaviors. While this requires considerably more computing power
than solving the well known diffusion equation for macro-scale heat transfer, modern computers have
brought such calculations within reach for many practical problems using standard hardware.
The Green-Kubo method has previously been successfully applied to molecular dynamics results to
compute the thermal conductivity of layered structures, and the size effects that complicate its use
have been considered carefully[1, 2]. Quantum cascade lasers (QCLs) have been developed since the
mid-1990’s and are constructed from superlattices of semiconductors which produce inter-sub band
energy levels enabling a single electron to emit multiple photons as it passes through the device under
bias [3]. Like many such devices, increased temperatures impede their operation, so some care has
been taken to characterize their thermal properties [4, 5]. These efforts have yet been unable to directly
measure QCL thermal conductivity, but rather have developed it through fitting finite element
simulations to steady-state power and temperature measurements.
This work is divided into both modeling and experimental validation: the former accomplished
through a combination of MD simulation and classical methods, and the latter being implemented
using Photothermal Radiometry (PTR) [6-9]. The simulations provide effective bulk properties of a
single period within the superlattice. These results are compared with the PTR measurements of
similarly structured samples. Note that the amplitude and phase response of the superlattice sample
were both measured, but that the phase is typically more sensitive to thermophysical parameters, and
less sensitive to fluctuations in laser power.
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The results of the MD simulations are summarized below. By comparison between experimental
values for bulk materials and simulation results, the
the ratios between the two can be used to project the
QCL simulation results to an expected range of true values.
Material

AlInAs (Experiment)
GaInAs (Experiment)
QCL (Simulation)
QCL (Expected)

Thermal Conductivity (k) [W/m.K]
Simulation
Experiment
10.29
3.5
6.27
5
5.37
1.8-4.3

Ratio (Sim/Exp)

2.94
1.25

The MD simulations are used to compute the thermal conductivity through the Green-Kubo
Green
method,
which takes the equilibrium heat flux variations
variations within the system as input. The system heat flux is
autocorrelated and then integrated; the result of integration is proportional to the thermal conductivity
through the volume and temperature squared, as well as the Boltzman constant. Figure 1 shows the
QCL system heat flux autocorrelation and its integral.

Figure 1: Heat flux autocorrelation function (left) and its integral (right) as well as a line of best fit for the QCL
diode simulation results.

Figure 2: Comparison between SIM and EXP in same parameter space
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The PTR raw data and preliminary fitting results are shown in Figure 2. While the effects of the
superlattice film on the InP substrate can clearly be seen in the higher frequencies, it is observed that
the line of best fit cannot duplicate the system’s phase response at these frequencies adequately. It is
possible that more complex physics are involved than the simple 1D heat transfer models used as the
functional family for the fitting process.
From the MD simulations the predicted thermal diffusivity of the QCL strucure should 1.77x10-6 m2/s,
while the fitting for the PTR results measures as value of 4.70x10-7 m2/s: a value nearly four times
lower. Further work must be done to reconcile this discrepancy; this will likely include additional
simulations and PTR frequency scans with new fits.
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One expects a natural transition from the near field radiative regime to the conductive regime of heat
transfer to occur when the separation distance between two solid materials tends to zero. The
occurrence of such a transition regime in heat transfer between two solid materials has raised a very
fundamental
al question regarding the possibility of induced phonon transfer through the separation gap
between the two solids when the latter become very close to each other. We investigate here the
possibility of such a mechanism mediated through Casimir force. The latter depends on the gap
distance between the two solids, hence a local change of this distance due to any displacement of one
side of the gap in the acoustic wave causes an excess pressure on the opposite side of the gap. This
work will be a generalization
on of the approach recently presented by Budaev and Bogy [1].
A sketch of the situation under study is illustrated in Fig. 1. For simplicity sake, and without loss of
generality, we will consider two identical nonmagnetic isotropic semi-infinite
semi infinite parallel plane
p
solid
materials both in a thermal equilibrium state at different temperatures, to be put in vacuum and
separated by a gap distance d.. The situation corresponds to a point junction case, through which the
transport of phonons may be regarded as ballistic
ballistic [2]. Each solid material is characterized by: (i) an
atomic mass m,, (ii) a hamornic spring constant k and (iii) a dielectric permittivity function ε. The two
solids are then connected through a Casimir spring coupling constant kCasimir that we assume to be
harmonic.

Figure 1: Schematic illustration of the studied structure.

We carry out the calculation of the phonon heat flux density through the interface
interface using the Scattering
Boundary Method (SBM) [2] within a Landauer formalism. The phononic thermal conductance
through the interface takes the expression:
σ Ph (T ) =
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∫ τ (ω
3D

2

, ωC2 , k , kCasimir ) C Ph (ω , T ) d ω
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0

Y. EZZAHRI & K. JOULAIN

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

where ωC = 2 k m is the cutoff frequency in the phonon dispersion relation inside each material,
CPh (ω , T ) = ℏω ∂n0 (ω , T ) ∂T 

represents the specific heat per normal phonon mode and

−1

n0 (ω , T ) = exp ( ℏω K BT ) − 1 is the Planck equilibrium phonon distribution function.

The key step for the calculation of σ Ph (T ) is the determination of the frequency dependent
transmission function for the 3D configuration we are considering τ 3 D (ω 2 , ωC2 , k , kCasimir ) . The latter
gathers all the information about the nature of the phonon transport mechanisms.
Taking into consideration the isotropy of the solid media and the conservation of the parallel
momentum relative to the phonon dispersion within the frame work of Debye theory [3], one can show
that the transmission function can be written as:
1
τ 3 D (ω , ω , k , kCasimir ) =
2π
2

2
C

ω

∫ τ (ω
v

1D

2

− v 2 q 2 , ωC2 , k , kCasimir ) qdq

0

2

 k ( k − 2k

Casimir )  ω 
( k − kCasimir ) 2 log 1 +



2
2
kCasimir


ωC2
kCasimir
 ωC   
=


2
2
4π k 2 ( k − 2kCasimir ) v 2 

ω 
−k ( k − 2kCasimir ) 




 ωC 

( 2)

where q is the parallel wavevector and v represents an average sound velocity that takes into account
both longitudinal and transverse phonon polarizations 3 v 2 = 1 vL2 + 2 vT2 .
Inserting Eq. (1) into Eq. (2), allows obtaining the final expression of the phononic thermal
conductance σ Ph (T ) through the point junction between two identical semi-infinite parallel plane solid
materials coupled via Casimir force.
We shall now compare this thermal conductance to the Near Field Radiative Heat Transfer (NFRHT)
coefficient hr ( d , T ) due to the contribution of the dominant evanescent waves of the P-polarized
electromagnetic (EM) field within the framework of a local dielectric permittivity function theory. In
the small gap distance regime, one can assume the electrostatic limit to be valid. In this case, it is easy
to show that hr ( d , T ) takes a closed-form expression using the polylogarithm function of second order

[4]:

δ G (T )
 hr ( d , T ) =
d2


∞
Im 2  rP ( u ) 
δ G (T ) = 3 g h0 ( u )
Im Li2  rP2 ( u )  du
0
2

2π 3 ∫0


Im  rP ( u ) 


{

}

( 3)

In Eq. (3), g 0 = π 2 K B2T 3h is the quantum of thermal conductance, h0 ( u ) = u 2 eu ( eu − 1) and
2

rP ( u ) = ε ( u ) − 1 ε ( u ) + 1 represents the Fresnel reflection coefficient of the P-polarized evanescent

EM wave in the electrostatic limit [4].
According to Lifshitz theory of Casimir force [5], the latter is temperature dependent in general, but as
affirmed by many studies, the explicit thermal corrections, even in the high temperature regime, can be
neglected when the separation distance d is very small in comparison to the dominant thermal
wavelength λT = ℏc K BT [6]. Since this is the d-regime, we are interested to in our study, we will
therefore use the zero-temperature expression of Casimir force in the small separation regime [5]. The
Casimir string coupling constant is defined as the absolute value of the derivative of Casimir force per
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unit area with respect to the separation distance d, multiplied by the lattice constant squared. Thus, we
get:
kCasimir ( d ) =

∞
∂FCasimir 2
3ℏa 2
a = 2 4 ∫ Li3  rP2 ( iy )  dy
∂d
8π d 0

( 4)

where Li3 is the polylogarithm function of order 3, a denotes the lattice constant and rp is Fresnel
reflection coefficient of the P-polarized EM wave in the electrostatic limit as introduced in the
expression of hr ( d , T ) in Eq. (3). One should note here that there still is an implicit temperature
dependence of Casimir force through rp.
In order to illustrate our results, we consider two dielectrics (Si and SiC) as typical materials. In
addition, SiC is assumed to be in a cubic crystallographic configuration (3C-SiC). We will consider
the temperature to range from 300 K to 800 K. Si will be assumed to be highly n-doped with a doping
level ranging from 1018cm-3 to 1021cm-3. The dielectric permittivity function of Si is described using
Drude model while the one of SiC is modeled using Lorentz-Drude Model [7]:
We neglect the temperature dependence of the intrinsic string coupling constant k. In addition, we can
easily check that the equivalent Debye-like temperatures ( θCD = ℏωC K B ) corresponding to the phonon
cutoff frequencies of the two materials (~176 K for Si) and (~168 K for 3C-SiC) are almost half the
room temperature (300 K). Hence, one can even simplify the expression of σ Ph (T ) by using the high
temperature expression of CPh (ω , T ) ≃ K B where all phonon modes will be in a highly thermally excited
state. In this case, it is straightforward to show that the final expression of σ Ph ( d , T ) is given by:



 κ 
2κ ArcCoth 




 2κ − 1 
K B ωC3
κ 2  2κ − 1
2 

σ Ph ( d , T ) = 2 2
+ (κ − 1) 


2κ − 1
8π v ( 2κ − 1) 2  3


2

 + log (κ − 1)  − 2 ( log κ + 1)  



κ ≡ κ ( d , T ) = kCasimir ( d , T ) k

( 5)

Figures 2(a) and 2(b) illustrate a comparison between the calculated σ Ph ( d , T ) and the NFRHT
coefficient hr ( d , T ) through a point junction between two identical isotropic semi-infinite parallel
plane solid media of highly n-doped Si and 3C-SiC, respectively. For both materials, σ Ph ( d , T ) turns
out to be less sensitive to temperature T and doping concentration N for the values considered above
for highly n-doped Si. On the other hand, hr ( d , T ) appears to be sensitive to both T and N for Si and to
T for SiC. In addition, in the case of highly n-doped Si, the sensitivity of hr ( d , T ) to T seems to be
dependent on N. Thus only the room temperature σ Ph ( d , T = 300 K ) is represented for both dielectrics.
Starting from Eq. (5), one can straightforwardly check that the ratio between the maximum and the
Max
Sat
saturation values of σ Ph ( d , T = 300 K ) is exactly R = σ Ph
σ Ph
= 10 7 .
From figures 2, we see that the NFRHT dominates heat transfer in the case of 3C-SiC. In the case of
highly n-doped Si, we found that the interplay between induced phonon transfer through Casimir force
(IPTTCF) and NFRHT depends primarily on the doping level N then secondarily on T. IPTTCF starts
to dominate the heat transfer as the doping level increases. One can see that for N=1021cm-3, the
transition distance lies around the lattice constant at room temperature and tends to decrease by
increasing the ambient temperature.
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Figure 2: Behavior of σ Ph ( d , T ) and hr ( d , T ) as functions of the gap distance through a point junction
between two identical isotropic semi-infinite parallel plane solid media of 3C-SiC (a) and highly n-doped Si (b).

It is true that because the transition distance below which IPTTCF dominates NFRHT is of the order
or smaller than the lattice constant, the domain of validity of our herein presented approach is
undoubtedly questionable and might even be invalid to some extent. It however and certainly shows
that IPTTCF constitutes a plausible and a very potential mechanism to capture and describe the natural
transition from the radiative regime to the conductive regime of heat transfer. The IPTTCF mechanism
would even be enhanced if combined to other potential coupling mechanisms such as piezoelectricity
that was recently analyzed by Prunnila and Meltaus [8].
For gap distances of the same order or less than the lattice constant (d≤a), the microscopic variation
and the discrete character of the matter will take over the continuum approximation. Thus, one expects
other additional effects to come into play and even to be more dominant, mainly nonlocal effects of
the dielectric permittivity function [9] as well as quantum electronic coupling effects [10].
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The determination of the thermal properties of sub-micron scale material is a major challenge for the
electronics industry. This type of investigation requires scanning probe microscopes, but the
temperature calibration is still difficult.
To overcome this problem, we propose to couple thermal-resistive probe with a photoluminescent
microcrystal of Cd0.7Sr0.3F2: Er3+ (4%)-Yb3+ (6%). Such crystal has luminescence lines sensitive to
temperature. The application of the technique of fluorescence Intensity Ratio (FIR) allows us to
estimate the microcrystal temperature , then corresponding to the apex probe temperature. According
to the Boltzmann’s law, the temperature can be assessed by the following formulation on line intensity
ratio at wave-lenghts mentionned [1,2].
º»~~
º»¼½
º»~~
º»¼G

∆¾

= h š ?¿À
= h′ š

?

∆¾Á
¿ÀÁ

(1)
(2)

where C and C’ are experimentals constants, ΔE and ΔE’, the energetics gaps between emitting levels,
k is the Boltzmann’s constant, T and T’ correspond to temperature, In is intensity line at wave-length
n= 522, 540 and 549 nm.
The temperature sensor used is a thermoresistive probe Wollaston whose sensing element is
platinum/rhodium heat probe commonly used in scanning probe microscopy (SThM). A few
micrometers microcrystal was glued at its apex [3].
The experimental set-up is described in figure 1. The first stage is to compare the temperature
estimated from the luminescence and the thermal probe temperature. For this, an electrical current is
used to induce a Joule effect heating allowing a simultaneous heating of the probe and of the
microcrystal. To start Anti-Stokes mechanism, the microcristal is irradiated with a laser at 652 nm. We
collect the luminescence photon by an optic fiber to a spectrometer.
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Figure 5 : Experimental set-up.

This technique aims to be able to determine system temperature that obtained by circuit components
and that obtained from FIR technique. In this work, we suggest a thermal behavior study of crystal
depending on crystal size. This has an impact on the temperature measurements. We present a physical
model for explaining such behavior.
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Skutterudites are interesting materials for thermoelectric applications. Filling foreign atoms into the
cagelike structure of a CoSb3 skutterudite is beneficial to its thermoelectric properties [1-2]. Here we
demonstrate the generation and detection of coherent acoustic phonons in thin films of CoSb3 and
partially filled YbxCo4Sb12 skutterudites [3] using high-speed asynchronous optical sampling (ASOPS)
[4]. ASOPS is a femtosecond pump-probe technique that uses two mode-locked Ti:sapphire lasers
operating at ~800 MHz. A stabilized frequency offset between the two lasers allows the ASOPS
system to scan the ultrafast dynamic processes in a measurement of ~1.25 ns.
We have measured the as-deposited and annealed CoSb3 samples using a high-speed ASOPS system.
By using a pulse echo method, the longitudinal sound velocities of as-deposited and annealed CoSb3
films are calculated to be (3.39±0.01) 103 m/s and (4.05±0.11) 103 m/s, respectively. In order to
study the effect of foreign atoms on the heat transport in CoSb3 skutterudite, YbxCo4Sb12 thin films
with different filling fraction x were also investigated. For the film samples annealed at 300 ºC, x = 0,
0.08, 0.27, 0.68; the film samples annealed at 500 ºC, x = 0, 0.05, 0.12, 0.57. The confinement of
acoustical vibrations in the YbxCo4Sb12 films is observed [5]. As the Yb filling increases, the high
frequency phonon modes are strongly suppressed, which gives evidence of the scattering of acoustic
phonons in the presence of Yb atoms.
The relationship between the discrete frequency ƒm and the film thickness d is ƒm = mυ/2d. The
frequency of the peaks ƒm is plotted over the mode number m in Fig. 1(a). Provided the thicknesses d,
the longitudinal sound velocities υ of the YbxCo4Sb12 films are obtained and plotted in Fig. 1(b), in
which the value of υ of as-deposited and annealed CoSb3 films are also given for comparison. As the
filling fraction x increases, an obvious decrease of υ is observed. Since the structure of skutterudites is
well maintained after filling, the decrease of υ is primarily ascribed to the presence of Yb atoms.
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Figure 1: (a) The frequency of the phonons is plotted over mode number m. The linear fits for YbxCo4Sb12 film
samples are also shown. (b) Plot of calculated sound velocity over Yb content x. The sound velocities of CoSb3
films are depicted for comparison. Filled and open symbols represent YbxCo4Sb12 film samples annealed at 300
ºC and 500 ºC, respectively.

The lattice thermal conductivity κ can be estimated using the kinetic theory of gases [6]:
κ = (1/3) CV υm2 τ,

(1)

where CV is the heat capacity per unit volume, υm the mean sound velocity of the phonons, τ the
phonon relaxation time. It has been experimentally confirmed that the κ of CoSb3 decreases upon Yb
filling [1]. In the low filling fraction region (0<x<0.3), an increase of υ is observed, and the reduction
of κ is mainly achieved by the strong scattering of the high frequency acoustic phonons. At high filling
fractions of x = 0.57 and 0.68, the significant drop of υ, together with the strong scattering of acoustic
phonons, could lead to a further reduction of κ. But even at x = 0.68, υ is still comparable to that of
polycrystalline CoSb3, so despite the drop of υ at high filling fractions, the dominant mechanism in the
reduction of κ after filling is the stronger scattering of acoustic phonons, which shortens the phonon
relaxation time.
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The Boltzmann Transport Equation (BTE) can be used to describe phonon transport in solids and
predict the resulting conductive heat transfer [1]. Its complete resolution can be cumbersome without
simplifying approximations. The commonly-used single-mode relaxation time approximation [2] leads
to the following expression of the BTE:

∂f
f 0 − f (t )
 ∂f 
+ v ⋅∇f =  
=
∂t
τ
 ∂t  scatt

(1)
0

where f is the phonons distribution function, v is the heat carrier group velocity, f is the
distribution function at equilibrium and τ is the relaxation time of the considered phonon due to all
scattering phenomena.Even with this strong assumption, and assuming the phonon relaxation times are
known, the BTE resolution is still very resource-consuming since it requires the integration over all
frequencies and wave vectors for all branches of the phonons dispersion relations. Besides, phonons of
different branches can interact through phonon-phonon scattering events and a treatment of all
branches leads to a system of coupled BTEs. The approach accounting for full dispersion has already
been implemented, and the BTE has been solved by different deterministic methods such as the
Discrete Ordinates Method (DOM) considered in this work or by Monte Carlo (MC) statistical
sampling [3][4][5]. A similar equation known as the Equation of Phonon Radiative Transfer (EPRT)
where
is replaced by the phonon equivalent of the specific intensity
f

Iω (θ , φ , x, t ) = ∑ v(θ , φ ) fω ( x, t )ℏω D (ω ) where v (θ , φ ) is the velocity in the direction (θ , φ ) in
p

a solid angle unit and D (ω ) is the density of states, has been also used [6][7].
In order to avoid the numerical cost of such a complete treatment, some authors proposed
simplifications that model separately different regions of the considered medium (surface boundaries
and sources, volume far from these surfaces) accounting for the particular features of heat transfer in
each region [8][9]. Here we also consider the Ballistic-Diffusive Equations (BDE), which are obtained
by splitting the distribution function into a nonlocal component due to the surface boundaries and the
heat sources and a local one due to the heat exchange inside the volume, assumed to be more isotropic.
One can derive a set of two equations which involve two temperatures: a temperature assigned to the
nonlocal ballistic heat flux and another one assigned to a more diffusive heat flux.
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We present in particular a comparative study of steady-state
steady state conductive heat transfer in a oneone
dimensional thin film (Figure 1.a) computed by the EPRT solved by the DOM, and the BDE. For the
gray case (single mean free path (MFP)), the comparison emphasizes some weaknesses of the BDE
which fails in predicting accurately the temperatures near the boundaries while succeeding in
predicting the effective thermal conductivity derived from the
the mean slope of the temperature profile
(Figure 1.b).

(a)
Figure 1: (a) A one-dimensional
dimensional thin film of thickness

(b)

L with walls at given temperatures T0 and

TL = T0 + ∆T > T0 . (b) Normalized
Normalized temperature profiles in the slab for various gray MFPs. The lowest
temperature is T0 = 295 K and a temperature difference ∆T = 10 K is set between the two boundaries.
Profiles are obtained by solving the EPRT by the DOM (lines) and the BDE (plain circles).

We then extend the EPRT beyond the simple gray situation. Instead of the familiar description of
phonon populations through the dispersion relations in the (ω , k ) space, we use a description as a
function of the distribution of MFPs. The aim of this section is to determine a MFP distribution that
can lead to accurate results while avoiding the complexity induced by a more complete treatment
involving dispersion relations. Such line of research has been highlighted in particular by [10] and
[11].
Finally, the boundaries effects are investigated for the simple gray medium case by solving the EPRT
with DOM. Specular and diffusive reflections at the boundaries are considered and different effects on
thee carriers MFP are observed. An analytical expression of the resulting effective MFP, equivalent to
the MFP with black walls which leads to the same thermal conductivity, is analyzed and compared to a
simple Matthiessen’s rule.
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