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Thermal Photonics and Energy Applications

Shanhui Fan®*

The ability to control thermal radiation plays a fundamentally important role in a
wide range of energy technology. Here | review the development of thermal pho-
tonics, which utilizes structures where at least one of the structural features is at a
wavelength or subwavelength scale, for the control of thermal radiation. Thermal
photonic structures have emission properties that are drastically different from
those of conventional thermal radiators. These properties lead to new application
opportunities in energy technologies, such as daytime radiative cooling.

Introduction

Thermal radiation represents a ubiquitous aspect of nature. All thermodynamic re-
sources emit or absorb thermal radiation. Here | highlight a few examples of such
thermodynamic resources that are important for energy applications: The sun, at
the temperature of 6,000 K, represents the most important renewable energy
resource. Every object that we encounter in everyday life, ranging from an incandes-
cent light bulb where the filaments are heated to 3,000 K, to our own human body at
a temperature near 310 K, emits thermal radiation. | also note that the universe, ata
temperature 2.7 K, represents the ultimate heat sink in terms of both its temperature
and its capacity. Moreover, from the Earth’s surface, the coldness of the universe is
accessible by thermal radiation through the atmosphere. In our quest to utilize
various thermodynamic resources, therefore, the ability to control thermal radiation
plays a fundamentally important role.

Conventional thermal radiators have typical characteristics including a broad fre-
quency bandwidth and a near-isotropic emission pattern.’ Also, they are subject
to a set of fundamental constraints.? For example, the spectral density of the thermal
emission per unit emitter area is upper bounded by Planck’s law of thermal radiation.
In addition, thermal radiators are typically subject to Kirchhoff's law, which states
that the angular spectral absorptivity and emissivity must be equal to each other.
These characteristics and constraints impose strong restrictions on the capability
for controlling thermal radiation with conventional structures.

In the past few decades, in close connection with the development of nanophoton-
ics, the field of thermal photonics has emerged, which utilizes thermal photonic
structures with characteristics that are drastically different from those of conven-
tional thermal radiators. A defining aspect of these thermal photonic structures is
that at least one of the structural features of the radiator is comparable with or
even smaller than the thermal wavelength. The development of these thermal pho-
tonic structures, in turn, provides exciting opportunities for new energy applications.
In this Perspective | provide a short review of some of the fundamental properties of
thermal photonic structures, and highlight a few examples of potential applications.

Aspects of Thermal Photonic Structures

| start by providing a brief review of thermal photonic structures designed for the
purpose of controlling thermal radiation. In particular, | will focus on structures where
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the emitting area is macroscopic, i.e., the dimension of the emitting area is much
larger compared with the relevant thermal wavelength. For a thermal emitter, the
total emitted power is proportional to the emitting area. To achieve total power
that is sufficient for typical energy applications, the required area is typically macro-
scopic in dimension. To make this article compact, | will limit it largely to the control
of far-field thermal radiation, i.e., | will be primarily concerned with the thermal elec-
tromagnetic fields generated by these emitters at a distance that is at least several
wavelengths away from the emitter. Many exciting applications of near-field thermal
radiation can be found in reviews such as that by Basu et al.’

The key quantities characterizing thermal emitters are the angular spectral absorp-
tivity a(w, 0, p), and the angular spectral emissivity e(w, 0, p). The angular spectral
absorptivity represents the absorption coefficient of the structure for incident light
at a frequency w and direction n with a polarization vector p, and is typically
measured by taking the ratio between the incident power density and the absorbed
power per unit area. The angular spectral emissivity e(w, n, p) measures the spectral
emission power per unit area at the frequency w, to a plane wave propagating at the
direction n, with a polarization vector p, normalized against the spectral emission
power per unit area at the same frequency to the same direction, of a blackbody
emitter of the same area.

The vast majority of thermal emitters are made of reciprocal materials, i.e., materials
characterized by symmetric permittivity and permeability tensors, including
isotropic materials that are characterized by a scalar permittivity and permeability.
Reciprocal emitters satisfy Kirchhoff's law, which states that:

a(w, A, p)=e(w,n,p’). (Equation 1)

Here the asterisk on the polarization vector denotes complex conjugate as required
by a time-reversal operation. For such reciprocal thermal emitters, to control its
emissivity it is sufficient to consider its absorptivity.

Spectral Control

In thermal photonic structures where the feature sizes are comparable with the wave-
length of light, the wave interference effects lead to numerous possibilities for
tailoring their spectral responses. One can create structures for which the emissivity
is drastically different from that of the underlying materials.

Firstly, one can strongly suppress the emissivity of a material, over a range of spectral
region, with the use of a photonic crystal structure that supports a photonic band
gap. The gap corresponds to a frequency range where a structure has very little den-
sity of states. Within the gap the structure strongly reflects incident light. Such high
reflectivity translates into a strongly suppressed thermal emissivity in the band gap.
Strong suppression of thermal emissivity has been proposed and demonstrated in
dielectric and metallic photonic crystal structures.””” As an example, Yeng et al.
considered an array of air holes in metal film (Figure 1A). Each air hole can be consid-
ered as a metallic waveguide with a cutoff frequency that is inversely proportional to
the diameter of the holes. The array supports a band gap in the frequency range
below the cutoff. The resulting structure therefore exhibits a strong suppression of
thermal emissivity over a broad frequency range from near-zero frequency to the
cutoff frequency.”

Alternatively, one can also strongly enhance the emissivity of a material with a variety
of photonic resonators. A lossy resonator can be used to create a sharp spectral peak
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Figure 1. Thermal Photonic Structures for the Spectral Control of Thermal Radiation

Each figure shows the absorptivity spectrum for the structure shown in the inset.

(A) Periodic array of air holes in a tungsten layer for broad-band suppression of thermal radiation.
Adapted from Yeng et al.®

(B) Gold antenna structures for the generation of narrow-band thermal radiation. Adapted from Liu
et al.” Copyright the American Physical Society.

(C) A dielectric photonic crystal (blue region), separated by a vacuum spacing from a flat tungsten
surface (red region), for the generation of narrow-band thermal radiation. As the size of the spacing
increases, the system tunes from the under coupling regime (yellow curve), through the critical
coupling regime (blue curve) where the peak emissivity approaches unity, to the over coupling
regime (red curve). Adapted from Guo and Fan.'” Copyright the Optical Society of America.

(D) Tapered metamaterial structures for broad-band enhancement of thermal radiation. Adapted

from Cui et al.”® Copyright the American Chemical Society.

in the absorption spectrum. Consequently, such a resonator can be used to create a
narrow-band thermal emitter. A wide variety of resonant systems have been applied
for this purpose. These include, for example, arrays of metallic antennas (Fig-
ure 1B),”'° guided resonances in photonic crystal slabs (Figure 1C)," "' surface plas-
mons,'? Fabry-Perot cavities,'*"” dielectric microcavities,'® and metamaterials.'’

In understanding the absorption and emission of a single resonator, the concept
of critical coupling plays a significant role.’”'® For a single resonance coupling to
a single channel of externally incident wave, its absorptivity spectrum from that
channel, and as a result its emissivity spectrum to that channel, has a Lorentzian
lineshape,

() = e(w) = e (Equation 2)

2 27
(w - wO) + (’Ye+7i)

where wq is the resonant frequency, v, is the external radiative leakage rate of the
resonance to the channel, and v;is the intrinsic loss rate of the resonance due to ma-
terial absorption. Remarkably, no matter how small is the material absorption, i.e.,
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no matter how small is v;, it is in principle always possible to achieve 100% absorp-
tion, at the resonant frequency wo, by satisfying the critical coupling condition

Ye=7i- (Equation 3)

Figure 1C illustrates the condition of the critical coupling.'” The structure consists of
a dielectric photonic crystal, assumed to be lossless, evanescently coupled to a uni-
form tungsten slab, which is lossy. As the spacing between the photonic crystal and
the tungsten slab varies, the intrinsic loss rate v; of the resonance varies, while the
external leakage rate v, largely remains constant. The variation of the spacing there-
fore allows one to tune through the critical coupling point, resulting in narrow-band
thermal emission with a unity emissivity peak.

By introducing multiple resonances into the emitter structure, the thermal emission
can exhibit physical effects associated with resonant interactions. For example, an
analog of super-radiance can arise in thermal radiation when multiple resonances
with the same resonant frequencies are placed together in a subwavelength vol-
ume.'? Alternatively, broad-band enhancement of thermal radiation can be
achieved by introducing multiple resonances into the emitter, each of the reso-
nances having a different resonant frequency (Figure 1D).?° In general, the under-
standing of resonances and resonant interactions provide a versatile conceptual
framework for engineering the thermal emissivity spectrum.

Many thermal photonic structures have absorption spectra that are strongly polari-
zation dependent. As a result, their thermal emission can be strongly polarized.
This is in contrast to a conventional blackbody or gray-body thermal emitter from
which the thermal emission is typically unpolarized.

Angular Control

Closely related to the capability for controlling the frequency dependency of the
emissivity, one can also consider the possibility for tailoring the direction depen-
dency of the emissivity. As an example, Greffet et al. considered thermal emission
from an SiC grating structure, and demonstrated strong angular dependency of
emissivity.”' Similar directional thermal emission can be seen using a tungsten
grating structure?” and a one-dimensional photonic crystal.?? In addition, photonic
structures that have been designed to achieve strong angular response, such as
multi-layer coating®® or an angular coupler,”® may also be combined with a thermal
emitter to produce strong angular-selective thermal emission.

For a resonant thermal emitter, the angular dependency of its emissivity can be un-
derstood by analyzing the underlying photonic band structure. As an illustration, '?
Figure 2 shows the emissivity dependency on both the frequency w and the wave-
vector component k, that is parallel to the structure, for the photonic crystal-guided
resonance structure, as shown in Figure 1C. The emissivity clearly peaks along
bands in the w—k, plane. These bands coincide with the photonic band structure
of system. At a given frequency w, resonant emission occurs at the angle
6=sin""(cky(w)/w), where kJw) is determined from the band structure. Designing
the photonic band structure thus enables one to design the angular dependency
of thermal emission.

Both the spectral and angular control of thermal emission changes the coherent
properties of thermal emitters. A narrow-band thermal emitter results in enhanced
temporal coherence and a directional thermal emitter results in enhanced spatial
coherence, as compared with the standard blackbody radiator.

Cell

Joule 1, 264-273, October 11, 2017

267




1 Figure 2. Photonic Band Structure Underlies
the Angular Dependency of Narrow-Band
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Beyond Planck’s Radiation Law: Thermal Extraction

Since the absorptivity a(w,n)<1, it follows from Equation 1 that the emissivity
e(w, n)<1. Since the ideal blackbody has an emissivity of e(w, 1) =1, it follows that
when directly emitting into free space, a thermal emitter with an area A cannot
emit more than a corresponding blackbody emitter with the same area. When inte-
grated over all emission angles n, the spectral density of the total emission power
P of the emitter with an area A must satisfy

2 hw

w
PSPO:A'4,"-2C2'ehm/I<ET _1

(Equation 4)

Here, w is the angular frequency of the emission. # and kg are the reduced
Planck constant and the Boltzmann constant, respectively. T represents the temper-
ature of the emitter. c is the speed of light in vacuum. The formula for Py in Equa-
tion 4, which describes the emission power of a blackbody emitter, is Planck’s
radiation law.

| note that when using Equation 4 to determine the upper bound of thermal emis-
sion power, the area A in fact needs to be taken as the absorption cross-section
rather than the geometrical cross-section of the emitter. For an object with sizes
comparable with the wavelength, its absorption cross-section can significantly
exceed that of its geometrical cross-section, and its emission can then exceed
the constraint set by the Planck radiation law of Equation 4 if A in Equation 4 is
taken to be the geometrical cross-section of the emitter. Such a super-Planckian
thermal radiation was observed for a thermal antenna structure.’® On the other
hand, for an emitter with a macroscopic emitting area, when it is directly sur-
rounded by free space, its absorption cross-section cannot significantly exceed
its physical cross-section. As a result, independent of the internal structure within
the emitter, the overall emission cannot exceed Planck’s radiation law.?” This result
has been explicitly demonstrated numerically in a direct calculation of thermal
emission from a photonic crystal using the formalism of fluctuational electrody-
namics. The computed thermal emission of the photonic crystal falls below what
is required by Planck’s law despite the significant modification of the density of
states within the structure.”®

For a blackbody emitter emitting into a transparent dielectric material with a refrac-
tive index n instead of vacuum, the speed of light ¢ in Equation 4 needs to be
replaced by c/n, and consequently the emission is enhanced by a factor of n?.
Exploiting this fact, Yu et al. developed a thermal extraction scheme that results in
a far-field macroscopic super-Planckian emitter by placing a thermal emitter in
near-field radiative contact with a transparent semispherical dome (Figure 3).?’
The emission into the dome is higher than the emission into vacuum due to the
fact that the dome has a refractive index exceeding unity. The area of the dome is
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Figure 3. Thermal Extraction

(A and B) Schematic (A) and experimental configuration (B) of a bare carbon emitter on a reflecting
substrate.

(C and D) Schematic (C) and experimental configuration (D) of a ZnSe semispherical dome directly
placed on the carbon emitter.

(E) Measured spectral power density showing enhancement of the setup in (C) has emission power
significantly exceeding that of the blackbody with the same physical area.

Adapted from Yu et al.”’

chosen to be significantly larger than the physical area of the emitter, which ensures
that all power emitted into the dome can be extracted to far field. In this case, the use
of the dome results in the enhancement of the absorption cross-section of a macro-
scopic emitter beyond its geometrical cross-section, which results in the total emis-
sion exceeding Pg in Equation 4 when the area A in Equation 4 is taken to be the
physical area of the emitter.

Beyond Kirchhoff’s Law: Non-reciprocal Thermal Radiation

While Kirchhoff's law plays a very significant role in the understanding of thermal ra-
diation, it is important to note that it is not the requirement of the Second Law of
Thermodynamics, but rather is a constraint that arises from reciprocity. Its practical
importance arises because most emitters are constructed out of reciprocal materials
described by an electric permittivity and a magnetic permeability function that are
scalar or symmetric tensors. Kirchhoff's law does not apply if the emitter instead is
made of gyrotropic materials that break reciprocity.

The ability to break Kirchhoff's law is of fundamental importance in thermal radia-
tion harvesting. For example, to convert solar radiation to electricity, one would
need to design an efficient solar absorber. However, by Kirchhoff's law an efficient
absorber will also be an efficient emitter. Thus such an absorber must radiate part
of the energy back to the sun, which represents an intrinsic loss mechanism. It is in
fact known that the Landsberg limit,>° which represents the upper limit of the ef-
ficiency for solar energy harvesting, can only be achieved with the use of non-

reciprocal systems.*'%?

While the possibility for breaking Kirchhoff's law has been known for some time,
earlier works showed only a very small difference in the angular spectral absorptivity
and emissivity.>> Recently, Zhu et al. numerically proposed a design based on
magneto-optical photonic crystals, where near-complete violation of Kirchhoff's
law was achieved.®® For a given frequency and angle of incidence, the spectral
angular absorptivity can reach unity, while the corresponding emissivity vanishes
(Figure 4). Miller et al. developed a generalized form of Kirchhoff's law that is appli-
cable for both reciprocal and non-reciprocal thermal emitters.
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Figure 4. Non-reciprocal Thermal Radiation
(A) The structure consists of an InAs grating
structure placed on top of a reflection substrate,
subjected to a magnetic field (labelled as “B”
and represented as the green arrow) parallel to
the substrate.

(B) For the direction as indicated by the blue
arrow in (A), the spectral absorptivity and

— emissivity

—— absorptivity emissivity significantly differ, indicating strong

violation of Kirchhoff's law.
Adapted from Zhu and Fan.* Copyright the
American Physical Society.
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Daytime Radiative Cooling

The fundamental advances in controlling thermal radiation have led to many new
possibilities for energy applications. A few examples of recent experimental devel-
opments include demonstrations of an improved incandescent light source,* a ther-
mophotovoltaic system incorporating a thermal photonic emitter,?” and a textile for
indoor cooling applications.® Here, | focus on the example of daytime radiative
cooling to illustrate the potential of thermal photonic structures for practical
applications.

The motivation of radiative cooling is to seek to exploit the coldness of the universe
as a thermodynamic resource (Figure 5A). The universe, at a temperature of 2.7 K,
represents the ultimate heat sink in terms of both its temperature and its capacity.
Moreover, the Earth’s atmosphere is highly transparent in the wavelength range of
8-13 um. This transparency window coincides with the peak of blackbody radiation
spectrum at typical ambient temperature near 300 K. Thus any object on earth, given
sky access, can radiate heat out to the universe and thus lower its temperature. As a

result, night-time radiative cooling has been studied for decades.>” '

For cooling purposes, however, it would be more interesting to operate during the
daytime under direct sunlight when typical objects become hot. For this purpose,
then, one will need a structure that reflects the entire solar spectrum while gener-
ating strong thermal radiation in the wavelength range of 8-13 um (Figure 5B).*
Raman et al. have designed and fabricated a multi-layer photonic structure, which
consists of seven dielectric layers deposited on top of a silver mirror (Figure 5C).*
These layers are designed using a systematic optimization process taking into ac-
count fabrication constraints. The top three layers, with thickness on the order of
hundreds of nanometers, are responsible generating strong thermal radiation.
The bottom four layers, with thicknesses on the order of tens of nanometers, are
used to enhance the reflectivity of silver mirror especially in the UV wavelength
range. This sample, when placed in a roof-top measurement setup (Figure 5D),
was able to reach a temperature that is 5°C below the ambient air temperature,
despite having about 900 W/m? of sunlight directly impinging upon it (Figure 5E).
Subsequently, by placing an emitter in a vacuum chamber, Chen et al. demonstrated
more than 40°C reduction from the ambient air temperature during the daytime.**
Daytime radiative cooling have now been considered in various material systems
and structures.*>™* In particular, significant experimental progress has been made
in the scaling up of such coolers,*®*” and in the integration of such coolers into
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Figure 5. Daytime Radiative Cooling

(A) Major thermodynamic resources around the Earth.

(B) To achieve daytime radiative cooling, one needs to create a structure that achieves broad-band reflection of sunlight and strong thermal emission in
the transparency window of the atmosphere.

(C) A multi-layer structure deposited on a silicon wafer that functions as a daytime radiative cooler. The four layers with nanoscale thickness are
illustrated on the left panel. The dark and light regions correspond to HfO, and SiO,, respectively.

(D) Roof-top measurement setup.

(E) The blue curve shows the temperature of the radiative cooler structure as shown in (C), when placed in the setup as shown in (D). The cooler reaches
a temperature of 5°C below the ambient air under direct peak sunlight.

Adapted from Raman et al.*?

air-conditioning systems.*” The concepts of daytime radiative cooling can also be
generalized toward cooling of solar absorbers®® and solar cells.”’

While the spectrum as shown in Figure 5B, which is required for daytime radiative
cooling, may appear simple, no naturally occurring material in fact has such a spec-
trum that meets the specification required for reaching subambient temperature
under direct sunlight. As an example, there is an intriguing observation of the pos-
sibility of daytime radiative cooling in silver ants that live in deserts. The spectrum of
the ant body, however, is not sufficient to reach a subambient temperature under
sunlight.®” The key to daytime radiative cooling is the capability of a thermal pho-
tonic structure to control the radiation property over a very broad-band wavelength
range spanning from UV to mid-wave infrared. The success in demonstrating the
technology of daytime radiative cooling highlights the importance of making funda-
mental advances in the field of thermal photonics.

Concluding Remarks and Future Perspectives

| end this Perspective with a few remarks. The advances in thermal photonic struc-
tures builds upon the exciting developments made in the past several decades on
designing photonic structures for the control of light. As evidenced in this brief
review, all major conceptual developments in nanophotonics, such as photonic
crystals, plasmonics, and metamaterials, have found significant applications in
the control of thermal radiation. The emerging new concepts in nanophotonics,
including for example the concept of parity-time symmetry, the exploration of
aperiodic and random structures, and the introduction of new material systems
into photonics,®® will also have a substantial impact on the development of thermal
photonics.

Unlike many photonic applications in which minimizing loss is a central issue, thermal
photonic structures require a judicious management of loss: a structure that is
completely lossless does not generate thermal radiation. The developments of ther-
mal photonic structures therefore significantly enrich the field of nanophotonics.
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While most thermal photonic structures considered up to now are at local thermal
equilibrium, there are significant opportunities in considering the thermodynamic
properties of non-equilibrium systems, such as semiconductors under external
bias.>* The efforts along this direction may lead to the exciting opportunities of ther-
mal optoelectronics for the active manipulation of heat.

For thermal photonic structures to make an impact in practical applications, it is
important to be able to scale these structures up. In addition, it is of crucial impor-
tance to be able to integrate these thermal photonic structures into practical thermal
systems. The field of thermal photonics lies at the interface between thermody-
namics and photonics, with significant potential for both fundamental advances
and practical energy applications.
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