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Controlling and detecting thermal radiation is of vital importance for varied applications
ranging from energy conversion systems and nanoscale information processing devices
to infrared imaging, spectroscopy, and sensing. We review the field of high-temperature
thermal photonics, which aims to control the spectrum, polarization, tunability, switchability,
and directionality of heat radiation from engineered materials in extreme environments.
We summarize the candidate materials that are being pursued by the community that have
simultaneous polaritonic/plasmonic properties as well as high-temperature stability. We
also provide a detailed discussion of common photonic platforms, including metagratings,
photonic crystals, and metamaterials used for thermal emission engineering. We review
broad applications, including thermophotovoltaics, high-temperature radiative cooling,
thermal radiation sources, and noisy nanoscale thermal devices. By providing an overview of
the recent achievements in this field, we hope this review can accelerate progress to overcome
major outstanding problems in modern thermal engineering.
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1. INTRODUCTION

The field of high-temperature thermal photonics deals with the control of radiative heat by
nanostructures, metamaterials, photonic crystals, and engineered materials (Table 1). The
key properties of radiation excited by thermal agitation include the spectrum (temporal
coherence), polarization (spin), directivity (spatial coherence), and total energy conversion
efficiency. Blackbody thermal radiation is spectrally peaked at room temperature in the
mid-infrared spectrum, often called the long-wave infrared (LWIR) region, whereas at
high-temperature the thermal energy density shifts to the near-IR and visible spectrum.
This broad spectral change with temperature poses unique challenges for arbitrary control
over thermal radiation. This endeavor requires intertwined strides in fundamental radiative
heat transfer theory, nanomaterials development with desired properties and simultaneous
robustness, computational design of optimal nanostructures, and high precision extreme
environment thermal metrology.

The theoretical foundations of the field are connected firstly to Planck’s law of black-
body radiation.1 This specifically connects the spectrum of heat radiation to the Bose-
Einstein distribution of photons and the quantum of energy in a bosonic harmonic oscil-
lator. For practical engineering applications, researchers appeal to Kirchhoff’s laws which
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TABLE 1: Summary of common photonic structures in high-
temperature thermal emission engineering

Strucutures Refs.

Gratings
1D gratings 2, 3
2D gratings 4, 5

Bullseye gratings 6, 7

Metasurfaces
Plasmonic metasurfaces 8, 9
Polaritonic metasurfaces 10, 11

Semiconductor metasurfaces 12, 13

ENZ materials
ENZ coatings 14, 15

ENZ/hyperbolic metamaterials 16, 17
Arbitrarily shaped ENZ bodies 18

Photonic crystals

1D multilayer stacks 19, 20
2D air-hole arrays 21, 22

3D woodpile structures 23, 24
3D inverse-opal structures 25, 26

Nanotube systems
CNT films/bundles 27, 28
Individual CNTs 29, 30

BNNTs 31

Others
Quantum wells 32, 33

Cold-side filtering 34, 35

state that the angle-resolved thermal emission spectrum can be designed directly by en-
gineering the angular absorption spectrum.36 Important theoretical frontiers are related to
generalizing Kirchhoff’s laws for nonequilibrium37–39and nonreciprocal40,41systems and
also quantifying properties like spin,39,41 which were overlooked previously. The near-
field radiative heat transfer requires fluctuational electrodynamics theory, fundamentally
beyond conventional Kirchhoff’s laws. This technique, pioneered by Rytov, rests on the
fluctuation-dissipation theorem,42 also known in different research communities as the
Kubo formalism, Callen-Welton theorem, and Johnson-Nyqvist noise. The most striking
physical phenomenon predicted by Rytov’s theory is super-Planckian thermal emission,
which is connected with the ability of polaritonic materials and engineered metamaterials
to enhance radiative heat transfer beyond Planck’s far-field blackbody limit.

Figure 1 shows the central concept of thermally excited polaritons and contrasts it from
other research areas of light-matter interaction. The plasmon-polariton, which is a collec-
tive oscillation of the free electrons of a metal with light, was first discovered [Fig. 1(a)]
by excitation using fast electrons.43 Subsequently, optical laser excitation [Fig. 1(b)] us-
ing unique momentum matching techniques was made possible for applications such as
nanoscale biosensing.44,45 The modern techniques of coupling to surface plasmon
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FIG. 1: Excitation methods for plasmon/phonon polaritons. (a) An incident-free electron
beam induces a plasmon excitation in the material. (b) Evanescent waves which can be
generated via total reflection at the bottom interface of a prism excite surface plasmons by
directly coupling. (c) A single quantum dot excites surface plasmons by directly coupling to
the plasmonic waveguide. (d) Heating plasmonic/polaritonic materials to high-temperatures
thermally excites the plasmon/phonon polaritons.

polaritons (SPPs) is quantum optical in nature [Fig. 1(c)], where a single quantum emitter
spontaneously emits a single plasmonic mode.46 The recent frontier in the field is related
to thermal excitation [Fig. 1(d)] of phonon polaritons and plasmon polaritons for high-
temperature applications.

One major challenge for the field is related to the development of materials which pos-
sess desired optical/IR properties and simultaneously exhibit stability to extreme thermal
environments. The optical polarizability and absorption losses are intimately connected to
the thermal emission but are also functions of temperature. A systematic classification and
categorization of high-temperature optical effects is underway to gain control over micro-
scopic mechanisms that affect key figures of merit. In this regard, thermal photonics is a
major application driver for the field of plasmonics and metamaterials, since absorption
losses are no more detrimental but are in fact necessary for optimal engineering. We re-
view in detail the candidate materials that are being pursued by the community, including
polaritonic dielectrics, high-temperature metals, intrinsic/doped semiconductors, and other
refractory plasmonics (Table 2).

As the scope of naturally occurring materials is limited, metamaterials, artificial mate-
rials that can be engineered to have desired optical properties at desired wavelength ranges,
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TABLE 2: Summary of common refractory materials in high-temperature thermal
photonics

Materials Characteristics

Polaritonic
dielectrics

SiC Low optical loss
Superior thermal stability

hBN Natural hyperbolic material
Highest optical phonon frequencies

Plasmonic
materials

Refractory metals Relatively high loss
(W, Pt, Ta) Weak plasmonic response

Intrinsic/doped semiconductors Tunable optical properties
(Si, III-V semiconductors, TCOs) Mature manufacturing techniques

Transition metal nitrides Good thermal stability
(TiN, TaN, ZrN, HfN) Strong plasmonic response

Graphene Large tunability
Superior thermal conductivity

are of interest to the thermal engineering community.47,48 In the area of high-temperature
thermal photonics, these metamaterials rest on refractory building blocks and generate an
array of unique thermal emission patterns. Here we review the high-temperature metama-
terials that are based on various electromagnetic resonances in natural refractory materials,
including plasmon-polariton resonances, phonon-polariton resonances, and interband tran-
sitions. We also highlight the advantages of epsilon-near-zero (ENZ) materials in tailor-
ing high-temperature thermal emission. We show that metamaterials with giant anisotropy
provide another unique approach to thermal emission engineering. Different dielectric re-
sponses along different optical axes can be used to achieve spatially distinct and inde-
pendently controllable thermal emission patterns. We also review the unique characteris-
tics of hyperbolic metamaterials, where the nontrivial hyperbolic topologies of photonic
isofrequency surfaces result in super-Planckian near-field radiative heat transfer as well as
strongly suppressed far-field thermal radiation.

Photonic crystals (PhCs), with the characteristic feature of photonic bandgaps, are also
widely used as high-temperature thermal emitters. As discussed in a subsequent section,
strongly suppressed thermal emission has been demonstrated within the bandgaps, while
enhancement can be realized by quality factor matching (Q-matching). We review the
design principles and experimental progress of metallic 2D PhCs and introduce the in-
verse opal 3D photonic crystals. We discuss their advantages in the application of high-
temperature thermal photonics compared with other photonic designs.

Additionally, we show that nanotube systems can also be exploited in thermal emission
engineering due to their unique 1D structures. We review the various applications of dif-
ferent carbon nanotube (CNT) systems, including ideal blackbody sources and high-speed
on-chip emitters. We also show that the tubular form of the hexagonal boron nitride (hBN):
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boron nitride nanotubes (BNNTs) can work as natural polaritonic thermal antennas with
striking high-temperature stability.

Figure 2 depicts one of the outstanding challenges for the field of high-temperature
thermal photonics. It shows a highly efficient “polaritonic globar.” Traditional globars are
widely used in industry as infrared spectroscopy sources and have current-driven broad-
band thermal emission. The globar is often made of silicon carbide (SiC) composites with
a flat emissivity spectra. One long-term goal for the field is not only to enhance the effi-
ciency of current-to-heat conversion but also to develop a multifunctional modern globar
with spectral as well as polarization control, tunability, switchability, and beam direction-
ality.

The fast development of high-temperature thermal photonics benefits many indus-
trial and scientific applications. Here, we also review the recent achievements of high-
efficiency thermophotovoltaics (TPV) systems, which are enabled by efficient solar ab-
sorbers and selective emitters based on a variety of refractory photonic designs, includ-
ing PhCs and metamaterials. We discuss the experimental demonstrations of high-speed,
highly directional, and narrow-band high-temperature thermal sources for broad applica-
tions, including gas sensing, illumination, and display. We highlight that these thermal
sources can be integrated into on-chip systems to achieve compact functional devices for
commercialization. We discuss the fundamentals and developments of radiative cooling
and show that this approach, which is initially proposed and experimentally demonstrated
at room temperatures, can be extended to the high-temperature regime, which is of vi-
tal importance for extreme environments, from industrial manufacturing to space explo-
ration.

The review is arranged as follows. We first provide an exhaustive list of properties of
high-temperature materials. This is followed by two sections on high-temperature metama-
terials and ENZ materials where the focus is on design methodologies to control far-field
thermal emission. The next section deals with the concept of thermal photonic crystals
where periodic microstructuring leads to controlled emission of thermally excited radi-
ation. We then go into details of various classes of nanotube emitters in Section 6. Fi-
nally, we discuss multiple application drivers and emerging frontiers for the field of high-
temperature thermal photonics.

FIG. 2: Schematic of a “globar” light source
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2. HIGH-TEMPERATURE MATERIALS

2.1 Polaritonic Dielectrics

Polaritonic dielectric materials are the most important class of materials for the field of
thermal photonics. Dielectric materials where heat conduction is dominated by phonons
are often transparent and insulating. However, there is a class of dielectric materials with
optically active phonons which arises from a polar response, i.e., a nonvanishing dipole
moment between constituent elements. This causes a screening of electromagnetic fields,
i.e., metallic behavior in a specific spectral window known as the reststrahlen band. In this
region between transverse (TO) and longitudinal optical (LO) phonons, electromagnetic
waves strongly couple with the vibrational motions of the polar lattice, leading to phonon
polaritons, coupled oscillations of light and matter. Thus, thermally exciting such materi-
als leads to the strong fluctuating optical dipole moments and possibility to control heat
radiation in well-defined spectral regions. An important thermal excitation in such mate-
rials is the surface phonon polaritons (SPhPs), which is an electromagnetic wave in the
reststrahlen band that travels on the interface of a polaritonic dielectric and vacuum.

To understand the importance of this class of materials for high-temperature thermal
photonics, we study Fig. 3(a), which shows the overlap of the spectral irradiance of a
blackbody half-space with natural optical resonances.17 An important contrast is revealed
from conventional plasmonic metals where the bulk plasmon frequencyωp is proportional
to (N/me)1/2.50 Here,me andN are the effective mass and concentration of electrons,
respectively. The relevant resonant frequency lies in the visible–to–near-infrared range
due to the small value of effective electron mass and high electron concentration of typical
plasmonic materials. In polaritonic dielectrics, the resonant frequency of LO (ωLO) and
TO phonons (ωTO) are inversely proportional to the square root of the oscillator mass
[ωLO, ωTO ∝ (1/ma)1/2]. 50 Due to the large mass of the oscillating ions, the frequencies
always lie in the mid-infrared (Table 3). Thus the overlap with the blackbody spectrum is
substantial, paving the route for efficient thermal engineering. Another major difference
between polar dielectrics and plasmonic materials is the optical loss. Plasmon polaritons
are the collective oscillations of free electrons, where the high concentration of electrons
and a relatively fast electron scattering time make plasmonic materials more lossy than
polaritonic dielectrics.51 While a small amount of absorption loss is necessary for thermal
emission due to Kirchhoff’s laws, a large loss leads to difficulty in achieving high-quality
resonances.

Figure 3(b) shows the quality factorQ of the polaritonic (plasmonic) mode in polar
dielectrics (plasmonic materials) versus the corresponding wavelength (QRe(ε)=−2 versus
λRe(ε)=−2).49 In contrast to plasmonic materials, polar dielectrics show both higher quality
factors (lower loss) and longer resonance wavelengths located in the mid-infrared range.
Additionally, Fig. 3(c) shows the reststrahlen bands and melting points of bulk polari-
tonic dielectrics. Many polaritonic dielectrics possess higher thermal stability compared
with these conventional plasmonic materials, such as Au and Ag. These advantages make
polaritonic dielectrics a unique platform for engineering high-temperature thermal radia-
tion.
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FIG. 3: Material choices for high-temperature thermal photonics. (a) Overlap of the spec-
tral irradiance of a blackbody half-space with natural optical resonances. (Adapted with
permission from Springer Nature, Copyright 2016)17 (b) Comparison of quality factor (Q)
for a spherical particle in air for plasmonic materials (metals, metal alloys, and doped semi-
conductors) and polaritonic materials (polar dielectrics). Plasmonic materials show higher
operating frequencies but higher losses, while polaritonic materials possess lower losses
but the operating frequency is also reduced by an order of magnitude. (Adapted with per-
mission from Walter de Gruyter and Company, Copyright 2012)49 (c) Reststrahlen bands
and melting points of different polar dielectrics. Bulk hBN and SiC show both high melt-
ing points and high phonon frequencies, which make them appealing for high-temperature
thermal engineering.

2.1.1 Silicon Carbide

Among all polaritonic dielectrics, SiC is one of the most commonly used materials ex-
ploited for high-temperature thermal photonic systems. Figures 3(b) and 3(c) reveal that
SiC retains both low optical loss and superior thermal stability. SPhPs that exist on the
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TABLE 3: Optical phonon frequencies of common phonon polaritonic materials. The in
plane optical phonons of hBN have the highest frequencies. (Adapted with permission from
American Chemical Society, Copyright 2019)31

Material ωLO (λLO) ωTO (λTO) γ ε∞ Ref.
Permittivity [cm –1] (µm) [cm–1] (µm) [cm–1]
hBN (ε‖/εt,a) 1614 (6.20) 1360 (7.35) 7 4.90 52
hBN (ε⊥/εr) 825 (12.12) 760 (13.16) 2 6.76 52

cBN 1340 (7.46) 1065 (9.39) 40.5 4.5 53

1186 (8.43) 1167 (8.57) 4.43
1112 (9.00) 1046 (9.56) 15.53

SiO2 1106 (9.04) 1058 (9.45) 0.42 2.09 54
814 (12.29) 799 (12.52) 12.94
525 (19.05) 434 (23.04) 54.14

SiC 969 (10.32) 793 (12.61) 4.76 6.70 4

788 (12.69) 543 (18.42) 17.0
SrTiO3 474 (21.10) 175 (57.14) 5.4 5.10 55–57

172 (58.14) 91 (109.89) 15.0

α-GaN 740 (13.51) 530 (18.87) 7 5.40 58
β-GaN 739 (13.53) 553 (18.08) 7 5.35 58

GaP 403 (24.8) 367 (27.25) 1.29 9.09 59

surface of a SiC plane can be thermally excited at high-temperatures. In 2002, a pioneer-
ing work by Greffet et al. showed that coherent far-field emission from a thermal source
was possible by coupling the SPhPs to free space radiation via surface relief gratings in
SiC.2 Many subsequent important demonstrations in SiC followed, such as selective ther-
mal emitters based on individual SiC polaritonic antennas60 and metasurfaces.11 Recently,
Starko-Bowes et al. demonstrated a dual-band quasicoherent thermal source based on a 2D
SiC grating device.5 Two distinct emission bands with different polarization are produced
at high operating temperatures up to 963 K.

2.1.2 Hexagonal Boron Nitride

hBN has the same hexagonal crystal structure as graphene but with alternating boron and
nitrogen atoms in place of carbon. Unlike graphene, hBN is a polaritonic dielectric (in-
sulating) material. Since both nitrogen and boron are light elements, hBN has the high-
est optical phonon frequencies among known polar dielectrics, as shown in Table 3. By
rolling hBN sheets into a tubular geometry, BNNTs with one-dimensional structure simi-
lar to CNTs are formed.61–65 Both bulk hBN and BNNTs possess good thermal stability,
which make them appealing for high-temperature thermal engineering. These classes of
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materials can be combined with existing industrial standards of ceramics to create the next
generation of “polaritonic ceramics” for commercial applications.

2.2 Plasmonic Materials

The collective and coherent quasiparticle oscillation of free electrons in matter, known as
a plasmon, is a key enabling phenomenon in nanophotonics.66 Noble metals such as gold
and silver are the most commonly studied materials due to the relatively low loss among
plasmonic materials. However, their high cost, low mechanical robustness, and high loss
of plasmonics in general largely limit their usage in practical applications. In particular,
the poor thermal stability of gold and silver exclude them from applications for high-
temperature photonics. This was pointed out by Molesky et al., along with the first proposal
to use alternative plasmonic materials for thermal photonics.16 Plasmonic materials fall in
various material classes including metals (Ag, Au, Cu, etc.), heavily doped semiconductors
(n-Si, p-Si, n-GaAs, p-GaAs, Al:ZnO, etc.), silicides, germanides, transition metal nitrides
(TiN, ZrN, TaN, etc.), and 2D plasmonic materials (graphene, MoS2, etc.).67 Following the
initial proposal of high-temperature plasmonics by Molesky et al., many theoretical and
experimental efforts have been made to find low-loss plasmonic materials that can survive
at sustained high-temperatures, known as refractory plasmonics.68 Below we select some
typical refractory plasmonic materials and provide a brief overview of their characteristics.

2.2.1 Refractory Metals

Noble metals are the most widely used plasmonic materials due to their ease of fabrication
and ubiquity in academic labs. Refractory metals such as tungsten (W), tantalum (Ta), and
platinum (Pt) are another subset of metallic materials, with the advantage that they pos-
sess a superior ability to withstand sustained high-temperatures.21,22,69Recent works have
demonstrated that selective thermal emitters can be built by etching gratings into refractory
metal thin films to couple the thermally excited SPPs with the free space radiation contin-
uum.3,70 Additionally, the plasmonic resonance of refractory metals has been used to build
refractory metasurfaces that enhance both the temporal and spatial coherence of the ther-
mal emission.71 W and Ta PhC emitters have also been experimentally demonstrated and
show strong enhancement of thermal emission spectra at near-infrared wavelengths.21,23,72

Suppressed thermal emission at the long-wavelength range is naturally guaranteed in these
PhCs due to the intrinsically low emissivity at frequencies below the plasma frequency.

However, it should be noted that refractory metals generally have a weak plasmonic
response. Another strategy to achieve refractory plasmonics is to use conventional plas-
monic materials with high-temperature stabilizing coatings. For example, Albrecht et al.
demonstrated that by overcoating gold nanostructures with alumina, fabricated devices
can withstand temperatures of over 800◦C and intense laser radiation of over 10 GW/cm2

at ambient atmospheric conditions.73 In this way, the excellent plasmonic properties of
gold can be combined with the properties of refractory materials and become exploited in
high-temperature thermal photonics.
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2.2.2 Heavily Doped Semiconductors

When semiconductor materials are heavily doped, the extremely high carrier concentration
makes them have optical and near-infrared Drude-like responses similar to metals. Addi-
tionally, conventional semiconductors such as silicon (Si) and III-V semiconductors such
as gallium nitride (GaN) and aluminum nitride (AlN) also simultaneously show excellent
thermal stability. Transparent conducting oxides (TCOs) such as indium tin oxide (ITO),
aluminum-doped zinc oxide (AZO), and gallium doped zinc oxide (GZO) are also a subset
of heavily doped semiconductors with metallic response.

One of the most attractive advantages of doped semiconductors is the ability to tune
their optical properties by controlling the dopant (and charge carrier) concentration. Both
the plasma frequency and material loss are dependent on the carrier concentration.50 For
III-V semiconductors, optical bandgaps are also tunable by varying the composition of
the compounds. Thus the interband transition offers another degree of freedom to get the
desired optical properties.

For example, Ribaudo et al. built a quasi-coherent thermal emitter by etching a 2D
grating structure into highly doped n-Si with a phosphorous concentration of2.4× 1020

cm−3.74 This produces a plasma frequency in the mid-infrared spectral range. SPPs in the
10–12µm range are coupled into free space by the grating structure, leading to highly di-
rectional thermal emission. Since the nanofabrication and relevant technologies of conven-
tional semiconductors have been well developed by the semiconductor industry, devices
based on these materials provide a promising platform for exploring high-temperature ther-
mal photonics.

2.2.3 Graphene

Graphene, single-atom-thick layers of carbon, has a tunable plasmon frequency gener-
ally in the infrared range. Due to graphene’s superior thermal conductivity,75 strong light-
matter interaction76 and large electrical tunability,77 it has also been demonstrated as a
promising platform for high-temperature plasmonics. Various novel thermal emitter de-
signs have been proposed using graphene. In one study, Pu et al. numerically demonstrated
a narrow-band and highly directional thermal emitter from a single-layer graphene coat-
ing.78 Tunable optical metamaterials with hyperbolic dispersion are also achievable by
stacking graphene sheets and dielectric layers.79,80 Pendharker et al. calculated the far-
field emissivity of the multilayered graphene metamaterials with an effective permittivity
approach. Their result suggests that selective thermal emission with strongly suppressed
long-wavelength emission and enhanced short-wavelength emission can be achieved in
such structures.15

2.2.4 Transition Metal Nitrides

The field of high-temperature plasmonics and metamaterials necessarily requires new ma-
terials, since traditional noble metals have poor thermal and mechanical stability. Molesky
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et al. proposed that a major application of alternative plasmonic materials is in high-
temperature photonics.16 Following this proposal, transition metal nitrides such as tita-
nium nitride (TiN), tantalum nitride (TaN), zirconium nitride (ZrN), and hafnium nitride
(HfN) were later demonstrated to be very promising materials for refractory plasmonics.
They exhibit good metallic properties, similar to other low-loss metals (Ag, Au, etc.), with
plasmonic resonances from visible to NIR range, even at high-temperatures.81,82 Apart
from excellent thermal stability (bulk melting points around 3000 K), they also show good
chemical stability and high mechanical robustness, making them enticing candidates for
extreme environment applications.

As shown in Fig. 4, Li et al. fabricated a TiN ring array solar absorber with an average
absorption of 95% over a spectral range of 400–800 nm.81 The structure maintains its
shape and optical performance after annealing at 1073 K, whereas a Au metasurface with
the same ring structure was completely melted into nanoparticles under the same annealing
temperature [Fig. 4(f)].

3. HIGH-TEMPERATURE METAMATERIALS

Since the scope of traditional optical materials, especially those with high thermal stability,
is quite restricted, optical metamaterials with refractory building blocks are widely used in
high-temperature thermal photonics.83,84 These metamaterials can be engineered to have
the desired optical properties at some specific wavelength ranges,47,48 which may not be
found in naturally occurring materials.

FIG. 4: Comparison of the thermal stability for TiN and Au metasurfaces. (a) SEM image
of the TiN absorber after annealing at 800◦C for 8 h. (b) The measured absorption spectrum
of the TiN absorber after annealing at 800◦C for 8 h, compared with the measured absorp-
tion spectrum of TiN before annealing. (c) SEM image of the Au absorber after annealing
at 800◦C for 15 min. (d,e) SEM image of the TiN absorber after laser excitation with an
intensity of 6.67 W/cm2 (d) and 15.5 W/cm2 (e). (f) SEM image of the Au absorber after
laser excitation with an intensity of 6.67 W/cm2. The scale bars are 400 nm. (Adapted with
permission from John Wiley & Sons, Copyright 2014)81
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3.1 Plasmonic/Polaritonic Metamaterials

In an early example, Wu et al. proposed a large-area, nanoimprint-patterned metamaterial
film [Fig. 5(a)],8 which can be used as an integrated solar absorber/narrow-band thermal
emitter (SANTE) in the solar TPV collection system shown in Fig. 5(b). In this system the
metamaterial film is used to absorb the solar radiation that is concentrated on the cylindri-
cal core where heat exchange fluid is wrapped inside as a thermal reservoir. The solar en-
ergy is then reemitted from the high-temperature metamaterial film into a spectral band that
matches the bandgap of the coaxially positioned photovoltaic (PV) cell. To maximize the
power conversion efficiency, both broad-band absorption of the solar radiation and narrow-
band IR emission are desired for this SANTE film. A metamaterial design [Fig. 5(a)] was
proposed to simultaneously achieve these two properties. The metamaterial is composed

FIG. 5: Engineering thermal radiation with refractory metamaterials. (a) Schematic of
a solar absorber/narrow-band thermal emitter (SANTE) structure. Gray regions: low-
reflectivity refractory metal (e.g., tungsten or molybdenum); light blue regions: dielectric
spacer with high melting temperature (e.g., aluminum nitride). (b) Conceptual schematic
for a solar TPV system employing the SANTE structure. (c) Calculated absorbance spectra
of the SANTE structure for several geometric sizes. Absorbance peaks from left to right:
[L,W,D, G] = [383, 206, 83, 27], [393, 230, 79, 24], [404, 252, 73, 23], and [396, 269, 72,
22] (in nm). Insets: Field profiles for peak absorption frequencies. Surface: Out-of-plane
magnetic field. Arrows: In-plane electric field. [(a)–(c) Adapted with permission from IOP
Publishing Ltd., Copyright 2012]8 (d) SEM image of a fabricated refractory selective ther-
mal emitter with Si rod arrays,r = 105 nm. (e) Measured thermal emissivity of Si rod
arrays (solid red lines) with rod radius of 105, 90, and 85 nm at 1273 K in surface normal
direction. The theoretically calculated emissivity spectra are indicated by solid blue lines.
[(d,e) Adapted with permission from AAAS, Copyright 2016]12
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of a two-dimensional square array of high-loss or low-reflectivity refractory metal, a re-
fractory conducting ground plane, and an ultrathin spacer layer of high melting temper-
ature dielectric separating the top patterned layer and bottom metal foil. The absorbance
(emissivity) spectra of practical designs with tungsten squares, aluminum nitride spacers,
and tungsten ground planes was calculated. In Fig. 5(c), both the broad visible absorption
bands and narrow IR emission peaks can be identified. With different geometric sizes, the
IR emission peaks can also be tuned to match the bandgap of different PV cells. With this
metamaterial-based SANTE film, calculations show that the power conversion efficiency
would exceed the Shockley-Queisser limit for emitter temperatures above 1200 K. An effi-
ciency as high as 41% can be achieved at emitter temperatures of 2300 K. Costantini et al.
fabricated a similar plasmonic metasurface with a tungsten (W) backplane, a SiN insulator
layer, and sturdy platinum (Pt) square patches.9 The emissivity spectrum of the fabricated
device was measured at 600◦C. Both high spectral selectivity and directionality have been
observed. Wang et al. experimentally demonstrated a selective thermal emitter based on
a bowtie-shaped SiC nanoantenna array.11 The origin of the narrow-band thermal emis-
sion was studied using both near-field nanoimaging and far-field infrared spectroscopy.
The extreme small modal volumes and the gap dependence of thermal emission frequen-
cies reveal that the SPhP resonances of SiC as well as the coupling between adjacent
polaritonic nanostructures determine the observed thermal radiation characteristics of the
metasurface.

3.2 Semiconductor Metamaterials

In the field of thermal metamaterials, not only the structural resonances but also the in-
trinsic properties of component materials have been exploited for engineering emissivity.
In addition to the polaritonic and plasmonic resonances, in semiconductors, the interband
transitions can also be used to engineer high-temperature thermal emission.

For example, Asano et al. demonstrated a near-infraredtovisible highly selective ther-
mal emitter based on intrinsic Si metamaterial.12 A scanning electron microscope (SEM)
image presented in Fig. 5(d) shows the fabricated sample with a Si rod array. Here the
thermal emission at low frequencies is suppressed because the electron thermal fluctua-
tions are limited to those above the semiconductor bandgap. Meanwhile, thermal emission
at the higher-frequency side of the spectrum, which is from the electronic resonance of
interband transitions in Si, is further enhanced through the double resonance of the Si
array. The radius of the Si rods can be employed to tune the cut-off frequencies. The
measured emissivities spectrum of the emitters at 1273 K are shown in Fig. 5(e). High
emissivities above 0.6 are observed below 1µm. Wide-range emissivity measurements
also indicate that these metamaterial emitters possess suppressed low emissivities up to
7000 nm. Compared with some other metamaterial emitters using gold85–87 and doped
semiconductors,88 this design shows both higher thermal stability and a better suppression
of longer-wavelength emission because of the use of intrinsic Si. It can be expected that,
by using other semiconductors with wider bandgap, thermal emitters that work at even
shorter wavelengths can be achieved by applying the same strategy.
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4. EPSILON-NEAR-ZERO MATERIALS

ENZ frequency is the characteristic frequency where the dielectric permittivity of materials
vanish. In natural materials, the ENZ response occurs at the bulk plasmon frequency of
plasmonic metals and longitudinal optical phonon resonances of polaritonic dielectrics.
Epsilon-near-zero media can be experimentally characterized by the presence of Ferrell-
Berreman modes.89–91Tuning the ENZ frequency of materials provides a unique approach
to tailor high-temperature thermal emission.

4.1 Plasmonic ENZ Thermal Emitter Coating

Plasmonic materials always become reflective and exhibit a suppressed thermal radiation
below the ENZ frequency. Thus, a thin film of plasmonic coating with engineered ENZ
frequency can be employed to build selective thermal emitters. Pendharker et al. demon-
strated a plasmonic thermal emitter coating (p-TECs)15 with aluminum-doped zinc oxide
(AZO, melting point 2200 K92). The ENZ frequency is tuned to the near infrared for the
application of high-temperature TPVs. The emissivity spectra of AZO film on a tungsten
substrate with varying film thickness [Fig. 6(a)] and at different emission angles [Fig. 6(b)]
are numerically calculated. A sharp suppression in the emissivity above the ENZ wave-
length of 1400 nm can be observed. This ENZ approach of thermal emission control is
fundamentally different from other approaches using structural resonance, such as PhCs
and antireflection coatings. The cut-off behavior is independent of the film thickness as
well as the emission angle because the emission spectrum is dominated by the intrinsic
material property. This thermal suppression of low-energy photons provides a unique and
robust solution to enhance the efficiency of TPV systems.

4.2 Multilayered ENZ/Hyperbolic Metamaterials

In naturally occurring materials, the possible range of ENZ frequencies is limited. Meta-
materials with tunable effective permittivities can provide more freedom in designing ENZ
thermal emitters. Due to the anisotropic nature of multilayer metamaterials, ENZ behav-
ior is generally associated with the optical topological transition (OTT) of the photonic
isofrequency surface.93,94 On one side of the ENZ point, where both components of the
effective permittivity are positive, an ellipsoidal isofrequency surface with bounded wave
vectors is present. As a result, the medium supports radiative modes that can couple to free
space, resulting in high absorptivity and emissivity. On the other side of the ENZ point,
one of the permittivity components turns negative, leading to hyperboloidal dispersion.
An unbounded hyperboloid leads to modes with large wave vectors, which are momen-
tum mismatched and cannot couple to free space. This results in a strongly suppressed
absorptivity and emissivity in the corresponding spectral range.

Molesky et al. proposed an ENZ thermal metamaterial with a planar multilayered
structure.16 Here refractory materials tantalum and titanium dioxide were used, and struc-
tural parameters were carefully designed to obtain an ENZ wavelength at 1.5µm. The
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FIG. 6: Radiative thermal properties of ENZ materials. (a) Calculated emissivity spec-
tra of an AZO thin film on a tungsten substrate at 20◦ emission angle and varying the
AZO thickness. (b) Calculated emissivity spectra of a 1000 nm AZO film on a tung-
sten substrate at different emission angles. Inset: Real and imaginary part of the AZO
dielectric permittivity. [(a,b) Adapted with permission from IOP Publishing Ltd., Copy-
right 2017]15 (c) Calculated angularly-resolved emissivity of a planar multilayered ENZ
metamaterial. The metamaterial is composed of refractory materials tantalum and titanium
dioxide. Inset: The effective medium parameters as functions of wavelength. (Adapted
with permission from The Optical Society, Copyright 2013)16 (d) Experimental observa-
tion of the OTT at high-temperatures through normal-incidence absorptivity measurements
for the tungsten/hafnium dioxide ENZ metamaterial emitter at varying temperatures. In-
set: Schematic of the fabricated device. (Adapted with permission from Springer Nature,
Copyright 2016)17 (e) P-polarized emissivity plot for a 450-nm-thick metamaterial emitter
consisting of a host matrix of aluminum oxide (Al2O3) embedded with 15 nm diameter
silver nanowires in a 115 nm square unit cell using the effective medium approach. Inset: A
polar plot of the emissivity at 1.075µm. (Adapted with permission from The Optical Soci-
ety, Copyright 2013)16 (f) Sketch of the 2D SiC ENZ bodies augmented with Ge dielectric
rods and the calculated emission pattern at its ENZ wavelength. (Adapted with permission
from National Academy of Sciences, Copyright 2018)18

.
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thermal emission is suppressed below the ENZ frequency due to the high reflectivity of the
structure, while the thermal radiation is enhanced due to the high absorption in the trans-
parency window above the ENZ frequency [Fig. 6(c)]. An experimental demonstration
of such a multilayered ENZ emitter has been reported by Dyachenko et al.17 The device
is composed of layers of refractory metal W and transparent dielectric hafnium dioxide
(HfO2) on a W substrate. As shown in Fig. 6(d), absorption and emission measurements
at temperatures up to 1273 K confirm the long-wavelength thermal emission suppression
above the ENZ point. Energy-dispersive X-ray spectroscopy (EDS) is also performed to
investigate the thermal stability. Interlayer diffusion of the multilayered structure at higher
temperatures is proven to be the primary mechanism of performance degradation.

Note that the above works were related to far-field thermal emission. Investigation of
the near-field thermal properties of such hyperbolic and epsilon-near-zero media using
fluctuational electrodynamics showed that they exhibit topological transitions and broad-
band super-Planckian thermal emission in the near-field spectral energy density.95–99

4.3 Nanowire ENZ Metamaterials

The multilayered ENZ metamaterials produce mainly angularly independent [Fig. 6(c)]
and polarization-independent thermal emission. Nanowire arrays are another alternative
approach to realize ENZ metamaterials that can lead to highly directional emission pat-
terns. The difference can be understood from the restricted motion of free electrons.16

In multilayered structures, nearly free electron motion is enabled in the parallel direction
within the metal planes. In the perpendicular direction, the motion is largely confined due
to the subwavelength thickness of the metal planes. Thus, a metal-like highly dispersive
effective permittivity (ε‖) is produced in the parallel direction, while a dielectric like per-
mittivity (ε⊥) is present in the perpendicular direction. Above the ENZ frequency, the
isofrequency surface becomes a hyperboloid withε‖ < 0 andε⊥ > 0, which is known
as a type-II hyperboloid.100,101However, the confinement of electrons is exactly flipped in
nanowire metamaterials, where free electrons are nearly propagating in the perpendicular
direction along the axis of the nanowires. After the OTT, a type-I hyperbolic metamaterial
is formed withε‖ > 0 andε⊥ < 0. This fundamental difference between the two ENZ
metamaterials thus leads to different emission patterns near the ENZ wavelength. Molesky
et al. designed a metamaterial emitter consisting of an Ag nanowire array embedded in an
aluminum oxide (Al2O3) host.16 The angularly resolved p-polarized emissivity spectrum
is calculated using effective medium theory [Fig. 6(e)]. A highly directive emission pat-
tern and thus spatially-coherent thermal radiation are demonstrated in this structure. Note
that another important characterstic of nanowire metamaterials as well as Mie scattering
metamaterials is the epsilon-near-pole resonance frequency, where thermal emission can
also be enhanced.16,102

4.4 Arbitrarily Shaped ENZ Body

Another strategy for engineering thermal emission is to utilize the spatially static fluc-
tuating fields within ENZ bodies. Unlike other methodologies, where carefully designed
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geometry is needed to improve the spatial and temporal coherence, Liberal and Engheta
theoretically proposed that enhanced spatial coherence would naturally occur on the sur-
face of ENZ bodies because of the spatial static character of the temporally dynamic
fields.18

As a case study, 2D SiC bodies with areaA = λ2 are considered. SiC has a mid-
infrared ENZ wavelength of 10.3µm and a high quality factor (εENZ = i0.03). Circular
germanium (Ge) rods with designed radii are introduced to investigate the effect of the
resonant enhancement of constant fields. Ge is chosen because of the low loss and high
dielectric constant around the ENZ wavelength. Thermal emission patterns of SiC ENZ
bodies with and without the Ge rod are numerically calculated at the ENZ wavelengths.
Directive thermal emission is revealed in both cases, which indicates the intrinsic spatial
coherence of the ENZ media. Especially for the case when the dielectric rod is introduced,
a constant field distribution on the external surface of the ENZ body is produced. As shown
in Fig. 6(f), by changing the shape of the ENZ body, one can modify the lobes in the
emission pattern, e.g., three lobes are observed in the triangle body (black), whereas only
two lobes are present in the rectangle body, and four lobes are shown in the square body.
Note that the thermal emission pattern is strikingly independent of the position of the
dielectric rods because of the effectively enlarged wavelength and the spatially static fields
inside ENZ bodies. Exploring this intrinsically enhanced spatial coherence and geometry-
invariant character in refractory ENZ materials provides an appealing method for high-
temperature thermal photonics.

5. PHOTONIC CRYSTALS

PhCs are also widely used as a selective thermal emitter. The major physical feature
of PhCs is the photonic bandgap, a frequency range where light propagation is forbid-
den.103,104 Thus, within the gap, very low photonic density of states are present, which
translates into strongly suppressed thermal emission. Furthermore, as indicated by coupled-
mode theory,105 thermal emission of PhCs can be enhanced at designated wavelengths via
Q-matching.106 Consequently, by adjusting the dimensions of PhCs, engineering of ther-
mal emission spectra is achievable through modification of the photonic band structure
andQ-matching condition.

5.1 2D Photonic Crystals

In recent years, metallic PhCs with large bandgaps and outstanding thermal stability have
been intensely studied for high-temperature applications.107 For example, Yeng et al. de-
signed and fabricated 2D metallic PhCs with single-crystal tungsten.21 The PhC is com-
posed of a 2D square array of cylindrical air holes with a perioda, fabricated on a W
film through interferometric lithography. SEM images shown in Fig. 7(a) indicate that a
long-range uniformity across a large area is achievable with the high-purity W. A digi-
tal photo shown in the left inset also indicates the high quality of the full 1-cm-diameter
sample.
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FIG. 7: Engineering thermal emission with high-temperature photonic crystals (PhCs). (a)
SEM Image of a fabricated tungsten (W) 2D PhC sample over a large area, showing excel-
lent uniformity. (Left inset) Digital photo of the full 1-cm-diameter sample. (Right inset)
Magnified cross-sectional view of the W PhC sample. (b) Measured and simulated normal
spectral radiance of fabricated samples. The thermal emission data is obtained by electri-
cally heating the sample to 1200 K in a vacuum chamber. [(a,b) Adapted with permission
from National Academy of Sciences, Copyright 2012]21 (c) Schematic of a hybrid thermal
emitter, consisting of an MQW layer and a 2D PhC with a lattice constant of 6.5µm. (d)
Thermal emission spectra of the MQW + PhC device and a blackbody control sample in the
surface-normal direction under the same input power condition (11.2 mW). [(c,d) Adapted
with permission from Springer Nature, Copyright 2012]32 (e) Top-view micrographs of a
tungsten-inverse colloidal crystal after annealing at 1000◦C (1273 K) for 12 h. Scale bar is
1 µm. (f) Reflection spectrum of the tungsten-inverse colloidal crystal, protected with HfO2

and annealed at 1400◦C (1673 K) for 1 h (red spectrum) plotted with the theoretical black-
body emission at 1400◦C (1673 K) (black spectrum). The blue line indicates the electronic
band gap of germanium. [(e,f) Adapted with permission from Springer Nature, Copyright
2013]26
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In the 2D PhC design, each air hole can be considered to be a cylindrical cavity with
radiusr and depthd. A cut-off frequency is defined by the fundamental resonant frequency
mode of the cavity, which is inversely proportional to the radiusr. At a given value ofr,
the depthd is fixed to satisfy the Q-matching condition, where radiative and absorptive
quality factors of the PhC cavity resonances need to be matched. Additionally, perioda
is also carefully chosen to get rid of the diffractive modes and ensure sufficient sidewall
thicknesses.

The experimentally measured emission spectra of the fabricated 2D PhCs are shown in
Fig. 7(b). The data is obtained by electrically heating the sample to 1200 K in a forming gas
(5% H2-N) environment to prevent oxidation. Compared to the flat tungsten slab (green),
the samples exhibit a near-blackbody emittance below the cut-off wavelengths as predicted
by numerical simulation, while thermal emission above the cutoff is strongly suppressed
at the same time.

The thermal stability of such a W 2D microstructure was also examined through ther-
mal cycling. After heating to 1200 K and cooling to room temperature several times, SEM
and reflectance measurements show no noticeable change in the structure and optical prop-
erties of the sample are retained. This superior thermal stability, on the one hand, is due
to the excellent ability of tungsten in withstanding high-temperatures. On the other hand,
it arises from the simplicity of the 2D structure. Unlike the 1D PhC designs,108,109where
multilayer and multimaterial structures are generally used, thermomechanical stress be-
tween layers and interfaces does not exist in this 2D PhC. Chemical reactions between
constituent materials are also precluded since the cavities are just air holes. Note that sim-
ilar 2D PhC structures have been demonstrated in other refractory materials, such as poly-
crystalline tantalum22,72and tantalum-tungsten alloy.110

PhCs can also be made active with multiple quantum wells (MQWs), where the pho-
tonic resonance effects of PhCs are combined with the intersubband transitions (ISB-T)
of MQWs to provide another degree of freedom of thermal emission control. A device
demonstrated by de Zoysa et al. is shown in Fig. 7(c).32 The device is based on GaAs
quantum wells and Al0.3Ga0.7As barriers on a GaAs substrate. The ISB-T wavelength is
designed to be 9.7µm. A 2D photonic crystal consisting of a triangular lattice of air holes
is fabricated into the MQWs, and the resonant modes are carefully tuned to obtain the
Q-matching condition. As shown in the thermal emission spectrum [Fig. 7(d)], the device
presents a strongly suppressed emission, except for a sharp emission peak at around 9.7
µm. Such a device thus demonstrates an efficient platform for thermal management: un-
der the same input power from Joule heating, the device temperature and emission peak
intensity can be much higher than that of a blackbody control sample.

5.2 3D Photonic Crystals

Three-dimensional PhCs can also be utilized to engineer thermal emission. They are more
attractive compared with 2D PhCs because of the additional degree of freedom and con-
trollable emission in all directions. Metallic and metal-coated 3D PhCs with woodpile
structures have been fabricated and studied as selective thermal emitters.23,24,111However,



374 ANNUAL REVIEW OF HEAT TRANSFER

their complex structures lead to a slow and costly fabrication process and also result in a
slightly lower thermal stability because of the multiple interfaces. Thus, to address these
challenges, inverse opal 3D PhCs fabricated with self-assembled templates were proposed
and experimentally demonstrated.26,112–115

The fabrication process of an electrodeposited 3D tungsten PhCs with a refractory
coating is shown in Fig. 8.114 Here, silica opals are first grown onW foils (a).W is elec-
trodeposited inside the 3D template to form the tungsten inverse opals (b). Then the silica
template is removed by hydrofluoric acid (HF) etching to obtain the 3D PhC (c). Finally,
refractory coatings are introduced through atomic layer deposition (ALD) to improve ther-
mal stability (d). SEM images reveal that the 3D structures are stable after being annealed
to 1000◦C for 12 h [Fig. 7(e)]. Arpin et al. also measured the reflection spectra of such
3D PhCs.26 As shown in Fig. 7(f), a suppressed reflection at shorter wavelengths indicates
an enhanced thermal emission with photon energy higher than the bandgap of PV cells
(germanium), which is very promising for TPV applications.

6. NANOTUBE THERMAL EMITTERS

6.1 Blackbody Emitter

A blackbody is an idealized object on which all incident light will be absorbed. At ther-
mal equilibrium, black bodies radiate isotropically and the spectrum can be predicted
by Planck’s law. Experimental realization of black bodies, especially those with high-
temperature stability, is valuable since they are widely used as an infrared standard for
temperature calibrations.32

CNTs are allotropes of carbon, including single-walled carbon nanotubes (SWCNTs)116

and multiwalled carbon nanotubes (MWCNTs).117 They exist as tubes of graphite sheets
with a length-to-diameter ratio greater than 1,000,000, for which they are generally con-
sidered as a one-dimensional material. Since first reported by Iijima in 1991,116 CNTs
have been intensely studied due to their novel mechanical, electrical, optical, and thermal
properties.118–121 CNTs have shown thermal stability at high temperatures.122 They are

FIG. 8: Fabrication process for an inverse opal 3D PhC with refractory coating. (a) Silica
opals are grown on tungsten foils. (b) Tungsten is electrodeposited inside the 3D template.
(c) Tungsten inverse opals are obtained after template removal by HF etching. (d) The
tungsten inverse opals are coated with HfO2 or Al2O3 by ALD to impart thermal stability.
(Adapted with permission from American Chemical Society, Copyright 2011)114
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also good candidate materials to make blackbody emitters. The blackbody behavior has
been demonstrated in different CNT systems, including SWCNT bundles,123 MWCNT
bundles,124 MWCNT films,125,126 individual semiconducting SWCNTs,30 and individual
MWCNTs.29 However, these blackbody emissions are polarization dependent and gener-
ally manifest at some specific wavelength ranges.

To make an ideal blackbody emitter that works over a large spectral range, specific
structures need to be introduced into CNT systems. For example, low-density vertically
aligned CNT forests have been synthesized127,128and proven to behave most similarly to
black bodies.129 Mizuno et al. experimentally measured the blackbody behavior of verti-
cally aligned SWCNTs [Fig. 9(a)].27 As shown in Fig. 9(b), the normal spectral emissivity

FIG. 9: Engineering high-temperature thermal emission with nanotube systems. (a) SEM
image showing side surface of an SWNT forest (scale bar is 5µm). (b) Normal spectral
emissivity of an SWNT forest (red line) is compared with commercially available black sur-
faces that are denoted as NiP alloy (blue), black coating (black), and black paint (yellow).
[(a,b) Adapted with permission from National Academy of Sciences, Copyright 2009]27

(c) Left: Schematic of an electrically driven, ultrahigh-speed, on-chip thermal light emitter
based on a carbon nanotube film. Right: Experimental high-speed thermal emission mod-
ulation (red curve) under a continuous drive of 1 GHz (green curve). A simulation based
on the heat conduction equation (blue curve) agrees well with this experimental result.
(Adapted with permission from American Chemical Society, Copyright 2014)28
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of the SWCNT forest (red) is more than 0.98 at 5–12µm, which is significantly higher
than the currently used black bodies, such as nickel-phosphorus (NiP) alloy (blue), black
coating (black), and black paint (yellow).130 In spectral ranges where thermal emissiv-
ity measurement is difficult, the reflection and transmission measurements show that the
nanotube forest exhibits near-zero transmittance and extremely low (0.01–0.02) reflectance
from 0.2 to 200µm. The emissivity (absorptance) of the SWCNT forest is thus close to
unity, which proves that the SWCNT forests are very close to an ideal blackbody emitter
across an extremely wide spectral range from UV to far infrared.

The blackbody behavior of CNT forests can be explained by its homogeneous sparse-
ness and alignment.27 On the one hand, in this system, CNTs account for about 3% of
the total volume, while the remaining 97% of the volume is air. Therefore, the effective
permittivity and refractive index of the forest are close to 1.131 In this case, according to
Fresnel’s law, the reflectivity at the interface would be close to zero. On the other hand,
due to the vertical alignment of CNTs in the forest, the near-normal incident light interacts
with the CNTs mainly along the axial direction. Experimental and theoretical analysis has
demonstrated that CNTs have strong optical anisotropy and that the light interaction in the
axial direction is very weak.132 Therefore the incident light is hardly reflected or absorbed
at the thin-film top surface. Most of the incident light proceeds into the SWCNT forest and
is scattered by imperfectly aligned nanotubes. The light thus gets trapped inside the forest
and is finally absorbed through a multiple scattering process. This high absorption leads to
high thermal emission according to Kirchhoff’s laws.

6.2 High-Speed On-Chip Emitter

The 1D structure and high-temperature stability of CNTs can also be utilized to make
on-chip thermal light sources,133–136which are of vital importance in optical communi-
cations and photonic circuits. Compared to conventional semiconductor materials, CNTs
have a simple fabrication process and can be fabricated directly on silicon substrates, mak-
ing them more compatible with existing and well-developed silicon-based optoelectronics.
Additionally, the nanotube emitters are compact and can couple light directly into waveg-
uides without the need of couplers.28 CNTs also show low capacitance, low electromi-
gration,137 and high thermal conductivity,138–141which are essential to make high-speed
light sources. As shown in Fig. 9(c), Mori et al. demonstrated a high-speed modulation
of thermal emission from unsuspended SWCNTs film on a SiO2/Si substrate.28 Due to
the low heat capacity of the thin film and direct CNT-substrate contact, fast temperature
modulation is enabled in this device. Under 1 GHz continuous input, the measured thermal
emission signal is in good synchronization with the applied electric power. As shown at the
bottom-right panel of Fig. 9(c), experimentally measured thermal emission (red) is consis-
tent with the simulation result (blue) based on the heat conduction equation of SWCNTs.
Further simulations show that this electrically driven CNT thermal source can achieve a
fast modulation up to 10 Gbps and generate short pulses down to 140 ps. Such CNT-based
electrically driven high-speed on-chip light sources are highly valuable in high-density
integrated photonics.
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6.3 Boron Nitride Nanotubes

Due to the 2D structure of hBN, the strong anisotropy results in different phonon reso-
nance frequencies in perpendicular and parallel directions of 2D layers, which lead to two
different components of permittivity as shown in Fig. 10(a). As both of these two compo-
nents have two spectrally distinct reststrahlen bands, hBN is a natural hyperbolic material
with two different types of optical hyperbolicity. The unbounded nature of the hyperbolic
isofrequency surface100,101,142results in a high local density of states (LDOS) in the two
hyperbolic reststrahlen bands in the near field of the hBN interface143 [Fig. 10(b)]. By

FIG. 10: High-temperature polaritons in BNNTs. (a) Real (solid) and imaginary (dashed)
parts of the dielectric permittivity for hBN in the perpendicular (blue) and parallel (red)
directions. The two reststrahlen bands are highlighted in magenta (upper band) and green
(lower band). (b) LDOS above an hBN-vacuum interface at various distances from 50 nm
(top) to 1000 nm (bottom). (c) Absorption efficiency for an infinitely long cylindrical hBN
nanotube. The T and L modes correspond to the upper frequency oscillator and are shown
in red, while the RB mode corresponds to the lower frequency oscillator and is shown in
blue. Schematics for each mode are shown and illustrate the boron (pink) and nitrogen
(blue) ion movement for a given incident field. (d) Spectral emissivity of the BNNT system
on tungsten thin film (solid red) at 938 K. The emissivity spectrum of a tungsten thin film is
shown (solid black) for reference. (Adapted with permission from the American Chemical
Society, Copyright 2019)31
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creating BNNTs out of hBN, the subwavelength structures of BNNTs can form natural
thermal antennas that couple these high LDOS near-field dark modes with far-field thermal
radiation. Recently, the emissivity spectrum of disordered multiwalled BNNT thin films
at high-temperatures was demonstrated by Starko-Bowes et al.31 Three different emission
peaks are present at 1510, 1344, and 810 cm−1, corresponding to the tangential (T), lon-
gitudinal (L), and radial buckling (RB) polaritonic modes of BNNTs.144,145The emission
spectrum is in good agreement with the theoretically calculated absorption spectrum based
on Mie theory, as illustrated in Figs. 10(c) and 10(d).

It was also noticed that the emission spectrum of the disordered systems still shows
a certain angular dependence. As the emission angle is varied from normal direction to
higher angles, the L-mode emission peak is significantly suppressed, while the other two
modes remain relatively unchanged. This antenna behavior comes from the quasiordered
nature of BNNT thin-film systems, that is, most of the nanotubes are substantially ly-
ing down in the same plane, where the axis of nanotubes is parallel to the substrate. Be-
cause the L-mode emission is from optical oscillations along the axial directions of the
nanotubes, the radiation pattern of electric dipoles dictates that the radiation is strongest
perpendicular to the nanotube axis and that the nanotubes do not radiate parallel to the
nanotube axis. Simultaneously, the other two modes do not change with increasing an-
gles due to the rotational symmetry. A calculation based on Mie theory also indicates that,
for a vertically aligned BNNT forest, the L mode would completely disappear, and only
the T and RB modes can be observed in the thermal emission spectrum.31 BNNTs be-
have as nanoantennas where the heat-driven fluctuating dipole moments in optically active
phonons lead to far-field thermal radiation.

7. APPLICATIONS

7.1 Thermophotovoltaics

TPV is one of the most important applications of high-temperature thermal photonics,
which has received decades of intense study.148–150As shown in Fig. 11(a), a TPV system
converts heat to electricity using an intermediate emitter. The emitter operates at high-
temperatures and radiates light to the photovoltaic cell. Different approaches discussed
above can be used to build selective thermal emitters to match the bandgap.

In solar energy harvesting, the maximum power conversion efficiency of conventional
PV devices is found to be around 33% for a single junction cell,151 because of the broad-
band nature of solar radiation and the radiative recombination in semiconductors. This
efficiency limit is known as the Shockley-Queisser limit.152 Solar TPV can potentially
overcome this limit with the help of broadband solar absorbers and selective thermal emit-
ters.153,154In the near-ideal case, where full solar concentration and near-monochromatic
emission is assumed, Harder and Würfel theoretically demonstrated that the efficiency cap
is as high as 85%.155 Although numerous prototypes of the solar TPV system have been
experimentally achieved,20,156–159their power conversion efficiency is far from this ideal
value due to many practical limitations.
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FIG. 11: Applications of high-temperature thermal photonics. (a) Schematic illustration
of typical TPV systems. (b) Operating principle for propulsion and thermal management
of a cosmic nanophotonic light sail. Radiation pressure from an Earth-based phased ar-
ray propels the sail. For the light sail, multiband functionality is needed: low absorptivity
in the (Doppler-broadened) spectral regime corresponding to the incident laser (red) and
high emissivity in mid-IR for radiative cooling (blue). (Reprinted with permission from
the American Chemical Society, Copyright 2018)146 (c) Absorption spectra for selected
gases in the mid IR region. High temperature mid-IR thermal sources can be used for
gas sensing (Reprinted under a Creative Commons Attribution 4.0 International license,
https://creativecommons.org/licenses/by/4.0/)147

Early solar TPV systems were realized with solar concentrator, large absorption cav-
ities, and bulk material or rare earth compound emitters,160,161where the efficiency num-
bers were always lower than 1%. Lenert et al. reported a solar TPV system with effi-
ciency of around 3.2%.20 A vertically aligned MWCNT forest used as a near-perfect solar
absorber and a 1D Si-SiO2 PhC selective emitter were carefully designed to match the
bandgap of a InGaAsSb PV cell. Additionally, by introducing a tandem plasma-interference
optical filter, Bierman et al. demonstrated a higher conversion efficiency of 6.8%.158

TPV systems are also promising for applications that use other heat sources instead of
solar radiation. For example, Chan et al. established an integrated power generator with a
silicon propane microcombustor, a 1D Si-SiO2 PhC selective thermal emitter, and four 0.55
eV InGaAsSb PV cells.19 When the microcombustor operated at 1073 K, an efficiency
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of 2.5% was experimentally demonstrated. Very recently, Omair et al. demonstrated an
ultraefficient TPV system with a highly reflective rear mirror under the PV cell.162 The
mirror maximizes the luminescence extraction of the PV cell and also helps reuse the
low-energy thermal photons. A power conversion efficiency of 29.1% is achieved with a
Joule-heated graphite ribbon emitter at 1480 K.

7.2 High-Temperature Optical Coatings

Optical coating is a well-developed technology that is used in various practical applica-
tions to obtain desired optical properties. Antireflection coatings are extensively used on
eye glasses and photographic lenses, while reflection coatings are commonly seen on the
windows of vehicles and buildings. For high-temperature applications, by changing can-
didate materials to refractory ones, optical coatings also show tremendous value in solar
energy harvesting and radiative thermal engineering.

For example, optical coatings are widely employed in solar absorbers, which are of
crucial importance for applications including solar heating, solar thermoelectrics, and solar
TPV. In these applications, high-temperature operations are generally required to achieve
effective solar energy conversion. As a result, not only the thermal stability but also the
thermal radiation loss need to be considered in the coating designs. Ideal solar absorbers re-
quire selective coatings that have high absorptivity in the solar spectral range (0.3–2.5µm)
and low emissivity at longer wavelengths. Currently, large-scale commercial coatings em-
ploy black paints or cermet thin films. Although high solar absorptivity has been achieved,
their overall energy conversion performance is still limited by their high thermal radiation
losses.163 Moreover, as the fast development of concentrated solar power (CSP) technolo-
gies, such as parabolic trough collectors (PTC) or solar tower collectors (STC), higher
operating temperatures of solar absorbers are desired, where current coatings have already
fallen behind the requirement. Significant research progress has been made to optimize
selective solar coatings by exploring different thermal photonic materials and structures.

The multilayered stack of refractory materials is one of the most widely used coating
designs. A typical design consists of a top antireflection (AR) layer, solar absorption layers
in between, and an infrared-reflective layer at the bottom. Refractory oxides and nitrides
such as Al2O3, SiO2, TiO2, Y2O3, ZrO2, HfN, TiN, and Si3N4 are generally employed as
the top AR layer, while IR reflective metals such as W and Mo are used as the bottom
layer.164 Cermets materials, with Cr2O3, Al2O3, SiO2, and AlN as the matrix and Cr, Ni,
W, Au, Ag, Cu, and Mo as the metal inserts, are commonly found at the absorption layer.
Many methods, such as electroplating, anodization, physical and chemical vapor deposi-
tion, and solution-based fabrication, have been utilized and further developed, aiming for
improved coating performance and large-scale production.165

7.3 High-Temperature Radiative Cooling

Thermal radiation is one of the fundamental routes through which a hot object sponta-
neously loses its energy. Enhanced radiative energy loss and suppressed energy absorption
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can result in a significant temperature decrease, which is known as radiative cooling.166,167

Statistical studies have shown that, in the United States, nearly 10% of energy consump-
tion is for air conditioning.168 As a result, a completely passive approach such as radiative
cooling offers a substantial impact on energy saving.

Two basic principles need to be followed to realize efficient radiative cooling. The first
is to reduce the energy absorption. As in daytime radiative cooling devices, an effective
reflection of solar light is desired. The second is to enhance the radiative energy loss.
The universe, with a temperature of 3 K,169 provides an ideal heat sink. A transparency
window in the atmosphere between 8 and 14µm thus enables the cooling of emitters
through a radiative heat transfer to the cold outer space. Note that the spectral range of
the atmosphere window also aligns with the peak emission range of ambient-temperature
objects. Near-room-temperature radiative cooling has been experimentally demonstrated
in different systems, such as multilayered photonic strucutures,170 microspheres embedded
polymer film,171 hierarchically porous polymer coatings,172 and high-mechanical-strength
cooling wood.173

Similar passive cooling approaches can also be exploited in high-temperatures by re-
placing the conventional optical materials by refractory ones. For example, Fig. 11(b)
shows a proposed laser-propelled light sail system. An ultrathin, gram-sized light sail is
illuminated by an Earth-based focused high-power laser (MW/cm2), where the pressure of
the light can propel the ultralight spacecraft to reach relativistic velocities.174 In this appli-
cation, the operating temperatures can potentially be higher than 1500 K if the absorption
of the propel laser is not fully suppressed. Thus the high-temperature stability of the sail
needs to be ensured and effective cooling mechanisms need to be introduced because of
the intense laser illumination. Conventional sources of cooling, such as convection and
conduction through a heat sink, are not viable in space applications. Ilic et al. proposed
a nanophotonic heterostructure design with multilayered Si-SiO2.146 In this design, high
reflection and thus low absorption of the near-IR driven light is demonstrated for strong
propulsion, while a high mid-infrared emission is simultaneously achieved for efficient
radiative cooling.

7.4 High-Temperature Thermal Sources

Light sources are of vital importance in a variety of industrial and scientific applications.
The thermal emission of high-temperature objects provides a simple and relatively efficient
method to generate visible to mid-infrared light. However, traditional high-temperature
thermal sources like incandescent light bulbs are incoherent. The emission is unpolarized,
omnidirectional, and spectrally broad, which largely limits their applications. Various ther-
mal emitters have been experimentally demonstrated to engineer the properties of thermal
emission according to desired applications as discussed in previous sections. Additionally,
tailored thermal sources can also be achieved by engineering the photonic environment
surrounding a plain thermal source.34,35,175,176In this approach, photonic structures are
carefully designed and brought close to thermal emitters. A higher operating tempera-
ture can be reached, since the hot emitters do not need to be nano-micro-structured. For
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example, Ilic et al. demonstrated a high luminous efficiency incandescent light source
by surrounding a plain tungsten filament with a nanophotonic interference system.34 The
system can transmit visible light for a wide angular range and also reflect infrared light
to reheat the filament. The estimated luminous efficiency of the light source is about
6.6%, which is approaching the efficiency commercial fluorescent bulbs and light-emitting
diodes.

7.4.1 Thermal Beaming

Highly directional thermal emission (i.e., thermal beaming) can be used to build novel
light sources that have many practical applications. One typical design to achieve ther-
mal beaming is the bullseye structure. In this structure, equally spaced circular concentric
grooves act as gratings, coupling the thermally excited surface waves into monochromatic
thermal emission normal to the surface. Park et al. first experimentally demonstrated this
bullseye thermal emitter using tungsten [Fig. 12(a)].6 The emissivity spectrum was mea-
sured at temperatures up to 900◦C. As shown in Fig. 12(b), an angular divergence of 2◦

and a narrow spectral peak at normal direction were observed. The peak wavelength can
be tuned by changing the groove periodicity, and the thermal stability can also be further
enhanced by introducing a thin layer of refractory coating.

7.4.2 Gas Sensing

The detection of gases can be achieved utilizing the characteristic optical absorption of var-
ious gas species.177 The gas concentration can be inferred from the attenuated light power
via the Beer-Lambert law. Compared with other gas-sensing techniques, optical gas sens-
ing offers a higher sensitivity and long-term stability.147,178Because of the fundamental

FIG. 12: Thermal beaming from tungsten bullseye. (a) SEM image of a W bullseye. The
entire structure has a diameter of 2.1 mm and contains 300 circular concentric grooves. (b)
Measured thermal-emissivity spectra of a W bullseye at various tilt angles (θ) from normal
at 900◦C. (Reprinted with permission from the American Chemical Society, Copyright
2016)6
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molecular vibration and rotation, most of the gases show fingerprint absorption lines or
bands in the mid-infrared region. Figure 11(c) shows the mid-infrared absorption spec-
trum of various molecules together with their practical applications.147

One of the most important components in the optical gas sensor technique is light
sources with emission corresponding to the absorption fingerprint of target gases. Here,
thermal emission can be used as highly efficient sources due to the broadband spectrum.
High-temperature operation is desired to get sufficient source signal and thus an appropri-
ate signal to noise ratio (SNR). Especially for those gases with short-wavelength absorp-
tion lines, such as H2O, higher temperature is required for enough source light intensity,
as indicated by Planck’s law and Wien’s displacement law. For an individual gas species,
selective thermal emitters with a narrow emission band can be built using the principles
discussed in previous sections. For example, McNeal et al. developed a microelectrome-
chanical systems (MEMS) CO2 sensor with PhC selective emitters.179 A detection limit
of 1600 ppm CO2 has been achieved. Lochbaum et al. demonstrated a gas-sensing system
with an on-chip narrow-band thermal source by integrating MEMS heaters with Al2O3

metamaterial emitters.180 These low-cost and compact gas-sensing systems are well suited
for the next-generation medical and environmental applications.

7.5 Noisy Thermal Devices

Thermal management in modern nanoelectronics is crucial due to the deleterious effects of
on-chip heat dissipation.181 To harness this excess heat readily available at the nanoscale,
apart from the TPV technology, new information processing functionalities based on heat
(rather than electric current) have been explored within the last decade. In the context
of using radiative heat (thermal photons), this includes many theoretical and experimen-
tal works which have demonstrated interesting functionalities designed to operate over
a wide temperature range (T ∼ 300–1500 K). This includes thermal diodes,182,183

transistors,184,185 memories,186–188 and logic gates.189 Innovation of such thermal ana-
logues of electronic devices can be particularly useful in extreme environments and at
high-temperatures where the performance of traditional Si-based electronics is deg-
raded.

8. CONCLUSION

New frontiers are emerging in the field of thermal photonics. They include the control
of properties beyond spectrum and directionality such as the spin angular momentum of
thermal radiation.41 Nonreciprocity and magnetic-field-based thermal emission control is
another open area for the field.40,41In addition, we anticipate the inevitable convergence of
photonic heat radiation with conventional conduction and convection. As already shown in
the area of porous materials and nanofluids, accurate evaluation and engineering of effec-
tive thermal transport need a comprehensive and simultaneous consideration of all three
thermal transport mechanisms.190,191 These convergences will lead to large macroscale
multiphysics tools and devices with huge industrial impact.
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High-Temperature Radiation and the Resurrection of the Incandescent Source,Nat. Nanotech-
nol., vol. 11, no. 4, pp. 320–324, 2016.

35. Guo, Y. and Fan, S., Narrowband Thermal Emission from a Uniform Tungsten Surface Crit-
ically Coupled with a Photonic Crystal Guided Resonance,Opt. Exp., vol. 24, no. 26, pp.
29896–29907, 2016.
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ović, M., Centeno, A., Pesquera, A., Godignon, P., Elorza, A.Z., Camara, N., de Abajo, F.J.G.,
Hillenbrand, R., and Koppens, F.H.L., Optical Nano-Imaging of Gate-Tunable Graphene Plas-
mons,Nature, vol. 487, no. 7405, pp. 77–81, 2012.

78. Pu, M., Chen, P., Wang, Y., Zhao, Z., Wang, C., Huang, C., Hu, C., and Luo, X., Strong
Enhancement of Light Absorption and Highly Directive Thermal Emission in Graphene,Opt.
Exp., vol. 21, no. 10, pp. 11618–11627, 2013.

79. Othman, M.A., Guclu, C., and Capolino, F., Graphene-Based Tunable Hyperbolic Metamate-
rials and Enhanced Near-Field Absorption,Opt. Exp., vol. 21, no. 6, pp. 7614–7632, 2013.



H IGH -TEMPERATURE THERMAL PHOTONICS 389

80. Chang, Y.C., Liu, C.H., Liu, C.H., Zhang, S., Marder, S.R., Narimanov, E.E., Zhong, Z., and
Norris, T.B., Realization of Mid-Infrared Graphene Hyperbolic Metamaterials,Nat. Com-
mun., vol. 7, no. 1, p. 10568, 2016.

81. Li, W., Guler, U., Kinsey, N., Naik, G.V., Boltasseva, A., Guan, J., Shalaev, V.M., and Kildi-
shev, A.V., Refractory Plasmonics with Titanium Nitride: Broadband Metamaterial Absorber,
Adv. Mater., vol. 26, no. 47, pp. 7959–7965, 2014.

82. Bagheri, S., Zgrabik, C.M., Gissibl, T., Tittl, A., Sterl, F., Walter, R., De Zuani, S., Berrier, A.,
Stauden, T., Richter, G., Hu, E.L., and Giessen, H., Large-Area Fabrication of TiN Nanoan-
tenna Arrays for Refractory Plasmonics in the Mid-Infrared by Femtosecond Direct Laser
Writing and Interference Lithography,Opt. Mater. Exp., vol. 5, no. 11, pp. 2625–2633, 2015.

83. Woolf, D., Hensley, J., Cederberg, J., Bethke, D., Grine, A., and Shaner, E., Heterogeneous
Metasurface for High Temperature Selective Emission,Appl. Phys. Lett., vol. 105, no. 8, p.
081110, 2014.

84. Huang, Y., Liu, L., Pu, M., Li, X., Ma, X., and Luo, X., A Refractory Metamaterial Absorber
for Ultra-Broadband, Omnidirectional and Polarization-Independent Absorption in the UV-
NIR Spectrum,Nanoscale, vol. 10, no. 17, pp. 8298–8303, 2018.

85. Liu, X., Tyler, T., Starr, T., Starr, A.F., Jokerst, N.M., and Padilla, W.J., Taming the Blackbody
with Infrared Metamaterials as Selective Thermal Emitters,Phys. Rev. Lett., vol. 107, no. 4,
p. 045901, 2011.

86. Mason, J., Smith, S., and Wasserman, D., Strong Absorption and Selective Thermal Emission
from a Mid-Infrared Metamaterial,Appl. Phys. Lett., vol. 98, no. 24, p. 241105, 2011.

87. Liu, B., Gong, W., Yu, B., Li, P., and Shen, S., Perfect Thermal Emission by Nanoscale Trans-
mission Line Resonators,Nano Lett., vol. 17, no. 2, pp. 666–672, 2017.

88. Park, J., Kang, J.H., Liu, X., Maddox, S.J., Tang, K., McIntyre, P.C., Bank, S.R., and
Brongersma, M.L., Dynamic Thermal Emission Control with InAs-Based Plasmonic Meta-
surfaces,Sci. Adv., vol. 4, no. 12, p. eaat3163, 2018.

89. Ferrell, R.A., Predicted Radiation of Plasma Oscillations in Metal Films,Phys. Rev., vol. 111,
no. 5, p. 1214, 1958.

90. Berreman, D., Infrared Absorption at Longitudinal Optic Frequency in Cubic Crystal Films,
Phys. Rev., vol. 130, no. 6, p. 2193, 1963.

91. Newman, W.D., Cortes, C.L., Atkinson, J., Pramanik, S., DeCorby, R.G., and Jacob, Z.,
Ferrell-Berreman Modes in Plasmonic Epsilon-Near-Zero Media,ACS Photonics, vol. 2, no.
1, pp. 2–7, 2014.

92. Kim, K.H., Park, K.C., and Ma, D.Y., Structural, Electrical and Optical Properties of Alu-
minum Doped Zinc Oxide Films Prepared by Radio Frequency Magnetron Sputtering,J. Appl.
Phys., vol. 81, no. 12, pp. 7764–7772, 1997.

93. Krishnamoorthy, H.N., Jacob, Z., Narimanov, E., Kretzschmar, I., and Menon, V.M., Topo-
logical Transitions in Metamaterials,Science, vol. 336, no. 6078, pp. 205–209, 2012.

94. Zhou, J., Chen, X., and Guo, L.J., Efficient Thermal-Light Interconversions based on Optical
Topological Transition in the Metal-Dielectric Multilayered Metamaterials,Adv. Mater., vol.
28, no. 15, pp. 3017–3023, 2016.

95. Guo, Y., Cortes, C.L., Molesky, S., and Jacob, Z., Broadband Super-Planckian Thermal Emis-
sion from Hyperbolic Metamaterials,Appl. Phys. Lett., vol. 101, no. 13, p. 131106, 2012.



390 ANNUAL REVIEW OF HEAT TRANSFER

96. Guo, Y. and Jacob, Z., Thermal Hyperbolic Metamaterials,Opt. Exp., vol. 21, no. 12, pp.
15014–15019, 2013.

97. Biehs, S.A., Tschikin, M., Messina, R., and Ben-Abdallah, P., Super-Planckian Near-Field
Thermal Emission with Phonon-Polaritonic Hyperbolic Metamaterials,Appl. Phys. Lett., vol.
102, no. 13, p. 131106, 2013.

98. Liu, B. and Shen, S., Broadband Near-Field Radiative Thermal Emitter/Absorber based on
Hyperbolic Metamaterials: Direct Numerical Simulation by the Wiener Chaos Expansion
Method,Phys. Rev. B, vol. 87, no. 11, p. 115403, 2013.

99. Liu, X., Zhang, R., and Zhang, Z., Near-Field Thermal Radiation between Hyperbolic Meta-
materials: Graphite and Carbon Nanotubes,Appl. Phys. Lett., vol. 103, no. 21, p. 213102,
2013.

100. Shekhar, P., Atkinson, J., and Jacob, Z., Hyperbolic Metamaterials: Fundamentals and Appli-
cations,Nano Converg., vol. 1, no. 1, p. 14, 2014.

101. Poddubny, A., Iorsh, I., Belov, P., and Kivshar, Y., Hyperbolic Metamaterials,Nat. Photonics,
vol. 7, no. 12, pp. 948–957, 2013.

102. Starko-Bowes, R., Atkinson, J., Newman, W., Hu, H., Kallos, T., Palikaras, G., Fedosejevs, R.,
Pramanik, S., and Jacob, Z., Optical Characterization of Epsilon-Near-Zero, Epsilon-Near-
Pole, and Hyperbolic Response in Nanowire Metamaterials,J. Opt. Soc. Am. B, vol. 32, no.
10, pp. 2074–2080, 2015.

103. Joannopoulos, J.D., Villeneuve, P.R., and Fan, S., Photonic Crystals,Solid State Commun.,
vol. 102, nos. 2-3, pp. 165–173, 1997.

104. Joannopoulos, J.D., Villeneuve, P.R., and Fan, S., Photonic Crystals: Putting a New Twist on
Light, Nature, vol. 386, no. 6621, pp. 143–149, 1997.

105. Yariv, A., Coupled-Mode Theory for Guided-Wave Optics,IEEE J. Quantum Electron., vol.
9, no. 9, pp. 919–933, 1973.

106. Ghebrebrhan, M., Bermel, P., Yeng, Y.X., Celanovic, I., Soljačić, M., and Joannopoulos, J.D.,
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