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Micro/Nanostructures for Far-Field Thermal Emission Control: An Overview
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Engineering thermal emission using micro/nanostructures has received growing attention in recent years. A variety of novel coherent, directional,
polarized and narrowband thermal light sources as well as wavelength selective emitters have been proposed and investigated. These emitters
show a great potential in applications like thermophotovoltaics, solar energy concentration, radiative cooling, thermal detection, sensing, thermal
camouﬂage, thermal rectiﬁcation, etc. In this article, we give a review on the use of micro/nanostructures to control far-ﬁeld thermal emission.
Thermal emitters based on various micro/nanostructures including gratings, photonic crystals, metamaterials and metasurfaces are reviewed and
some important applications are summarized. We expect this article can provide a general overview of this ﬁeld.
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1. Introduction
Thermal radiation of natural bulk materials is usually incoherent, that is,
the emitted electromagnetic waves are usually omnidirectional,
unpolarized and constitute a broad spectrum.1 These characteristics
largely impede the efﬁcient utilization of thermal radiation energy that
virtually exist everywhere. On the other hand, in the past over three
decades, with the rapid development of micro/nanofabrication
technologies, a variety of micro/nanostructures, including gratings,
photonic crystals, plasmonic structures, metamaterials and metasurfaces,
etc., have been proposed and extensively studied to achieve exotic
optical and electromagnetic properties like negative refraction,2 reversed
Cherenkov radiation,3 subdiffraction focusing and imaging,4 cloaking,5
slow light,6 and so on, which, in general, result from the strong lightmatter interactions at micro- and nanoscale. Therefore, these artiﬁcial
micro/nanostructures provide an unprecedented route to manipulating
the characteristic of thermal radiation.
Recently there has been a lot of efforts in engineering thermal radiation
using aforementioned optical/electromagnetic micro/nanostructures,7-10
and a variety of novel coherent, directive, polarized and narrowband
thermal light sources as well as wavelength selective emitters have been
designed and manufactured, which have remarkably different thermal
emission properties from conventional bulk materials. These novel thermal
emitters are quite promising for a plethora of important applications like
thermophotovoltaics (TPV),11,12 solar energy concentration,13 radiative
cooling,14, 15 thermal detection and sensing,16-18 novel light sources,19
thermal camouﬂage20, 21 and thermal rectiﬁcation,7-9 etc. Witnessing the
rapid development of this ﬁeld dubbed thermal photonics in recent
years,7 in this article, we give an introductory review on the use of
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micro/nanostructures to control thermal emission. Our attention is only
paid to far-ﬁeld emitters, and for near-ﬁeld thermal radiation control, see
the reviews Refs. [22-25]. In particular, we focus on how different types
of artiﬁcial micro/nanostructures, including gratings, photonic crystals,
metamaterials and metasurfaces, can be engineered to achieve desirable
thermal emission properties for different applications.
This article is organized as follows. We ﬁrst review several
important types of micro/nanostructures to tailor thermal radiation.
More speciﬁcally, in Section 2, thermal emitters based on grating
structures are discussed. In Section 3, photonic crystal-based thermal
emitters are reviewed. In Section 4, we review metamaterial-based
thermal emitters, including general MIM-type metamaterials, epsilonnear-zero and hyperbolic metamaterials as well as disordered/aperiodic
metamaterials. In Section 5, we give an overview of various
metasurface thermal emitters. In Section 6, we pay a special attention to
some novel reconﬁgurable thermal emitters. After introducing these
micro/nanostructures, in Section 7, we introduce some typical
applications of thermal emitters, including directive, narrowband and/or
polarized thermal radiation sources, daytime radiative cooling,
thermophotovoltaics and thermal camouﬂage. In Section 8, a summary
along with an outlook is presented.

2. Emitters based on gratings
One of the earliest attempts to create artiﬁcial emitters is based on the
grating structure. A simple one-dimensional (1D) grating is shown in
Fig. 1(a), reprinted from Yoon et al,26 where Λ is the period of the
grating, w is the ridge width with a ﬁlling ratio deﬁned as f = w/Λ and h
is the height of the ridge. Theoretical works were conducted in the
1980s and 1990s, e.g., Refs.[27-30]. A pioneering experimental work
was presented by Hesketh et al,31 who investigated the thermal emission
from 1D deep gratings. Normal spectral (3 μm - 14 μm) emissivity
measurements were carried out for 45 μm deep, near square-wave
gratings made of heavily phosphorus doped silicon at 400 oC for both sand p- polarizations. Different values of the period Λ of the grating
© Engineered Science Publisher LLC 2019

Review Paper

ES Energy & Environment
were investigated, including 10, 14, 18 and 22 μm, resulting a Λ/λ
ranging from 0.14 to 7.33. They showed that all these deep gratings
exhibit signiﬁcantly higher spectral emissivity than the purely smooth
surface of doped silicon in the entire investigated spectral range. For
both s- and p- polarized emission, they found that the resonances in the
spectra are due to the excitation of standing waves in the air slots
perpendicular to the silicon surface, very similar to those in an organ
pipe. They further revealed that the resonant amplitude of the s
polarization does not depend signiﬁcantly on Λ, while that of the p
polarization does. Greffet et al 32 experimentally demonstrated the highly
directional thermal emission from 1D silicon carbide (SiC) gratings.
The highly directional coherent thermal emission, stems from the
diffraction of surface phonon polaritons (SPhPs) by the grating
structure, which can provide a momentum (wave vector) compensation
to convert surface waves to propagating waves. More precisely, in this
study, the resonant emission angle θ at an emission wavelength λ can be
theoretically determined by the following simple 1D grating equation
as32-34

kSPhP = k x +mKG x

(1)

grating made of TiN, a refractory plasmonic material, the thermal
emissivity spectrum and the angular proﬁle at the wavelength of 3.06
µm, are presented in Fig. 1(b), where a highly narrow band and
directional thermal emission phenomenon is observed. Chen et al36 also
proposed a design for wavelength selective emitters based on complex
gratings realized by the superposition of two simple binary 1D gratings
made of tungsten with different periodicities. The calculation was done
through the rigorous coupled wave analysis (RCWA) algorithm. It was
shown the combination of different periodicities enables a wide peak
within the wavelength region of interest due to the excitation of SPPs
for TM waves. The designed emitters are very suitable as
thermophotovoltaic radiators. Note for 1D deep gratings, Fabry-Perotlike microcavity resonances due to the multiple reﬂections of grating
ridges can be also excited and lead to more densely populated optical
states, therefore signiﬁcantly enhancing thermal emission.26 The
resonance wavelength of microcavity modes λ can be theoretically
estimated by the following formula for TE waves37-40 (which are in
essence a type of waveguide modes manifested as discrete energy
levels)
2

where m is an integer denoting the diffraction order, kx =2πsinθ/λ is the
x- component of the wavevector of emitted waves, KGx = 2π/Λ is the
grating reciprocal vector, and kSPhP is the wavevector of the surface wave
that is given by
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for SPhPs propagating along the x-direction, where ε1 and ε2 are
permittivities of the surrounding medium and SiC material respectively.
Similarly, (quasi-)coherent thermal radiation sources can be realized by
combing the simple grating structure and surface plasmon polaritons
(SPPs), as in a recent work carried out by Liu et al.35 The fabricated 1D
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where m and l are integers indicating the orders of cavity resonance,
and a = ( 1- f ) Λ and h are the grating slot width and depth as shown
in Fig. 1(a), respectively. Nguyen-Huu et al 40 demonstrated that due to
the excitation of cavity resonances, the peak position of the
emission/absorption spectra of 1D deep gratings heavily depends on the
depth of the grooves. This microcavity resonance is usually regarded as
an angle-independent effect and therefore very suitable for TPV
applications requiring an omnidirectional high emissivity.40
Two-dimensional (2D) gratings have also been extensively studied
as thermal emitters. A seminal work was conducted by Heinzel et al.,43

Fig. 1 Thermal emitters based on grating structures. (a) Schematic of 1D simple binary gratings made of amorphous silicon (a-Si). Reprinted with
permission from Ref. [26]. Copyright 2014, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (b) (Left panel) SEM image of the fabricated 1D
grating made of TiN after heated up for 32 h with an inset showing the tilted view. (Middle panel) The measured and simulated emissivity spectrum.
(Right panel) The measured and simulated angular proﬁle of emissivity at the wavelength of 3.06 µm. Reprinted with permission from Ref. [35].
Copyright 2015, Optical Society of America. (c) (Left panel) Schematic of the 2D grating made of SiC, along with the SEM image of fabricated
microstructure. (Right panel) The measured and calculated angular proﬁle of thermal emissivity at the wavelength of 12.18 µm for two different
azimuthal angles (ϕ = 0o and ϕ = 45o). Reprinted with permission from Ref. [41]. Copyright 2012, American Physical Society. (d) (Left panel) Schematic
of the graphene-covered 1D Ag deep grating. (Right panel) The normal absorptivity/emissivity of the graphene-covered (with graphene) and plain (w/o
graphene) Ag deep grating. Reprinted with permission from Ref. [42]. Copyright 2014, AIP Publishing.
© Engineered Science Publisher LLC 2019
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which theoretically and experimentally investigated 2D grating made of
tungsten was deposited on a dielectric ﬁlm. The resonant frequencies of
the emissivity of the 2D tungsten gratings can be theoretically
determined by a combination of the dispersion relation of SPPs and the
grating equation like the 1D case, and the measured spectral emissivity
clearly exhibited the designed emission resonances as predicted. This
type of radiation emitter exhibited a strong angle dependence of the
spectral emissivity, which can also be utilized to achieve coherent
thermal sources. For instance, Arnold et al 41 experimentally showed that
the thermal excitation of surface-phonon polaritons on the surface of 2D
grating can result a highly anisotropic thermal light source. The
schematic of the 2D grating, the fabricated microstructure and the
calculated/measured angular proﬁle of thermal emissivity are given in
Fig. 1(c). The measured angular width of emissivity peak is about 3.9
deg. Besides, there are also many works that utilized microcavity
resonance modes in deep 2D gratings to further manipulate thermal
radiation,44-46 to achieve narrowband46 or wavelength-selective45 emitters,
to name a few.
Due to their relative easiness of fabrication, recently, there are still
a bunch of works carried out on grating structures to further improve
the emission performance and achieve multifunctionalities using
modiﬁed structures and novel materials. For instance, Song et al.47
investigated the thermal emission from a trilayer W/SiO2/W grating
structure using the FDTD method. By properly designing the geometric
parameters, a high average emissivity of 0.95 is obtained for TM waves
in the range around 600-1900 nm, and a broadband emission peak with
near-unity emissivity was achieved in the range of 900-1800 nm, which
is attributed to the excitation of magnetic polariton (MP) resonances and
explained through an analogous inductor-capacitor (LC) circuit model.48, 49
Note MP resonances result from the strong coupling of electromagnetic
waves with the magnetic resonance excited inside the nanostructures.48-53
In such 1D grating structure, MPs are manifested as strongly localized
magnetic ﬁeld inside the slit between two neighboring metallic strips,
with induced electric current ﬂowing along the metal surface.48,49
Graphene and other 2D materials can be added to gratings to further
enhance the thermal emission/absorption performance. For example,
Zhao et al.42 demonstrated that the combination of a graphene layer and
a deep 1D Ag grating, schematically shown in the left panel of Fig.1(d),
can lead to the absorption/emission enhancement for both owing to the
excitation of MPs. The absorption/emission spectrum with and without
graphene is presented in the right panel of Fig. 1(d). Recently, grating
structures have also been elaborated to realize nonreciprocal emission
and absorption. For instance, by applying a magnetic ﬁeld, Zhao et al.54
investigated the thermal emission of a 1D SiC grating deposited on a
magneto-optical layer made of InAs and demonstrated that this strong
magneto-optical response leads to a substantial violation of Kirchhoff's
law.

3. Emitters based on photonic crystals
Artiﬁcial pass bands and forbidden bands (i.e. photonic band gaps,
PBGs) can be engineered by the arrangements and periodicity of
photonic crystals (PC), which can also serve as an effective tool to tailor
thermal emission. In general, the PBGs are generated by the destructive
interference of scattered waves from different lattice points, which are
described by Bragg's diffraction law.55 In this sense, the scale of
micro/nanostructures is usually comparable to the operating wavelength.
Thermal emitters based on photonic crystals have the potential to realize
narrowband, directive, polarized and even tunable emission, which have
drawn much attention in the last several decades. According to the
dimensions of micro/nanostructures in photonic crystals, we can divide
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them into three types: one-dimensional (1D), two-dimensional (2D) and
three-dimensional (3D) photonic crystal thermal emitters.
Although being the simplest PC thermal emitters, 1D PC thermal
emitters can still provide reliable control of thermal emission with an
easy fabrication process. As shown in Fig. 2(a), Narayanaswamy and
Chen56 presented a one-dimensional photonic crystal made of thin metal
and dielectric binary layers to control the emission based on Green's
function technique together with the ﬂuctuation-dissipation theorem.
The selective emission can be obtained in the infrared and visible range
by adjusting the period. An infrared one-dimensional photonic crystal
emitter was proposed by Lee et al.,57 which consisted of a SiC and
photonic crystal structure consisting of dielectric binary layers. The
surface wave can be excited in SiC by the evanescent waves existing in
the photonic band gaps by appropriately tuning the lattice constant (or
period), thus leading to very narrow emission bands. However, results
also showed that these thermal emitters based on 1D PC are relatively
sensitive to the polarization of incident light.
Two-dimensional PC can also serve as narrow-band thermal
emitters. In fact, 2D PCs can be also referred to as 2D gratings, which
are both composed of wavelength-scale periodic arrangement of posts
or cavities.34, 58 As a result, for 2D PCs, design rules based on theoretical
mechanisms like the excitation of surface waves using diffraction
modes and cavity resonance modes can be applied. On this basis, Pralle
et al.58 designed a narrow-band (δλ/λ ≤ 0.2) thermal emitter which
works at mid-infrared frequencies. The developed emitter can be
deﬁned by the periodicity of a metal coated silicon–air photonic crystal
etched into the emitter surface, and the fabricated PC structure is
demonstrated in the inset of left panel of Fig. 2(b). It was found the
designed emitters were insensitive to the polarization and incident angle
(0-10o), as shown by the reﬂectance spectra given in the left panel of
Fig. 2(b). The experimentally measured thermally emitted power for
different PC lattice constants are presented in the right panel of Fig.
2(b). Compared with blackbody radiation, these designed PC emitters
are indeed narrowband thanks to the excitation of surface plasmon
modes. Similar thermal emitters constructed by combining metallic
coating and 2D PhC were proposed in Refs. [59,60]. Meanwhile,
Laroche et al.61 developed a thermal emitter based on a truncated 2D
photonic crystal of inﬁnite germanium (Ge) square rods. The calculated
absorption and transmission results by means of the RCWA method
revealed that the coherence caused by truncation in structure leads to a
directional and quasi-monochromatic emission. Since 2D PCs can be
viewed as an array of wavelength-scale multimode resonators,
Ghebrebrhan et al 62 proposed a Q-matching approach combined with
the coupled-mode theory to quickly optimize the geometric parameters
and subsequently predict the emissivity spectrum of these photonic
crystals, which agreed well with FDTD simulations.
Furthermore, a more comprehensive control of photonic band
structures can be achieved by thermal emitters based on 3D PCs. As a
typical 3D PC, woodpile structure thermal emitters were extensively
studied in the works by Fleming et al,63, 65, 66 which can effectively
suppress light propagation in all-direction near the emission bands due
to a complete (namely, polarization-independent) band gap. A typical
3D PC emitter made of tungsten is presented in Fig. 2(c),63 whose
experimentally measured thermal radiation power spectra at different
temperatures are given in the right panel of Fig. 2(c). High thermal
emission peaks occur in the vicinity of the photonic band edge, which
are due to the slow light speed and strong percolation through the 3D
structure of electromagnetic energy at this wavelength. To overcome the
fabrication difﬁculty of woodpile structure, Han et al.67 theoretically
proposed that metallic inverse opals, a type of 3D PCs that can be
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Fig. 2 Thermal emitters based on photonic crystals. (a) Schematic of 1D photonic crystal thermal emitter consisted by metal-dielectric multi-layers.56 The spectrum of emitter with 10 nm silver/300 nm
vacuum shows a narrow emission at near-infrared frequencies. Reprinted with permission from Ref. [56]. Copyright 2004, American Physical Society. (b) (Left panel) Schematic of a 2D photonic
crystal with a scanning electron microscope (SEM) image of the gold grid. (Right panel) Experimentally measured thermal emission power spectra for different PC lattice constants. Reprinted with
permission from Ref. [58]. Copyright 2002, AIP Publishing. (c) (Left panel) SEM image of a 3D woodpile tungsten photonic crystal. (Right panel) Experimentally measured thermal radiation power
spectra at different temperatures. Reprinted with permission from Ref. [63]. Copyright 2003, AIP Publishing. (d) A 3D PC thermal emitter fabricated from self-assembled template. (Left panel) The
SEM graph of a tungsten inverse opal PC protected by HfO2 taken after annealing at 1000 oC for 12 h. (Right panel) The SEM graph taken after annealing at 1400 oC for 12 h. Reprinted with
permission from Ref. [64]. Copyright 2011, American Chemical Society.
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fabricated using the much simpler self-assembling method, may exhibit
similar or even better thermal emission performance. Arpin et al.68
fabricated this kind of 3D PC thermal made of tungsten using selfassembled templates, which demonstrated a spectral selective thermal
emissivity suitable for solar thermophotovoltaic at high operating
temperatures. Notably, the fabricated 3D PC by Arpin et al.68 exhibited a
good thermal stability up to at least 1400 oC, as shown in the left and
right panels of Fig. 2(d), in which the microstructures of the tungsten
inverse opal PC protected with hafnia are presented after heating to
1000 oC and 1400 oC for 12h, respectively.64 These 3D PC thermal
emitters have a great potential in realizing high-efﬁciency
thermophotovoltaics and ﬂexibly tailoring emission proﬁles.

4. Emitters based on metamaterials
Along with the rapid development of electromagnetic metamaterials, the
attention of microstructured thermal emitter researchers was very much
paid to the use this kind of artiﬁcial materials exhibiting exotic
properties like negative refraction,2 optical cloaking,5 spontaneous
emission enhancement69 and so on, which provide unprecedented
possibilities for thermal engineers to tailor thermal radiation. The
distinction between the metamaterial and photonic crystal is that the
former is usually composed of micro/nanostructures that are
substantially smaller than the wavelength of interest.70 In most cases, the
functionality of metamaterials does not rely on the formation of
photonic band gaps (although some locally resonant metamaterials also
exhibit photonic band gaps as a result of strong coupling, see Refs. [71,
72], which are out of the scope of the present article.). In terms of the
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transition from photonic crystal to metamaterials, one can refer to Ref.
[73].
In this section, we ﬁrst introduce the nowadays prevalent metalinsulator-metal (MIM) metamaterials with various micro/nanostructured
top metallic layer and discuss the underlying couple mechanism. Then
we emphasize two closely related metamaterials, namely, epsilon-nearzero (ENZ) and hyperbolic metamaterials, which exhibit exotic thermal
emission behaviors like optical topological transition and directive superPlanckian emission due to the unique properties of effective permittivity.
Finally, we brieﬂy review some disordered micro/nanostructures including
Mie-resonance based disordered metamaterials and micro/nanoporous
textiles.
One seminal experimental work of metamaterial emitters is the
one proposed by Liu et al..74 In that work, they designed a typical MIM
three-layer structure composed of a cross-shaped gold resonator and a
gold substrate, with a silicon layer sandwiched between the two gold
components. Based on the impedance matching principle (that is, by
matching the impedance Z (w ) = e eff (w ) / meff (w ) of the metamaterial to free
space and thus minimizing the reﬂectance, where εeff(ω) and μeff(ω) are
effective permittivity and permeability depending on the electric and
magnetic resonances75), single-band and two-band perfect absorbers
were achieved, which had a single resonator and four bipartite
resonators in a unit cell, respectively. According to the Kirchhoff's law,
single-band and two-band high-performance, wavelength-selective
emitters were realized and experimentally veriﬁed, whose spectral
emissivity is shown in Fig. 3(a). Note in such MIM structures, the
coupling mechanism between the metallic resonators and the metallic

Fig. 3 Typical metamaterial thermal emitters. (a) (Top panel) Schematics of a metamaterial emitter composed of one (left) and four (right) cross-shaped
gold resonators and a gold substrate with a sandwiched silicon layer. (Bottom panel) Experimental results for the single-band (left) and two-band (right)
perfect thermal emitters. Reprinted with permission from Ref. [74]. Copyright 2011, American Physical Society. (b) A near-perfect emission mid-infrared
metamaterial structure. (Left panel) Schematic and SEM graph of the metamaterial emitter. (Right panel) Measured and simulated emissivity spectra.
Reprinted with permission from Ref. [77]. Copyright 2017, Optical Society of America. (c) A spectrally selective mid-infrared metamaterial thermal
emitter based on molybdenum. (Left panel) Schematic and SEM graph of the metamaterial. (Right panel) Thermal emission intensity spectra at different
operating temperatures. Reprinted with permission from Ref. [78]. Copyright 2016, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (d) A
narrowband metamaterial emitter. (Left panel) Schematic and SEM graph of the metamaterial emitter which consists of SiC bowtie resonators with
nanoscale gaps. (Right panel) Emittance spectrum with two insets showing the near-ﬁeld images near the two emission peaks. Reprinted with permission
from Ref. [80]. Copyright 2017, American Chemical Society.
22 | ES Energy Environ., 2019, 6, 18–38
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substrate is important to the emission/absorption spectrum, and it
depends signiﬁcantly on the thickness of the intermediate dielectric
spacer, which can give rise to a transition between the electromagnetic
induced transparency (EIT) and electromagnetic induced absorption
(EIA) behaviors.76 Matsuno and Sakurai77 presented a large-area
metamaterial that exhibits near-unity emissivity near 10 μm. This
metamaterial is composed of a 2D array of Al nanodisks and an Al
substrate with a CeO2 layer sandwiched between them, as schematically
shown in Fig. 3(b). This metamaterial can be fabricated by a metallic
patterning process employing photomask and wet etching technologies,
which enables the mass-production of a large-area metamaterial in a
relatively short time. A SEM graph is also presented in Fig. 3(b) along
with the measured and simulated emissivity spectra. Based on an
equivalent electric circuit model and the impedance matching condition,
it was demonstrated that the narrowband emission is a result of the
excitation of magnetic polaritons that arise from antiparallel oscillating
currents occur in the top and bottom metallic components. Similarly,
Yokoyama et al.78 fabricated wavelength-selective thermal emitters
based on the MIM metamaterial structure, in which molybdenum and
aluminum oxide are used as refractory components to realize both
narrow-band infrared thermal emission and excellent thermal stability,
as shown in the left panel of Fig. 3(c). The right panel of Fig. 3(c) gives
the measured emission intensity spectra at different temperatures, where
a good narrowband emission proﬁle is observed. Gong et al.79 proposed
and investigated a broadband, angle/polarization-insensitive
metamaterial thermal emitter with averaged emissivity of ~0.94 in the
mid-infrared atmospheric window of 8–14 μm. This metamaterial
consists of Cr micro-cuboids on top of tantalum pentoxide (Ta2O5) and
silicon dioxide (SiO2) thin ﬁlms. This choice of materials allows this
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metamaterial to work at relatively high temperatures (over 1000K).
Wang et al.80 proposed that bowtie antennas made of SiC with
nanoscale gaps can be used as the basic unit for narrowband
metamaterial emitters, which utilizes nanoscale coupling effects of
adjacent phonon polaritonic excitations in SiC antennas. The thermal
emission frequency can be tuned by the gap distance while the emission
linewidth can be retained as narrow as 10 cm-1. The schematic as well
as fabricated nanostructure and the emittance spectrum is presented in
Fig. 3(d). In particular, at an elevated temperature of 350 oC, four
narrowband emission modes were observed with high quality factors
around 60 or even higher in this work. A scattering-type scanning nearﬁeld optical microscope (s-SNOM) was implemented to investigate the
modal structure.
A notable category of metamaterial emitters is the epsilon-nearzero metamaterial,81 whose effective permittivity approaches to zero at a
certain wavelength and thus exhibits a strong ﬁeld enhancement in the
metamaterial according boundary condition of continuous normal
displacement vectors.82 In a seminal work, Molesky et al.83 proposed the
use of ENZ metamaterials as high-performance emitters for TPV
applications. The rigorous concept of ENZ is relaxed into the one with
near-zero real part of (effective) permittivity while the imaginary part of
permittivity is high. In this condition, the electromagnetic ﬁeld in the
ENZ metamaterial becomes large, resulting in strong absorption if Im(ε)
is large. They proposed two types of uniaxial ENZ metamaterial
thermal emitters, in which the ﬁrst is the multilayered structure
composed of alternating metallic and dielectric layers and the second is
the metallic nanowire arrays in dielectric matrix, as shown
schematically in the ﬁrst two panels of Fig. 4(a). The parallel
component of the effective permittivity tensor ε‖of multilayered ENZ

Fig. 4 Epsilon-near-zero and hyperbolic metamaterial emitters. (a) Schematics and emission spectra of two types of uniaxial ENZ metamaterial thermal
emitters. (First panel) The multilayered structure composed of alternating metallic and dielectric layers. (Second panel) Metallic nanowire arrays in
dielectric matrix. (Third panel) Calculated emission spectra under different observation angles for the multilayered metamaterial with an inset of the
relative emission power at different temperatures. (Fourth panel) Calculated emission spectra under different observation angles for the nanowire
metamaterial, with an inset of angle-resolved emission proﬁle at 1.075 μm. Reprinted with permission from Ref. [83]. Copyright 2013, Optical Society
of America. (b) (Left panel) The fabricated nanostructure and (Right panel) absorptivity/emissivity of multilayered metamaterials under different
incident/emission angles. (Inset) Measured absorptivity of the metamaterial at a 13o angle of incidence from 0.5 to 10 μm. Reprinted with permission
from Ref. [84] under the terms of the Creative Commons Attribution 4.0 International License. (c) A monochromatic and directional thermal emitter
composed of alternating In0.53Ga0.47As and undoped Al0.48In0.52As layers. (Left panel) Schematic of the metamaterial. Right panel: calculated
absorptivity/emissivity spectra under different angles of incidence/emission. Reprinted with permission from Ref. [87] under the terms of the Creative
Commons Attribution 4.0 International License.
© Engineered Science Publisher LLC 2019
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metamaterial can be near zero, thus leading to an omnidirectional,
polarization-insensitive emitter, as shown in the third panel of Fig. 4(a).
On the other hand, the nanowire metamaterial exhibited an ENZ
behavior for the perpendicular component of the effective permittivity
tensor ε⊥, resulting in a highly directional far-ﬁeld emission proﬁle,
presented in the rightmost panel of Fig. 4(a).
Following from this work, Dyachenko et al.84 proposed a W/HfO2
multilayered metamaterial with wavelength-selective thermal emission,
which arises from the ENZ behavior associated with the optical
topological transition (OTT) of the effective permittivity. The fabricated
nanostructure is presented in the left panel of Fig. 4(b). The OTT
indicates a speciﬁc transition that at a certain wavelength the
equifrequency surface changes from an ellipsoid to a hyperboloid, and the
critical wavelength is indeed the ENZ point of the parallel effective
permittivity εǁ , i.e., Reεǁ =0. This metamaterial showed high
absorptivity/emissivity below the OTT wavelength, which is also largely
independent of the incident/emission angle, as illustrated in Fig. 4(b).
Above the OTT wavelength, as thermally excited modes cannot couple
to the vacuum modes efﬁciently, the emissivity is strongly suppressed.
Since the OTT wavelength can be tailored by changing the thicknesses
of the metallic and dielectric layers as well as composing materials,
wavelength-selective absorbers/emitters can be properly designed based
on this concept. Many works have been conducted along this line, for
example, Refs. [85, 86]. On the other hand, by utilizing another ENZ
condition for uniaxial metamaterials, ε⊥→ 0, Campione et al.87 realized
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a strong monochromatic and directional thermal emission based on
alternating 50 pairs of 10-nm-thick In0.53Ga0.47As and 8-nm-thick
undoped Al0.48In0.52As layers, shown in the left panel of Fig. 4(c), where
the angle-resolved absorptivity/emissivity of p-polarization is presented
in the right panel of Fig. 4(c). These simulated results were veriﬁed by a
following experiment.
Indeed, the performance of above uniaxial ENZ metamaterials is
closely associated to their hyperbolic equifrequency surfaces near the
ENZ point. More speciﬁcally, for type-I hyperbolicity we have ε⊥< 0
and εǁ > 0 and the equifrequency surface is a two-sheeted hyperboloid,
and for type-II hyperbolicity, we have εǁ < 0 and εǁ < 0 and the
equifrequency surface is a one-sheeted hyperboloid. Therefore, the ENZ
behavior occurs in the vicinity of the OTT wavelength of hyperbolic
metamaterials. The ENZ behavior provides a way to enhance the
electromagnetic density while the hyperbolicity determines the
directionality. In this circumstance, it is possible to achieve highly
directional strong emissivity, and even super-Planckian emission in
certain directions can be realized. For instance, Nefedov and Melnikov88
theoretically demonstrated the realization of strong directive thermal
emission in the far ﬁeld using asymmetric hyperbolic metamaterials,
exceeding that predicted by Planck's limit by over two orders of
magnitude in the enhanced direction, where the asymmetry is
introduced by tilting the optical axis of the uniaxial hyperbolic
metamaterial to enhance the directionality. Note generally, for a
macroscopic object, the total far-ﬁeld emission cannot exceed the

Fig. 5 Disordered/aperiodic metamaterial emitters. (a) (Top panel) A schematic of the polymer-based hybrid metamaterial with randomly distributed SiO2
microsphere inclusions. (Bottom panel) Theoretical and experimental emissivity spectra of the disordered metamaterial. Reprinted with permission from
Ref. [14]. Copyright 2017, American Association for the Advancement of Science. (b) (Left panel) A proposed design of thermal emitter, which consists
of a SiO2 layer doped with W nanoparticles on the top of a W layer deposited on the substrate. (Right panel) Emissivity spectra of the W base, a 0.4 μmthick SiO2 ﬁlm deposited on the W base, and 0.4 μm-thick SiO2 ﬁlms doped with 20 nm-radius W nanoparticles of different volume fractions (10% and
30%), deposited on the W base. Reprinted with permission from Ref.91. Copyright 2016, Optical Society of America. (c) A disordered metamaterial
thermal emitter based on random metallic networks. (Left panel) Schematic of this metamaterial, in which a SiO2 layer is sandwiched between a
continuous W ﬁlm and a randomly perforated W ﬁlm. (Right panel) Emissivity spectrum of this metamaterial, compared with that of the ENZ
metamaterial in Ref. [84]. Reprinted with permission from Ref. [94]. Copyright 2018, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (d)
Aperiodic ultranarrowband thermal emitter designed from Bayesian optimization. (Left panel) The TEM graph of the fabricated optimal structure
operating at 6μm and (Right panel) the experimentally measured emissivity spectra. Reprinted with permission from Ref. [95]. Copyright 2019,
American Chemical Society.
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energy ﬂux deﬁned by the Planck's law,89 even when the hyperbolic
modes are outcoupled by a grating, as recently demonstrated by Sohr et
al.90
Above metamaterial emitters are all based on periodic
micro/nanostructures. Recent years a great deal of attention has been
paid to those metamaterials with aperiodic or even random
micro/nanostructures, which are comparatively easier to fabricate in a
large scale and have a high tolerance to fabrication errors. This type of
metamaterials usually relies on the resonances in a single composing
unit because the inter-unit coupling effect is difﬁcult to control
deterministically in a disordered ensemble. For example, Zhai et al.14
proposed a scalable disordered metamaterial based on a polymeric thin
ﬁlm embedded with randomly distributed SiO2 microspheres, which can
act as radiative cooling emitters, having an infrared emissivity greater
than 0.93 across the atmospheric window. This metamaterial can be
manufactured by a high-throughput, economical roll-to-roll method. The
schematic of this metamaterial emitter and theoretical and experimental
emissivity spectra are shown in Fig. 5(a). For this metamaterial, the
high performance in the mid-infrared emissivity is attributed to the
localized phonon polaritons supported by the SiO2 microspheres.
Ghanekar et al.91 proposed a Mie-resonance based metamaterial thermal
emitter for thermophotovoltaic applications, which consists of a thin
ﬁlm of SiO2 embedded with W nanoparticles on the top of tungsten
layer, as shown in the left panel of Fig. 5(b). A broadband high
emissivity (presented in the right panel of Fig. 5(b)) was achieved in the
wavelength range of 0.4 μm to 2 μm, which is suitable for GaSb and
InGaAs based photovoltaic cells. This enhancement of emissivity is due
to the Mie resonances in the W nanoparticles, which can be captured by
a Maxwell-Garnett-Mie effective medium model. In this model, the
effective permittivity is expressed as

e eff - 1 2p i
=
r a1
e eff + 2 k 3

(4)

in which a1 is the ﬁrst-order Mie coefﬁcient denoting the electric dipole
excitation, k is the wavenumber in the background medium and ρ is the
number density of nanoparticles for monodispersed media. A similar
formula can be obtained for effective permeability if the magnetic
dipole is excited. Note these formulas are derived on the basis of the
local ﬁeld approximation for randomly distributed nanoparticles.92 In
addition, another notable work using Mie resonances to enhance
thermal emission is the one conducted by Asano et al.,93 which
combined the interband transitions and the Mie resonances in intrinsic
Si nanorods to realize a high thermal emissivity in the near-infrared-tovisible range. Although the experimentally fabricated structure was
composed of ordered arrays of Si nanorods, it is expected that a
disordered array can also exhibit a comparably high emissivity because
the performance mainly depends on the optical response of individual
nanorods rather than their spatial arrangements.
Micro/nanoporous materials can also be used as disordered
metamaterial emitters. For instance, Kong et al.94 proposed a random
metamaterial thermal emitter based on three-layer structures, which is
composed of an insulator (SiO2) layer sandwiched between a continuous
metallic (W) ﬁlm and a randomly perforated metallic ﬁlm,
schematically shown in the left panel of Fig. 5(c). In the right panel of
Fig. 5(c), it is demonstrated that this metamaterial is able to strongly
absorb/emit electromagnetic radiation in a narrow band (centered
around 1μm) due to the near perfect impedance matching to the vacuum
impedance. Cui and coworkers 96,97 demonstrated nanoporous
polyethylene (nanoPE) microﬁbers can be tailored to achieve a low
thermal emission and high transmission spectrum in the midinfrared
© Engineered Science Publisher LLC 2019

atmospheric transparency window, leading to radiative cooling textiles
for human skin. Other textile materials like porous poly(vinylidene
ﬂuoride-cohexaﬂuoropropene) [P(VdF-HFP)HP] coatings98 were also
investigated. In addition, it is also interesting that vanadium dioxide
(VO2) can be regarded as a natural disordered metamaterial99 when it is
at an intermediate state of its metal-insulator transition determined by
temperature, which comprises nanoscale islands of metal and dielectric
phases. This property allows people to control the thermal emission
spectra by temperature. Another recently notable work is the aperiodic
multilayered metamaterial emitter proposed through the Bayesian
optimization method, which is a design algorithm based on machine
learning.95 In that work, in order to achieve an ultranarrow-band
wavelength-selective thermal emitter, the optimal conﬁguration of
multilayers was efﬁciently identiﬁed from over 8 billion candidates
consisting of multiple components (Si, Ge, and SiO2) for a given target
infrared wavelength. The resulting optimized structure is an aperiodic
multilayered metamaterial exhibiting high and narrow-band emissivity
with a quality factor of 273. Fig. 5(d) shows the TEM graph of the
fabricated optimal structure operating at 6μm and the experimentally
measured emissivity spectra.

5. Emitters based on metasurfaces
Metasurfaces are usually regarded as a new branch of metamaterials in
two dimensions, which are generally composed of planar and
subwavelength meta-atoms (which can be resonant or not) in a periodic
or aperiodic arrangement.100-103 The thickness of a metasurface is usually
ultrathin with respect to the wavelength of interest (that is, optically
thin). Speciﬁcally, the electromagnetic response of the whole
conﬁguration can be artiﬁcially tailored by engineering an individual
resonant meta-atom, including the shape, size and composite material,
and also the spatial and orientational arrangements of these metaatoms.100-103 In the ﬁeld of nanophotonics, we have witnessed the rapid
development of metasurfaces in the past several years, which provide
unprecedented opportunities of manipulating the amplitude,104 phase,105
polarization106 of electromagnetic waves and foster exciting applications
in imaging,107 sensing,108 information processing109 and energy harvesting
and conversion.110
Since we note in many works, MIM structures are also called
metasurfaces, e.g., Refs. [16, 111-114], which are already discussed in
previous sections and very common in designing thermal emitters,16, 111-114
herein we do not review these works. In fact, the distinction between
the metasurface and 2D grating and photonic crystal is that the former is
composed of optically thin planar subwavelength micro/nanostructures.
In this sense, some thin MIM structures composed of wavelength-scale
units cannot be regarded as standard metasurfaces although they might
also be optically thin, e.g., Ref. [112]. The most confusing type is those
MIM structures with subwavelength-scale elements, e.g., Ref. [66].
However, for these structures, the coupling between top metallic
structures and bottom metallic layers is critical for the performance.
They cannot be regarded as metasurfaces either, because the working
principle is fundamentally different from standard metasurfaces. In other
words, these structures can only be dubbed “planar metamaterials”.115 In
addition, they are also different from the so-called few-layer
metasurfaces in which each individual metasurface layer can work
independently.116-118 Therefore, in this review, according to the scale of
composing elements with respect to the wavelength, 2D MIM structures
can be classiﬁed as gratings or metamaterials. In Table I presented in
the Appendix, we also give a simple classiﬁcation of different
micro/nanostructures based on the characteristic length scales of three
dimensions.
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Consequently, in the section, we mainly review two types of
metasurface-based thermal emitters, including all-dielectric and phasegradient metasurfaces. They are composed of planar subwavelengthscale elements, and have been extensively studied in the nanophotonics
community but received less attention in the thermal radiation
community. They indeed show promising prospects for compatible
integration in micro/nano devices for thermal radiation control.
Dielectric materials102 possessing strong Mie resonances when the
characteristic sizes of structures are compared with the incidence
wavelength represent an alternative route to control thermal
emission/absorption. Although the intrinsic loss is low for dielectric
materials, strong microstructure-induced resonances can be designed to
tailor thermal emission. For example, by changing the height or diameter
of nanopillars and nanocones, Wang et al.119 experimentally demonstrated
Si-based metasurfaces to achieve broadband absorption/emission
covering the whole visible range (300~1000 nm). The intrinsic
mechanism was attributed to coupling between Mie resonances and
Wood-Rayleigh anomaly effects. Similarly, Länk et al.120 designed
polarization-independent silicon absorber/emitter via tuning the
interference between electric and magnetic dipoles of the meta-atoms.
In particular, they employed the hole-mask colloidal lithography
technique121 to fabricate homogeneous metasurfaces with short-range
translational order as shown in the left panel of Fig. 6(a), and the right
panel of Fig. 6(a) shows the reﬂectance spectra, which are almost
polarization-independent. By exploiting the ﬁrst Kerker condition
(namely, the electric and magnetic dipole are of the same amplitude and
interference constructively) combined with lattice resonances, Yang et
al.122 proposed an a-Si nanoantenna-based metasurface narrowband
high-efﬁciency absorber/emitter working at near-infrared region as
illustrated in Fig. 6(b). In this structure, the spectral overlap between
electric and magnetic dipoles (i.e., the ﬁrst Kerker effect) leads to the
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high-quality-factor absorption/emission peak.
A unique feature of metasurfaces, fundamentally different from
previously discussed metamaterials, is that the meta-atoms can be
arranged in a way to induce a phase gradient and geometric phase,
which can lead to the generalized laws of refraction and reﬂection and
spin-orbit coupling for electromagnetics, thus achieving more exotic
manipulation of light transport than previous micro/nanostructures.125
For example, Chalabi et al.123 demonstrated a structured SiC surface, in
which a phase gradient ∂φ/∂x was inscribed by judiciously designing
the distribution of nanostructures, as shown in the left panel of Fig. 6(c).
This artiﬁcial phase gradient can mimic that of a lens and therefore
make the emitted thermal radiation focused. It can be also understood as
an extra momentum that adds to the emitted waves.115 The performance
of this thermal radiation lens is given in the right panel of Fig. 6(c).
Based on an elaborate local rotation of the anisotropy axis of SiC
nanorod arrays (left panel of Fig. 6(d)), Dahan et al.124 induced a
geometric phase (or called Pancharatnam-Berry phase) for the transport
of the emitted thermal radiation, resulting in a splitting of dispersion
relations for left- and right- circularly polarized radiation. As a result,
this metasurface can emit different circularly polarized thermal radiation
at different wavelengths, as indicated in the right panel of Fig. 6(d). We
envision that this type of metasurfaces using phase gradient and
geometric phase can be elaborated to achieve much more versatile
thermal radiation control, while only a few works have been conducted.

6. Reconﬁgurable thermal emitters
For most of aforementioned thermal emitters, their emission peaks are
usually ﬁxed at certain wavelengths and cannot be actively tuned after
fabrication. In order to dynamically manipulate thermal emission and
realize multiple functions in a single micro/nanostructure, a variety of

Fig. 6 Metasurface-based thermal emitters. (a) Schematic (Left panel) and reﬂectance spectra for different polarizations (Right panel) of a dielectric
metasurface perfect absorber/emitter composed of Si nanopillars. The metasurface operates in a total internal reﬂection conﬁguration. Reprinted with
permission from Ref. [120]. Copyright 2017, American Chemical Society. (b) Schematic of an a-Si metasurface narrowband absorber/emitter based on
the ﬁrst Kerker condition and lattice resonances, in which the rightmost panel indicates that the overlap of electric dipole (ED) and magnetic dipole
(MD) in a lossy system can induce narrowband absorption/emission. Reprinted with permission from Ref. [122]. Copyright 2018, American Chemical
Society. (c) (Left panel) Schematic of SiC metasurface to focus thermal radiation. (Right panel) Thermal emission distribution at different height above
the surface at the frequency ω = 1.66×1014 rad/s. Reprinted from Ref. [123]. Copyright 2016, American Physical Society. (d) (Left panel) SEM image of
the rotated antenna array. (Right panel) Thermal emission spectra for differently circularly polarized radiation, where σ = ±1 stands for right and left
polarization, respectively. Reprinted from Ref. [124]. Copyright 2010, American Physical Society.
26 | ES Energy Environ., 2019, 6, 18–38
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methods have been proposed such as mechanical stretching,126 electric
modulation,127 thermal control128 and so on. For a recent review on
reconﬁgurable metamaterials/metasurfaces, one can refer to Ref. [129].
Here we only focus on the dynamic modulation on thermal radiation.
Thermal control is one of the most commonly used methods to
tune the thermal emissivity of designed emitters, since there are some
available materials whose optical properties strongly depend on the
temperature, like VO2 and Ge2Sb2Te5 (GST). For example, Sun et al.130
designed a VO2-based thermal emitter, as shown in Fig. 7(a), exhibiting
a dual-band high emissivity in the two atmospheric windows (3-5 μm
and 8-14 μm) at room temperature, while at high temperature, the highemissivity band can be shifted to 5-8 μm. This reconﬁgurable emitter
can be ﬂexibly utilized to achieve active radiative cooling. Qu et al.128
proposed Au/GST/Au emitters (see Fig. 7(b)), whose maximum
emissivity can be higher than 0.7 in experiments. They found when the
GST is altered from amorphous phase to crystalline phase via controlled
temperature, the coupling between high-order magnetic mode and antireﬂection mode takes place, thus leading to a spectral shift of emission
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peak from 6.51 to 9.33 µm. Similarly, another tunable thermal emitter
working in the range of 2~4 µm based on Au/SiO2/GST/Au was also
demonstrated in Ref. [124], in which it was shown that the emissivity
can be optimized via the period of upper Au arrays, as presented in Fig.
7(b). Moreover, by taking advantage of strain-induced buckling based
on an elastomeric substrate polydimethylsiloxane (PDMS) (see Fig.
7(c)), Moridani et al.119 has realized tunable infrared radiation in three
wavelengths attributed to controlled periodicity of the plasmonic
metasurfaces.
However, the modulation speed of aforementioned methods
controlled by temperature or mechanical stretch is relatively low.
Electric modulation based on 2D materials,136 varactor/PIN diodes,132
doped semiconductors,137-139 liquid crystals140 is a promising way to
improve the modulation speed. For example, Vasant et al.132 designed an
electrically controlled THz thermal emitter combining with thin GaAs
quantum well (QW), as shown in Fig. 7(d). The electron density in QW
(layer-b in Fig. 7(d)) and thus its refractive index can be tuned by
applying an external voltage between metallic grating (layer-a in Fig.

Fig. 7 Reconﬁgurable thermal emitters. (a) Illustration of a unit cell of VO2-based thermal emitter. Reprinted with permission from Ref.130. Copyright
2019, Optical Society of America. (b) Schematic of the Au/GST/Au emitter. Reprinted with permission from Ref. [128]. Copyright 2017, Wiley-VCH
Verlag GmbH & Co. KGaA, Weinheim. (c) Schematic of the radiometric experiment setup based on elastomeric substrate. Reprinted with permission
from Ref. [126]. Copyright 2017, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (d) Schematic of a THz thermal emitter controlled by a gate
voltage, in which a is gold grating, b is a GaAs quantum well, c and d are Al0.5Ga0.5As spacer and n-doped GaAs substrate respectively. A gate voltage is
implemented between the grating and the substrate. Reprinted with permission from Ref. [132]. Copyright 2013, AIP Publishing. (e) Schematic of the
temporal evolution of thermal emission in photoexcited intrinsic semiconductors. Reprinted with permission from Ref. [133] under the terms of the
Creative Commons Attribution 4.0 International License. (f) Conﬁguration of an electrically tunable III-V–based emitter, along with the emissivity
spectra under different external conditions. Reprinted with permission from Ref. [134] under the terms of the Creative Commons Attribution 4.0
International License. (g) Schematic of the MEMS metamaterial emitter, including “on” (left panel) and “off” (right panel). Reprinted with permission
from Ref. [135]. Copyright 2017, Optical Society of America.
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7(d)) and the substrate (layer-d in Fig. 7(d)), which directly inﬂuence
the thermally excited SPhP modes conﬁned in the single QW and then
modulate the emission peak. By combining the multiple QW with
photonic crystal slabs, Inoue et al.141 presented a realization of dynamic
thermal emission control with a high modulation rate. In Fig. 7(e), Luo
et al.127 proposed to modulate the thermal emission of semiconductors
like Si in time domain. By controlling the carriers in materials, it is
promising to design ultrafast thermal emitters under nanosecond
modulation, as well as controlled spectral and spatial features. Similarly,
Fig. 7(f) demonstrates an electrically tunable thermal emission,
proposed by Park et al.,134 by adding active InAs layers into Al/Al2O3/Al
metasurfaces (dt ≈ 630 nm). The emission peak (around 7.3 μm) can be
shifted to short or long wavelength via varying the charge density in
low-doped (n+) InAs layer. In addition, Liu and Padilla135 proposed a
new route to achieve reconﬁgurable thermal emission by integrating
metamaterials with micro/nanoelectromechanical systems as illustrated
in Fig. 7(g). The modulation speed can be as higher as 110 kHz, paving
an alternate way to realize real-time control of thermal radiation.

7. Applications
7.1 Directive, polarized, and/or narrowband thermal emitters
The most direct application of micro/nanostructured thermal emitters is
to invent novel thermal radiation sources that are totally different from
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conventional thermal radiators whose emission proﬁle is usually
omnidirectional, unpolarized and broadband. A variety of directive,
polarized or narrowband thermal emitters have been designed and
manufactured in the recent years based on different micro/nanostructures
and materials.
One of the earliest works on directive thermal emitters is the one
proposed by Greffet et al.,32 as discussed in Section 2, by using the
diffraction of surface phonon polaritons in SiC gratings. Inampudi and
Mosallaei142 theoretically proposed a method to mitigate the angular
dispersion (change of emission angle with frequency) by inserting
bundled graphene sheets into the SiC substrate and SiC gratings, as
schematically shown in Fig. 8(a). This method achieved a substantially
lower angular dispersion of 16º in a relatively broad wavelength range
of 11-12 μm than that of a single SiC grating (about 30 º), as
demonstrated by the lower panel of Fig. 8(a). Moreover, by using a
dielectric grating on the SiC substrate a signiﬁcantly low angular
dispersion around 4 º can be obtained, although in this circumstance the
emissivity is reduced.
For narrowband thermal emitters, there are also a great deal of
works, some of which are already discussed in previous sections, for
example, Refs. [74, 80, 95]. A general method to achieve extremely
narrowband thermal emission is to exploit some high-quality-factor
electromagnetic resonances. The SPhPs in SiC, whose quality factor is

Fig. 8 Directive, narrowband and polarized thermal emitters. (a) (Top panel) A directional thermal emitter composed of a SiC grating and substrate with
bundled graphene sandwiched between them. (Bottom panel) The angle-resolved emissivity spectra before and after inserting the bundled graphene.
Reprint with permission from Ref. [142]. Copyright 2017, American Physical Society. (b) Ultranarrowband thermal emitters. (Left panel) Schematic and
SEM graph of the thermal emitter based on a 2D MQW photonic crystal. (Right panel) Experimentally measured emission intensity and emissivity
spectra of the emitter at different bias voltages that tune the ISB absorption, with quality factors given. Reprinted from Ref. [148]. Copyright 2015,
American Physical Society. (c) A metasurface thermal emitter that radiates circularly polarized light. (Left panel) The experimental setup to resolve the
polarization states of the thermally emitted radiation, where QWP is a quarter-wave plate, P is a linear polarizer. (Right panel) A SEM graph of the
metasurface and the measured dispersion relations for the two photon spins. Reprinted with permission from Ref. [152]. Copyright 2013, American
Association for the Advancement of Science. (d) A metamaterial that thermally emits circularly polarized radiation in a narrowband. (Left panel)
Schematic of the metamaterial with geometric parameters a = 10 μm, b = 4 μm, c = 2 μm. (Right panel) Thermal emissivity spectra for LCP and RCP
radiation, along with the DCP for right polarized radiation. Reprinted with permission from Ref. [153]. Copyright 2018, American Physical Society.
28 | ES Energy Environ., 2019, 6, 18–38
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around 50-100, are good candidates, while conventional SPPs in
metallic nanostructures can only be used for the circumstances that are
not demanding in the emission linewidth due to their lower quality
factor usually around 10.74 However, some elaborately designed
plasmonic states with high quality factor, like the Tamm plasmons
(TPs), can achieve ultranarrowband thermal emission. For example, a
typical TP structure composed of a metal and distributed Bragg reﬂector
(DBR) was experimentally shown to exhibit a narrow thermal emission
peak with a quality factor of 36.5.143 Moreover, recently Zhu et al.144
proposed an ultranarrow band thermal emitter based on a bilayer cavityenhanced TP structure, which consists of a high/low refractive index
bilayer sandwiched between a metal and DBR. The inserted high/low
refractive index bilayer cavity can simultaneously enhance the quality
factor and emissivity compared to the conventional DBR-metal TP
structure. Theoretical quality factor for this modiﬁed structure can
achieve ~453. The experimentally measured quality factor was shown
to be ~172, with a peak emissivity ~0.7. Another good choice is the
ultranarrow intersubband transitions (ISB-Ts) in doped semiconductor
QWs whose typical FWHM is around 50 to 100 cm-1. By appropriately
modifying the quantum well width, barrier height and materials, the
ISB-T wavelength can be tuned from the THz to near-infrared region,
and the absorption coefﬁcient of the ISB-T can be controlled by the
doping density. In this circumstance, narrowband thermal emission can
be reached by heating the quantum wells. It was demonstrated that the
thermal emission spectra of a MQW wafer for both TE and TM waves
can reach a linewidth as narrow as 11 meV.145 Moreover, by coupling
the MQW to photonic crystals and utilizing the band edge resonant
effect to achieve Q-matching, the linewidth can be further reduced, and
the emissivity can be signiﬁcantly enhanced. Using this method, De
Zoysa et al.145 realized an ultranarrowband thermal emitter with an
emission peak linewidth as narrow as 4.5 meV. Later, improved designs
of this type of composite nanostructures were proposed and an emission
peak near 1100 cm-1 with an impressively high quality factor over 150
can be obtained.146-148 A typical realization of this type of narrowband
emitters based on MQW 2D photonic crystals is presented in Fig. 8(b)
with a schematic and SEM graph of the fabricated structure, and the
experimentally measured emission intensity and emissivity spectra
indeed demonstrated high-quality factor peaks.148 Moreover, by utilizing
the van Hove singularities in the DOS periodic metallic structures,
Biener et al.149 realized an ultranarrowband thermal emitter based on a
metallic grating, which can, in theory, achieve high-quality-factor (Q =
2320) thermal emission near the narrow plasmonic band gap (around
11.6 µm), and a following experiment measured a Q = 460 emission
peak. However, the emissivity is relatively low (around 0.17). Similarly,
by critically coupling a ﬂat tungsten surface with the cavity (guided)
resonances of a dielectric photonic crystal slab, Guo and Fan150
numerically proposed a narrowband thermal emission with a near-unity
emissivity peak in the near-infrared range. Ali et al151 recently
numerically proposed a kind of all-dielectric midinfrared emitters with a
maximal Q-factor reaching 650, which is composed of an array of
elliptical Si resonators and a SiO2 layer sandwiched between the
resonator arrays and a Cu back reﬂector. These designs are promising
while further experimental veriﬁcation and demonstration are still
needed.
For thermal emitters that can radiate polarized electromagnetic
waves, there are also a variety of different schemes. Under the
Kirchhoff's law, polarization-dependent emission is equivalent to
polarization-dependent absorption. For linearly polarized radiation,
Ikeda et al.154 experimentally demonstrated a linearly polarized
midinfrared (2.5-5.5 μm) thermal emitter based on 1D subwavelength
gratings of narrow and deep (100-nm-wide, 1000-nm-deep trenches)
© Engineered Science Publisher LLC 2019
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rectangular cavities engraved on a Au surface. For circularly polarized
emitters, Wadsworth et al155 proposed a simple device which consists of
a circular polarizer (a meanderline quarter-wave plate) and an emitter,
with a transparent thermal insulating layer sandwiched between them.
Although this design is straightforward, its energy conversion efﬁciency
is low, and the experimentally measured degree of circular polarization
(DOCP) is around 28% due to the unavoidable thermal emission from
the polarizer. A similar device composed of a linearly polarized emitter
and a circular polarizer was also proposed by Song et al.156 However, it
is more desirable to realize an intrinsic circularly polarized thermal
emitter to avoid above bulky layer-by-layer structure. Generally, by
breaking the mirror symmetry of the system, circularly polarized
radiation can be generated. On this basis, two approaches are usually
used to achieve this goal. The ﬁrst is to apply an external magnetic ﬁeld
to induce the magneto-optic Kerr effect, for example, e.g., Ref. [157].
However, it is usually not convenient to apply a large magnetic ﬁeld,
and another natural idea is to resort to some chiral micro/nanostructures.
For instance, Lee and Chan158 theoretically proposed that a chiral layerby-layer photonic crystal structure can thermally emit predominantly
circularly polarized infrared light (around 12 μm), which arises from the
polarization-dependent photonic band gaps or the surface plasmons if
the photonic crystal structure is supported by a metallic substrate. Wu et
al.159 proposed a silicon-based chiral metasurface in which the mirror
symmetry is broken for a single meta-atom (like a broken “n”-shape). It
was shown that highly circularly polarized thermal radiation can be
achieved in this structure at a wavelength about 4.7 µm. Notably, some
metasurfaces that can introduce the spin-orbit interaction (SOI) of light,
that is, the coupling of the photon spin (or circular polarization) and the
extrinsic momentum (wavevector), can be engineered to thermally emit
circularly polarized light. For instance, Shitrit et al.145 demonstrated that,
by engineering the space-variant orientation angle for the nanoantennas
in the metasurface, a photon-spin-dependent wavevector shift can be
induced, which is called the optical Rashba effect as a manifestation of
SOI under broken inversion symmetry. Therefore, the degenerate
dispersion relations of different spins are split into two nondegenerate
dispersions, leading to spin-dependent thermal emissivities, as
demonstrated in Fig. 8(c), where σ± = ±1 indicates the photon spin
corresponding to right and left polarization states of light, respectively.
Note this behavior comes from the geometric phase generated by the
entire system rather than the chiral response of individual meta-atoms as
discussed in Section 5. Similar works include Refs. [124, 160].
Recently, Khandekar and Jacob161 theoretically predicted that circularly
polarized emission can be generated by using a compact dimer of
subwavelength anisotropic antennas when these antennas are under
thermal nonequilibrium (i.e., different temperatures). It was further
shown that the handedness of the emitted radiation is ﬂipped upon
interchanging the temperatures of the antennas.
Finally, let us discuss some works that can simultaneously realize
multiple functions. As a matter of fact, MIM metamaterials and
metasurfaces are widely used to realize thermal emitters which are
narrowband and directive at the same time. For instance, Costantini et
al.112 introduced a plasmonic MIM metastructure to control
simultaneously the spectrum and the directivity of blackbody radiation,
which can operate reliably at 600 °C with an emissivity higher than
0.85 in a narrow frequency band and in a narrow solid angle. It is
already noted from the metamaterial section (Section 4) that hyperbolic
metamaterials can also be designed to exhibit strong monochromatic
and directional thermal emission simultaneously, for instance the work
by Campione et al 87 based on In0.53Ga0.47As and 8-nm-thick undoped
Al0.48In0.52As multilayers. Barbillon et al.162 showed some type-II
hyperbolic materials that possess a Brewster angle can emit a highly
ES Energy Environ., 2019, 6, 18–38 | 29

Fig. 9 Radiative cooling thermal emitters. (a) A broadband, polarization-insensitive mid-infrared thermal emitter. (Left panel) Schematic and SEM graph of this metamaterial, which consists a square
lattice of conical pillars and each pillar is composed of alternating layers of aluminum and germanium. (Right panel) Experimental results of spectral absorptivity/emissivity for different geometric
parameters. Reprinted with permission from Ref. [166]. Copyright 2015, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (b) The calculated (at two different incidence angles) and measured
absorptivity/emissivity spectra of a metal-loaded dielectric resonator metamaterial for radiative cooling. The inset shows the fabricated microstructure. Reprinted with permission from Ref. [167].
Copyright 2017, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (c) A visibly transparent photonic crystal emitter. (Left panel) Measured emissivity/absorptivity spectra of the bare absorber (black
line), the absorber covered by a silica ﬁlm (blue line) and the absorber covered by the designed photonic crystal (red line), respectively, in the visible to near-infrared range. (Right panel) The
emissivity/absorptivity spectra of the solar absorbers at mid-infrared wavelengths. Reprinted with permission from Ref. [168]. Copyright 2015, National Academy of Sciences. (d) A double-layer
nanoparticle-based coating to achieve terrestrial radiative cooling. (Left panel) Photographs of the coatings composed of different nanoparticles and substrates. (Right panel) The emissivity spectra of the
double-layer coatings on an Al substrate. Reprinted with permission from Ref. [169]. Copyright 2017, Elsevier B.V.
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directional and p-polarized thermal radiation, and since the Brewster
angle weakly depends on the wavelength, this emitter can work in a
relatively wide spectral range. As previous mentioned, the SiC grating
structure is a typical highly directional and polarized thermal light
source.32 Dyakov et al.153 proposed that a slab ZnSe waveguide etched
with chiral microstructures of fourfold rotational symmetry can
thermally emit circularly polarized radiation in a narrowband, as
presented in Fig. 8(d). Because of the circularly polarized eigenmodes
supported by such metamaterial, it is seen that the degree of circular
polarization (DCP) can be as high as 0.87 at 13 µm for RCP and for
LCP, the DCP reached -0.73 (not shown in the ﬁgure), and the
narrowband emission arises from the Fano resonance nature of the
quasi-guided modes which are the interaction of the discrete guided
modes of the waveguide with the photon continuum in air. Notably, the
work by Inoue et al.147 presented a ultranarrowband (Q > 100) and
highly directive (an angular range of ~20 º near the normal direction)
thermal emitter that radiates TM polarized waves at a wavelength of 9.1
µm, which is an array of MQW rods that form a 2D photonic crystal
slab.
7.2 Daytime radiative cooling
Recently, there has been growing interest in designing micro/
nanostructured thermal emitters that can efﬁciently achieve radiative
cooling, that is, to utilize the capability of the Universe as cold sink
(with a temperature around 3K) through the radiative energy transfer
channel provided by the atmospheric window (8-13 µm) to cool down
terrestrial objects with a temperature around 300 K.163 In this
application, a highly emissive thermal radiator that work in the
atmospheric transparency window is the key component, which directly
determine the cooling power. Moreover, since for daytime terrestrial
radiative cooling it is vital to minimize the heating effect induced by the
absorption of solar irradiation, this kind of thermal emitter is required to
be highly reﬂective in the visible to near-infrared wavelength range.
Therefore, judiciously designed micro/nanostructures and appropriate
materials should be employed to achieve the required highly
wavelength-selective emissivity. In this subsection, we brieﬂy introduce
typical thermal emitters for radiative cooling, in which our focus is to
analyze how the combination of various micro/nanostructures and
materials can achieve the desired spectral properties. Other ﬁgure of
merits like cooling power, temperature reduction and long-time
performance will not be discussed in detail, since they are out of the
scope of this review, see Ref.[164] for more details. A recent review on
different micro/nanostructures can be found in Ref. [165].
Raman et al.170 introduced an integrated photonic solar reﬂector
and thermal emitter consisting of seven alternating layers of HfO2 and
SiO2, which can reﬂect 97% of the incident solar radiation and is highly
emissive in the atmospheric transparency window. In this seven-layer
structure, the top three layers with larger thicknesses are responsible for
the high mid-infrared thermal emissivity due to the combination of
phonon polaritonic resonance in SiO2 and the interference effects in the
three layers. At the same time, the bottom four thin layers, forming a
simple photonic crystal, are responsible for the high reﬂection in the
solar spectrum. Hossain et al.166 demonstrated a radiative cooling
thermal emitter based on an anisotropic and conical-shaped
metamaterial structure, as shown in Fig. 9(a). This metamaterial consists
a square lattice of conical pillars and each pillar is composed of
alternating layers of aluminum (Al) and germanium (Ge), where the
thickness of the Al layer is 30 nm and that of the Ge layer is 110 nm.
Experimental results veriﬁed that this metamaterial showed a
signiﬁcantly high in the midinfrared atmospheric transparency window,
as presented in Fig. 9(a). This broadband emissivity/absorptivity
© Engineered Science Publisher LLC 2019
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enhancement is attributed to the gradual absorption enhancement at
different positions of the conical pillars for different wavelengths,
arising from the ﬂat dispersion induced low group velocities in the pillar
waveguide, which was extensively discussed in similar metamaterial
structures.171, 172 Zou et al.167 devised a radiative cooling metamaterial
composed of a 2D array of dielectric resonators made of doped silicon
sandwiched between thin Ag layers on a doped silicon substrate. The
calculated and measured absorptivity/emissivity spectra are presented in
Fig. 9(b), where the inset shows the SEM graph of the fabricated
microstructure. It was demonstrated that two magnetic resonances, one
supported by the doped silicon resonator and another formed in the gaps
between Ag layers, contribute to the high emissivity in the mid-infrared.
It should be noted that a different spectral response should be
engineered for the radiative cooling emitters for solar absorbers and
cells, which are required to be, on the other hand, transparent in the
operating wavelength range of solar absorbers and cells. For instance,
Zhu et al.168 proposed a silica photonic crystals emitter used to
radiatively cool a solar absorber. It was demonstrated that the photonic
crystal is visibly transparent and does not affect the absorption of the
underneath absorber in the visible range, as shown in the left panel of
Fig. 9(c), with a SEM graph of the photonic crystal. On the other hand,
it is highly emissive in the mid-infrared as indicated in the right panel
of Fig. 9(c).
Disordered micro/nanostructures are indeed promising in large
scale radiative cooling. A notable work is the disordered metamaterial
based on a polymeric thin ﬁlm embedded with randomly distributed
SiO2 microspheres by Zhai et al.,14 as already discussed previously in
Section 4. Recently, this type of metamaterial has been demonstrated to
be capable of cooling down large thermal mass water to 10.6 oC below
the ambient temperature around noon under direct sunlight.173 Bao et
al.169 also proposed a simple type of double-layer nanoparticle-based
coatings to achieve terrestrial radiative cooling. This metamaterial
coating is composed of a reﬂective TiO2 nanoparticle layer on top of a
thermally emissive SiC (or SiO2) nanoparticle layer. Satisfactory
wavelength-selective emissivity spectra are observed, as illustrated in
Fig. 9(d). Moreover, Atiganyanun et al174 showed that a coating only
made of randomly packed silica microspheres can simultaneously
achieve a high thermal emissivity across the mid-infrared and a high
reﬂection for solar irradiation if the size of the microspheres and the
thickness of the coating are properly engineered. In a recent study, a
kind of completely deligniﬁed and densiﬁed wood composed of
cellulose ﬁbers was demonstrated as scalable radiative cooling
emitters.15 Recently, there have been a variety of works using simple
two-layer or three-layer (bulk) structures to achieve daytime radiative
cooling efﬁciently, which are low cost and lithography-free (even some
are made of bulk materials), for example, Refs.[175-177].
7.3 Thermophotovoltaics (TPV)
Thermophotovoltaic systems aim to convert thermal energy into
electricity by converting heat into electron-hole pairs in a low-bandgap
photovoltaic medium, which have a great potential in remote power
generation and waste heat harvesting. A conventional TPV system is
commonly comprised of a thermal emitter, an optical ﬁlter (antireﬂection coating), and a TPV cell. When the thermal radiation
provided by a broadband thermal emitter propagates through an optical
ﬁlter, which reﬂects the non-convertible thermal energy, then a selective
TPV emitter can be realized.178
On the other hand, the conversion efﬁciency of TPV can be
further improved by applying selective emitters based on PCs and
metamaterials. Nagpa et al.179 employed the directive laser writing
technique to fabricate a 3D molybdenum woodpile PC thermal emitter,
ES Energy Environ., 2019, 6, 18–38 | 31

Fig. 10 Emitters for thermophotovoltaics. (a) A 3D molybdenum woodpile PC thermal emitter designed for a TPV cell. (Left panel) The measured absorptivity/emissivity (1-R) spectrum (blue curve)
with an inset showing the schematic of the emitter. The measured thermal emission spectrum (green curve) is also presented in comparison with the calculated thermal emission spectrum at 620 °C (red
curve), and the calculated blackbody spectrum (black curve) at 620 °C. The gray shaded area denotes the wavelength range in which InGaAsSb photocells can have an external quantum efﬁciency
above 50%. Reprinted with permission from Ref. [179]. Copyright 2008, American Chemical Society. (b) (Left panel) Schematic of a solar TPV systems consisting of PC absorber and emitter, along
with SEM graphs of the fabricated PC structures. (Right panel) Normal emittance determined from the experimentally measured reﬂectance at room temperature (solid lines) and simulated normal
emittance (dashed lines) of the fabricated PC emitter, PC absorber, and ﬂat Ta absorber, all with HfO2 coating. Reprinted with permission from Ref. [180]. Copyright 2014, Wiley-VCH Verlag GmbH &
Co. KGaA, Weinheim. (c) A TPV system based on a metamaterial emitter. (Left panel) Image of the selective emitter (SE) and the SEM graph of the fabricated nanostructure. (Right panel) Spectral
properties of the components of the TPV system. Here DF indicates the dielectric ﬁlter, BB means blackbody, and EQE represents the external quantum efﬁciency of the InGaAs PV cell. Reprinted
with permission from Ref. [181]. Copyright 2018, Optical Society of America. (d) A TPV system based on a photonic crystal emitter composed of silicon rod arrays. (Left panel) The schematic (top)
and fabricated structure (bottom) of the silicon nanorod photonic crystal. (Right panel) The dependence of the measured conversion efﬁciency (red circles, the ratio of ingoing heat ﬂux to output electric
power) and output power density (black triangles) on the emitter temperature. Reprinted with permission from Ref. [182]. Copyright 2019, American Chemical Society.
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whose experimentally measured emissivity and emission power spectra
are shown in the left panel of Fig. 10(a). The right panel of Fig. 10(a)
gives the calculated results of the optical-to-electrical conversion
efﬁciency for the TPV cell as a function of the operating temperature if
a narrow band gap InGaAsSb PV cell is applied. It is found that the
optical-to-electrical conversion efﬁciency can be above 32% at a typical
operating temperature of 650 °C. Rinnerbauer et al.180 demonstrated a
2D PC thermal absorber/emitter pair comprising a square lattice of
cylindrical cavities etched into a Ta substrate and achieve a measured
system efﬁciency of 3.74% at a realistic target operating temperature of
1300 K, which exhibited more than twice the performance of nearblackbody absorber at the solar irradiance of 130 kW m−2. The
schematic and experimentally determined emittance spectra are
presented in Fig.10(b). Furthermore, Lenert et al.11 designed a complete
high-efﬁciency solar TPV (STPV) device with an experimental
efﬁciency of 3.2%, in which Si/SiO2 multilayer PC structure was
fabricated as the selective thermal emitter. The emission spectrum was
designed to match the band gap of the PV cell (0.55 eV-bandgap
InGaAsSb PV cell), crucial to the relatively high conversion efﬁciency.
Woolf et al.181 experimentally demonstrated the ﬁrst metamaterial
selective emitter for TPV. The thermal emitter consisted of an array of
platinum pucks separated from a platinum backplane by the Al2O3 layer,
whose SEM graph is given in Fig. 10(c). It was demonstrated that this
system has a thermal-to-electrical power conversion efﬁciency of
24.1±0.9% at an operating temperature of 1055 °C, in which a 0.6 eV
band gap In0.68Ga0.32As PV cell was used, and the spectral properties of
the components are shown in the right panel of Fig. 10(c). Recently,
Suemitsu et al.182 experimentally investigated a TPV system consisting
of a silicon rod photonic crystal as thermal emitter (see Fig. 10(d)) with
a relatively narrow emission spectrum and a photovoltaic cell with a
band gap corresponding to 1.76 μm (InGaAs PV cell). The power
generation efﬁciency was also measured, reaching 11.2% at an
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operating temperature of 1338 °C, as presented in the right panel of Fig.
10(d). They further discussed that if excluding the losses that can be
reduced via upscaling, the system efﬁciency of 14.5% could be
obtained, and by further improving the contact grid design of the PV
cell an even higher efﬁciency about 19.4% could be expected.
7.4 Thermal camouﬂage
Thermal camouﬂage, which possesses the ability to disguise and hide
the object in the background based on their radiation difference, has
attracted growing attention recently. In general, there are two types
thermal-controlled methods to design thermal camouﬂage devices,
including conduction-based thermal camouﬂage and radiation-based
thermal camouﬂage. Usually, the realization of conduction-typed
camouﬂage is on the base of transformation thermotics.183-186 In this
review, we mainly focus on the recent progress of radiation-typed
camouﬂage.
By tailoring thermal emissivity of encapsulated materials, it is
possible to disguise the infrared detectors. This thermal camouﬂage is
achieved mainly by reducing thermal emissivity to match the
background. For example, in Fig. 11(a), Lee et al.20 proposed MIMbased emitter to achieve infrared camouﬂage, which possesses a low
emissivity in atmospheric windows (detected bands) (3 ~ 5 μm and 8 ~
14 μm) and high emissivity in undetected band (5 - 8 μm). For a
targeted temperature, the desirable performance can be realized by
changing the radius of nanodisks. Recently, many researchers tend to
combine active materials to achieve tunable thermal camouﬂage. For
instance, Qu et al.21 have successfully demonstrated dynamically
thermal camouﬂage by employing phasing-changing materials GST as
shown in Fig. 11(b). Near perfect camouﬂage function can be
maintained covering a broad background temperature (30 oC - 50 oC)
and a wide range of observation angle (0 - 60 °), which indeed
stimulates a new branch of thermal camouﬂage technology. Besides,

Fig. 11 Thermal camouﬂage. (a) Schematic of the unit cell of thermal emitter for thermal camouﬂage in Ref.20. Reprinted with permission from Ref.
[20]. Copyright 2019, American Chemical Society. (b) The experimental setup for GST-based thermal camouﬂage (left) and emissivity spectra of GST
material at two phase (right). Reprinted with permission from Ref. [21] under the terms of the Creative Commons Attribution 4.0 International License.
(c) Schematic of thermal surface composed of multilayer-graphene electrode, a porous polyethylene membrane and a black gold-electrode coated on
heat resistive nylon. The two right ﬁgures show thermal camera images of designed device under the voltage bias of 0 and 3V. Reprinted with
permission from Ref. [187]. Copyright 2018, American Chemical Society. (d) Schematic of the adaptive thermal camouﬂage. Reprinted from Ref. [188].
Copyright 2015, American Chemical Society.
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graphene-based thermal camouﬂage devices (see Fig. 11(c)) has also
been designed by introducing intercalation of a nonvolatile ionic liquid
into graphene layers using porous substrate.187 This type of tunable
camouﬂage can work at full mid-infrared region, and electrical control
of thermal emissivity (0.3 - 0.8) can be achieved in real-time, exhibiting
outstand adaptive camouﬂage functions by disguising hot surface as
cold one and vice versa. Furthermore, in Fig. 11(d), Xiao et al.188
demonstrated a VO2/graphene/CNT (carbon nanotube) metasurfaces to
achieve adaptive thermal camouﬂage, showing large tunability in
engineering thermal emissivity. Speciﬁcally, the VO2 phase transition
can be dynamically driven by graphene/CNT, which has been designed
to achieve dynamical manipulation of thermal radiation of objects being

similar to the background. This thermal camouﬂage metadevice exhibits
a switchable response, lower power consumption and high stability,
which can also be applied to diverse substrates.

8. Summary and Outlook
In this paper, we give an overview of micro/nanostructures to control
far-ﬁeld thermal emission. Various thermal emitters based on different
micro/nanostructures including gratings, photonic crystals, metamaterials
and metasurfaces are reviewed and some important applications based
on them, such as directive, narrowband and polarized thermal light
sources, thermophotovoltaics, thermal camouﬂage and radiative cooling,
are also summarized. We also discuss some works that have realized

Table 1 Typical classiﬁcation of different micro/nanostructures.
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*Here 3D metasurface is equivalent to the so-called few-layer metasurface that consists of several cascaded metasurfaces.
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reconﬁgurable thermal emission.
This paper is not intended to be an exhaustive review and it is
also not possible for us to make it exhaustive because there are so many
excellent works in the last several decades trying to tailor far-ﬁeld
thermal emission using different micro/nanostructures and materials
based on different design principles. In the following, we try to present
some very personal perspectives.
From a fundamental point of view, following the line of the
development of micro/nanostructures, metasurfaces are, to some extent,
the most promising structures to achieve versatile, multifunctional and
efﬁcient manipulation of far-ﬁeld emission. More importantly, they can
be more easily integrated with each other or into other nanodevices than
other types of micro/nanostructures. In this sense, we can say that
metasurfaces are the “structures of the future generation”. On the other
hand, from a practical point of view, different structures have their own
advantages and should be carefully chosen according to the
requirements of concrete applications. And in particular, it is very much
inspiring to see that some disordered metamaterials have been
successfully demonstrated to be put forward to large-scale practical
applications, like the radiative cooling metamaterial coatings.173
From previous discussions, we can see that the study of
controlling thermal radiation has beneﬁted a lot from the rapid
developments of nanophotonics and nanooptics. In this respect, we also
envisage that the prosperity of topological photonics,189 non-Hermitian
optics190 and quantum nanophotonics191 in recent years will bring new
concepts to the micro/nanoscale control of thermal radiation. For
example, the connection between topological photonics and thermal
radiation has been made theoretically by a recent work of Silveirinha.192
Non-Hermitian selective thermal emitters exhibiting passive PTsymmetry at 700 oC were very recently demonstrated by Doiron and
Naik,193 in which a PT phase transition makes the dual emission peaks
converges into a single emission peak in the parameter space. Ridolfo et
al.194 theoretically showed that the photon statistics of thermal radiation
emitted from a cavity quantum electrodynamics (QED) system in the
ultrastrong coupling regime vastly differs from conventional statistics of
thermal photons, which implies a possible way to tailor the photon
statistics of thermal radiation using quantum nanophotonic tools.
On the other hand, the discovery of novel nano- and quantum
materials, like graphene, transition metal dichalcogenides (TMDs),195
black phosphorus,196 other 2D materials and their heterostructures,197,198 as
well as topological insulators and superconductors,199 drastically expands
the fundamental limits of our scope into the extreme nanoscale (even
the atomistic scale). The tunability of their electronic and optical
properties is impressive. The unconventional and rich optical
phenomena in them can offer a promising platform for realizing exotic
thermal radiation phenomena and achieving high thermal radiation
emission performance.200, 201 One possible idea is to thermally excite
topologically protected edge currents in topological insulators to achieve
narrowband thermal emission that is protected and very robust over
imperfections and disorder. This is helpful for novel thermal radiation
sources and detectors. In practice, there are still many physical
mechanisms not fully explored, and the nanofabrication, compatible
integration and high-precision measurement remain demanding.
Nevertheless, we are still looking forward to the applications of these
interesting materials in manipulating far-ﬁeld thermal emission.
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Appendix
As a summary of the discussion in the maintext, here in Table I, we
present a simple classiﬁcation of typical micro/nanostructures for
thermal emitters based on the length scale at different dimensions with
respect to the radiation wavelength of interest to aid the readers. Here,
without loss of generality, d x = dx / l , d y = dy / l , d z = dz / l are normalized
characteristic length of micro/nanostructures with respect to the
wavelength l. The Cartesian coordinates are chosen such that z indicates
the dimension of thickness (aligned with normal emission/incidence
direction) and x, y are in-plane dimensions. We use Lz = Lz / l to denote
the normalized thickness of the emitter. Here d ® ¥ means inﬁnitely large
(namely, no patterned micro/nanostructures) and " L means the length is
arbitrary (but not inﬁnitely large or small in practice).
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