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Energy transport theories are being revisited at the nanoscale, as macroscopic laws known for a century
are broken at dimensions smaller than those associated with energy carriers. For thermal radiation, where
the typical dimension is provided by Wien's wavelength, Planck’s law and associated concepts describing
surface-to-surface radiative transfer have to be replaced by a full electromagnetic framework capturing
near-field radiative heat transfer (photon tunnelling between close bodies), interference effects and sub-
wavelength thermal emission (emitting body of small size). It is only during the last decade that
nanotechnology has allowed for many experimental verifications — with a recent boom - of the large
increase of radiative heat transfer at the nanoscale. In this minireview, we highlight the parameter space

Received 21st October 2020, that has been investigated until now, showing that it is limited in terms of inter-body distance, temperature

Accepted 18th January 2021 and object size, and provide clues about possible thermal-energy harvesting, sensing and management
applications. We also provide an outlook on open topics, underlining some difficulties in applying single-

wavelength approaches to broadband thermal emitters while acknowledging the promise of thermal
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Context: revisiting thermal radiation
energy transport and conversion at the
nanoscale

The current energy challenge, which requires saving energy or
energy harvesting in order to limit greenhouse gas emissions,
requires a fresh eye on many thermodynamic concepts. They
date back to the XIXth century, when the laws of thermody-
namics were established by famous names such as Carnot,
Boltzmann, and many others. Heat transfer has been studied
more accurately since that time. While heat conduction and
convection are usually well understood (in particular because
they are described by local partial differential equations),
radiative heat transfer, i.e. the transfer of heat by photons, is
often tackled in simplified ways. It is generally addressed either
by considering surface-to-surface thermal radiation or radia-
tion in semi-transparent/participating media. The first way
considers thermal radiation only as a surface property, omitting
the fact that photon emission takes place in some matter
volume. The second way, which is solved with the radiative
transfer equation, is more complex as non-local interactions
must be considered (volumes located very far from each other
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nanophotonics and observing that molecular/chemical viewpoints have been hardly addressed.

interact all the time). In both cases the wave nature of thermal
radiation is largely neglected. Among the neglected phenomena,
interference effects are of course to be mentioned, but other
types of wave effects, such as tunnelling, are also out of the
framework. Unfortunately, this is possible only at sizes much
larger than the contributing wavelengths and therefore incorrect
at the nanoscale. In the last twenty years, a huge community
dealing with nanophotonics, ie. the engineering of matter to
provide particular properties for routing light and enhancing
absorption/emission at particular wavelengths, has expanded. At
the crossroad of these fields, ie energy management and
nanophotonics, nanoscale thermal radiation effects are being
studied and have the potential for many novel applications. In
this context, this minireview aims at summarizing the types of
configurations already tested experimentally and pointing to
advances expected for applications of nanoscale radiative heat
transfer in the near future, therefore complementing previous
general reviews.'® Thermal management, energy conversion and
spectroscopy are among the key application fields.

Thermal radiation at the nanoscale:
key principles

The physics of thermal radiation is as follows: in matter, partially-
charged particles, atoms or ions move, therefore generating

electromagnetic waves which carry energy away. At equilibrium,
such an energy loss is compensated by the local absorption of a
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Fig. 1 Nanoscale radiative heat transfer. (a) Sub-wavelength thermal
emission from a body at a temperature T having a size D smaller than
the characteristic wavelength of thermal radiation Ay. Asymmetric bodies
emit also differently along different directions. (b) Near-field radiative heat
transfer when the distance d between two bodies having different tem-
peratures is smaller than Ay, taking place through evanescent wave
tunnelling.

similar amount of energy, which is possible due to the work of
external electromagnetic fields on these partial charges. Since
electromagnetic waves are screened when they travel in an
absorbing medium, it can often be considered that only a skin
layer at the boundaries of a body contributes to the associated
radiative heat transfer, and hence the ensuing surface-to-surface
theory. At the nanoscale, such a condition is not easy to meet,
and one could think that using the volume theory instead could
be sufficient. An issue is that a macroscopic theory cannot be
applied when the considered sizes go down to thermal radiation
wavelengths, which lie in the micrometric range in general
(recall that Wien’s wavelength is given by AwT = 2890 pm K,
where T is temperature). For bodies of micrometric to sub-
micrometric sizes, one has to consider sub-wavelength thermal
emission (see Fig. 1(a)), and the emissivity concept associated
with the surface theory breaks down (the simplest finite object,
i.e. the sphere, has been addressed theoretically,* ® while various
types of experimental evidence”® has been provided, where the
shape of the bodies also plays a role). In addition, the distance
between bodies exchanging thermal radiation can also be sub-
wavelength, when the bodies are interacting in their near field.
This leads to near-field radiative heat transfer (see Fig. 1(b)) (note
that both sub-1 and near-field effects can happen at the same
time). While the first type of effect has only been studied since very
recently (see an outlook®), there is now a body of work for the
second type, which was predicted a long time ago, in the frame of
spatial (low temperature induces large near-field dimensions)t *°
and Casimir-related (fluctuational electrodynamics)'* applications
(see reviews'>'®). In particular, theory allows computing semi-
analytically the energy exchange between shapes such as flat
materials including multilayers," cylinders," cones,'® spheres'” "
including nanoparticles®®?* involving ellipsoidal**** shapes and
nanoparticle arrays, and gratings. Numerical methods have been
developed in the last 5-10 years, allowing one in principle to
compute exactly radiative heat transfer between arbitrary
shapes®’ provided one does not run up against the computing
capability limits (some shapes can be numerically very demanding).

1 Note an incomplete treatment of evanescent waves at the time.
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For smoothly-curved and close surfaces, the proximity (Derja-
guin) approximation,”®' which assimilates facing bodies as a
sum of locally-planar and parallel surfaces, can be applied more
easily. All these studies have shown that the impact of the shape
on near-field radiative heat transfer is strong. Finding the
maximal radiative flux that can be transferred in the near field
and ways to reach it is now an active field of research.’**
Finally, controlling thermal radiation properties by an external
means is another active field of research. This can lead for
instance to switches or logic-related devices (see initial proposals
for rectifiers and transistors®°). Such devices can be fully-
thermal (this may require some heat input by another phenomenon
than thermal radiation, for instance heat conduction) and based on
phase change materials (VO, was used in experiments around room
temperature®” *"), or based on phenomena modifying optical pro-
perties, such as magnetic fields,** strain, etc. These devices could be
useful in the medium to long term for thermal management in
housing, in order to spare energy losses, or for computation (logics)
with heat.*®

Trends in experimental demonstrations

It is interesting to observe that the parameter space investigated
experimentally so far is limited. The three key variables, tem-
perature, power density and size, allow classifying the experi-
ments performed up to now. First, one can observe that the vast
majority of experiments were performed with the body of lowest
temperature at around 300 K (exceptions in italics in Fig. 2).
Fig. 2 shows that only three types of geometries (plane-plane,
microsphere-plane, and nanotip-plane) have been tested, asso-
ciated each with a certain (projected) area of near-field radiative
exchange. Large experiments are easier at low temperature, but
up to ~cm® room-temperature devices have been demonstrated
in recent years, involving piezo-actuators, interferometric devices
and capacitors. There seems to be a limit in the temperature
difference AT reached so far, maybe due to the difficulty in
managing large temperature variations in the surrounding ele-
ments in the setups. Note a recent experiment** for near-field
thermophotovoltaic conversion could apparently test a larger AT,
but did not systematically investigate the temperature depen-
dence. On the other hand, keeping microscale objects at higher
temperature is easier, as illustrated by the microscale experi-
ments. Finally, small temperature differences cannot be resolved
by experiments with a small exchange area, which highlights the
challenge of detecting low fluxes at the picowatt scale and below.
The analysis of the transferred power is given in Fig. 3, where the
thermal conductance (power per unit temperature) is repre-
sented vs. the exchange area. To provide ideas of reference
thermal conductances, diagonal lines indicate the blackbody
emissive power per kelvin (46T°) at various typical temperatures
(4, 77, and 300 K) and a natural conductance associated with
heat conduction at room temperature (ballistic conductance
(cv)/4, which corresponds to the maximum heat transfer by
conduction in a solid, where (cv) is the integral of the product
of modal heat capacity and velocity). The figure shows that the

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 Classification of the experiments involving near-field radiative heat

maximal conductance detected in the near field indeed corre-
lates approximately linearly with the area, and it can also be
observed that near-field increases of two orders of magnitude at
best over the far-field value have been demonstrated in many
cases. Experiments with weak emitters such as metals can
exhibit maximal conductances well below the blackbody limit
(see e.g. the sub-120 K blue zone on the right). In almost all cases,
the near-field radiative conductances are far below the conduc-
tive ones. Only experiments with scanning tunnelling micro-
scopes (STM) lead to huge maximal thermal conductances just
before electrical contact. Surprisingly, a large share of the
experiments were conducted only with SiO, (known, in contrast
to metals, for its high near-field contribution due to phonon
polaritons and for coherence inducing narrow-band energy
confinement*®), which leaves the door open for studies of many
other materials as will be discussed below.

Applications enabled by the current
state-of-the-art

The power exchanged depends clearly on the size, and it is
interesting to note that the three classes of experiments identified
in Fig. 2 can be associated with various applications. Large-area
experiments*®>® address in particular the requirements for near-
field thermophotovoltaic (TPV) conversion,*°™®* where infrared
(IR) energy emitted by a hot body is converted into electrical
energy by a dedicated IR photovoltaic cell.** High-temperature

thermal sources are expected to be used for energy harvesting.

This journal is © The Royal Society of Chemistry 2021

transfer according to the exchange area and temperature difference.

One possibility is first to concentrate solar light in order to heat up
an emitter, in what is called solar TPV,** and then benefit from the
near-field increase to improve the device performances.®® Near-
field thermal radiation effects also play a critical role in thermionic
devices,’® alone or in combination with TPV conversion.®”®
Either used for generating electricity or refiigerating,®
called near-field radiative thermoelectric energy converters’® are
all promising applications. However, scaling up laboratory proof
of concept system sizes”" must chiefly address the challenge of
building nanoscale gaps between macroscale planes with suffi-
ciently large temperature differences, for example by using ther-
mally low-conducting but mechanically stable spacers up to high
temperature. Spacers made of polystyrene beads,*®" pillars in
SU-8 photoresist®® or silica,*® or suspended devices’*”* were used,
leading to fixed distances for many current large-area experiments.
Currently the best gaps are of the order of a few tens of nan-
ometers for these experiments, with a recent claim of having
reached the sub-10 nm region” with piezoelectric alignment.
Extremely flat samples (roughness less than 1 nm) are required,
which is possible thanks to silicon technology, without any surface
bowing. The rapid deployment of autonomous devices and the
associated Internet of Things (IoT) call also for miniaturized
autonomous electrical sources. Harvesting small amounts of power
from the environment could be performed by near-field TPV
devices with smaller surface imprints, as shown by the micro-
metric experiments'®?73%1%7273.75°8 reaching progressively the
microwatt level with power densities close to 1 W cm 2%
However, the temperature differences required so far are still
larger than the few-kelvin difference common situation widely

the so-
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Fig. 3 Analysis of the maximal thermal conductance in near-field thermal radiation experiments as a function of exchange area. Blackbody
conductances (dashed lines) are provided as references, as well as the maximal (ballistic) thermal conductance associated with heat conduction inside

a solid (Si).

encountered under real conditions. ATs of 10-100 K may be
observed in self-heating micro-electromechanical systems (MEMS),
where such devices could be helpful. Thermal management of
electronics, which can require the local cooling of hot spots of
Integrated Circuits (ICs), is probably also a natural field of
application. Note also that micrometric-to-millimetric bolometers
based on suspended membranes collecting radiation could be
powered with similar devices (note the thickness-dependence of
the emissivity of such membranes®”*¥). Small-area experi-
ments,**** essentially tip-based ones aiming at spatial investiga-
tion in the xy plane, are currently limited to large temperature
differences due to the lack of sensitivity and call for other types
of methods for detecting flux exchanges beyond the pw K *
thermal conductance level around room temperature. Current
methods involve devices based on the Seebeck effect (conversion
of a temperature difference into a voltage by means of a
thermocouple made of Au and Ni,** Pt>°"** or Cr’>**),°> on
the temperature dependence of the electrical conductivity (resistive
thermometry),>**®> and on bimaterial deflection involving an
inhomogeneous temperature field in a cantilever.5* 8% At
low temperature other thermometries are possible, for instance
based on superconducting junctions.”” Bimaterial deflection is
in principle the most sensitive method (temperature variations
down to 10 °> K ' can be measured), but has been less popular

204 | Nanoscale Horiz., 2021, 6, 201-208

recently, probably because it does not allow one to easily scan in
contact. Gold-coated SiN cantilevers were used for these experi-
ments. Usually the tip is at a higher temperature than the
sample, simply heated with the laser spot of the AFM, which
limits the maximum achievable temperature. Higher tempera-
ture can be reached with self-heated resistive cantilevers.®> The
thermal sensitivity is especially important for spectroscopy, as
only part of the power is located in a limited spectral range.
Current near-field thermal spectroscopy is based on scattering the
near-field energy to the far field, where it can be analysed.’® "%
Lock-in tip oscillation techniques may be needed as the spectral
power is weak. However, the better sensitivity of IR photovoltaic
cells/photodetectors®®®® could lead to nanoscale thermal spec-
troscopic devices that would avoid the use of bulky Fourier-
transform IR spectroscopes. Hyperspectral near-field thermal
radiation imaging with such set-ups seems attractive. Current
tip-based imaging devices without spectroscopes are based on
flux measurements and were shown to be sensitive to mono-
layers on surfaces,”'°® while scattering techniques allow for
detecting at different depths depending on the wavelength.”®
Finally, another fascinating field of study is the transition
between thermal radiation and heat conduction, which could be
investigated in the last nanometres before contact with AFM-
based instruments®® or even below with STM-based ones.’**%*

This journal is © The Royal Society of Chemistry 2021


https://doi.org/10.1039/d0nh00609b

Published on 18 Thang Giéng 2021. Downloaded on 30/06/2024 3:00:42 CH.

Nanoscale Horizons

Note that non-local optics (permittivity with spatial dispersion
¢(w,k)) is expected to play a role at such gaps.'**'%

For many of the applications the key is to find a trade-off
between the tailoring of the radiative spectrum and the need for
large power transfer. While the radiative transfer can be con-
strained to one or more narrow bands (at a single wavelength
maximal transfer of radiation between two bodies can be
achieved, as the optical transmission coefficient can reach unity),
for instance due to polariton resonance(s), this can lead to
reducing the exchanged power to a minute value. The Bose-
Einstein distribution associated with thermal photons unfortu-
nately limits in principle the spectral power exchanged between
bodies; however, approaching the bodies in the near field and
benefitting from the coupling between optical resonances allows
one to tunnel heat and increase the exchanged power. The
complex electromagnetic field pattern showing up when more
than two bodies are present was shown to allow increasing heat
transfer.*

Outlook related to thermal
nanophotonics

Many of the experiments conducted so far involve at least one
flat surface, while nanophotonics has been expanding for
twenty years in various directions, in particular for focusing
energy (see ref. 106 for a review on the interest for far-field
devices). There are avenues for spatially-resolved near-field
thermal radiation devices, which would benefit from the knowl-
edge gained in photonics. Here we discuss briefly a few existing
or possible ideas, related to metamaterials, 2D materials,
nanoparticles/single objects, and scanning probes, which may
deserve original experimental investigations. The main para-
meters with which one would like to play are the spectrum, the
polarization distribution, the flux amplitude, the distance depen-
dence (z) and the position dependence (xy) of the flux. They may
of course be entangled. Note that few studies®"°*'°*'%” have
probed the near-field thermal radiation of laterally nano/micro-
architectured materials so far.

Metamaterials can cloak or focus energy, but they often work
in a narrow band and it is not straightforward to translate the
monochromatic results for a broadband spectrum. Photonic
crystals allow one to tailor the far-field spectrum and modify
also the spectrum in the near-field with spectral gaps and
resonant modes.”” Hyperbolic materials possess dispersion rela-
tions leading to enhanced heat transfer.”® Fabry-Pérot like
metal-insulator flat materials® can be included in this category.
In addition, routing energy by means of surface polaritons has
been predicted:'%® near-field transfer can be a way to excite and/
or absorb them.'® Metasurfaces'***** allow shaping wavefronts
could be useful in this respect; however, broadband transfer may
be difficult to achieve in practice. Manipulating the heat flow at
sub-wavelength sizes in the xy plane is appealing for the purpose
of very large-scale integration (VLSI) of IR sensors, which are now
constrained by the far-field diffraction limit associated with their

This journal is © The Royal Society of Chemistry 2021
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wavelength: arrays of concentrating near-field devices operating
at different wavelengths can be thought up.

2D materials controlled electrically such as gated
graphene®” 83112113 or other single-atom thick materials like
boron nitride, black phosphorus and transition-metal dichal-
cogenides (TMDC) appear interesting in order to control polaritons
and therefore the intensity and spectrum of near-field radiative
heat transfer. They can be combined with metamaterials such as
hyperbolic materials (especially flat ones) as was shown in
numerous theoretical proposals.

It is intriguing that applications of near-field radiative heat
transfer with nanoparticles or single objects (e.g. nanoscale
pads) standing on substrates have been difficult to envision
until now, which is probably due to the low power they can
transfer. However, their spectra are different from similar large-
particle counterparts, and spectroscopic applications with
intense fields are certainly possible."** Arrays of nanoparticles'®
can lead to photonic crystal properties, useful for tailoring
emissive properties. The magneto-optical response of particles
was shown to allow the flux to circulate in preferential paths
(rotations).*?

Such configurations could be probed by scanning-probe tips
sensitive to magnetic fields, such as U-shaped or MFM-based
ones, in order to perform local characterization of the thermal
fields, in particular polarisation effects. Taking advantage of
local field enhancement by resonances on the sample surface is a
way to increase the signal. This is reminiscent of molecular
spectroscopy performed at a single wavelength, which could
also be performed thermally in principle. We note that, while
the interaction between nanoparticles was treated analytically®®
and the atom/surface radiative exchange was studied in the
frame of Bose-Einstein condensates,''® the radiative heat
exchange between molecules and other bodies has not been
treated extensively until now. Since single-molecule spectro-
scopy is a popular topic,’*® there should be progress in this
direction in the coming years.

Conclusions and prospects

The goal of this minireview has been to summarize the experi-
mental efforts performed until now in the field of nanoscale
radiative heat transfer. The analysis highlights various avenues,
both for applications and fundamental science, which involve
nanostructuring. In particular, it sheds light on the persisting
challenge of building larger temperature differences (>700 K)
between macroscale areas separated by nanoscale gaps in
energy conversion devices, or at the opposite end on the need
for improved thermal (sub-1 K) and transverse spatial resolu-
tion (sub-10 nm). It has also been shown that spectroscopic
techniques avoiding scattering to the far field are proper
alternative options. Many photonic techniques could be used
for these purposes; however, the strong entanglement between
the spectrum, the polarization distribution, the flux amplitude,
the distance dependence (z) and the position dependence (xy) of
the flux is not easy to deal with and will require advanced
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engineering methods. At the crossroad of nanophotonics,
optoelectronics, MEMS engineering, scanning probe micro-
scopy and energy, nanoscale radiative heat transfer is now
expected to spread among many applicative fields, including
energy conversion, thermal management, or material analysis
by means of imaging and spectroscopy techniques.
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