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Abstract
In the post-Moore era, as the energy consumption of micro-nano electronic devices rapidly
increases, near-field radiative heat transfer (NFRHT) with super-Planckian phenomena has
gradually shown great potential for applications in efficient and ultrafast thermal modulation
and energy conversion. Recently, hyperbolic materials, an important class of anisotropic
materials with hyperbolic isofrequency contours, have been intensively investigated. As an
exotic optical platform, hyperbolic materials bring tremendous new opportunities for NFRHT
from theoretical advances to experimental designs. To date, there have been considerable
achievements in NFRHT for hyperbolic materials, which range from the establishment of
different unprecedented heat transport phenomena to various potential applications. This review
concisely introduces the basic physics of NFRHT for hyperbolic materials, lays out the
theoretical methods to address NFRHT for hyperbolic materials, and highlights unique
behaviors as realized in different hyperbolic materials and the resulting applications. Finally, key
challenges and opportunities of the NFRHT for hyperbolic materials in terms of fundamental
physics, experimental validations, and potential applications are outlined and discussed.

Keywords: near-field radiative heat transfer, hyperbolic materials, photon tunneling,
hyperbolic phonon polaritons

1. Introduction

As one of three pathways of heat transfer, radiative heat trans-
fer is ubiquitous in nature and plays an important role in
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many different areas of science and engineering. For some
time, the understanding of radiative heat transfer has focused
on the well-known Stefan–Boltzmann law, which establishes
a ceiling on radiative heat transfer between two bodies, i.e.
Q= σ

(
T4
1 −T4

2

)
, where σ is the Stefan–Boltzmann constant

[1]. In such a law, the maximal heat flux between two objects
only can be maintained at 6.12 W m−2 when the temper-
ature of the hot emitter and cold receiver are 301 K and
300 K, respectively. However, such a low heat flux density
can barely meet current cooling requirements for highly integ-
rated micro-nano electromechanical devices. On the other
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hand, the power output of thermophotovoltaic (TPV) sys-
tems is far weaker than thermoelectric systems and ther-
modynamic cycle technologies, which results in a limit on
the widespread application in the field of recovered waste
heat [2].

Fortunately, the limit can be greatly overcome by bring-
ing two objects in proximity at the near field; that is, dis-
tances smaller than the thermal wavelengths. In the near field,
the coupling phenomenon of evanescent waves provides an
additional channel for photon tunneling [3–5]. As a result,
the near-field radiative heat transfer (NFRHT) can exceed
the blackbody limit by orders of magnitude [6–9]. The
significant radiative heat flux in the near field provides a
new route for many potential applications [10, 11], such
as TPV [12–23], thermal rectification [24–36], noncontact
refrigeration [37–41], and thermal transistors [42]. As large
heat fluxes are critical in such applications, continuous
efforts have been devoted to highly efficient near-field heat
transport.

Initially, the polar dielectric materials that support sur-
face phonon polaritons (SPhPs), and the materials (metals,
semiconductors, etc) that supporting surface plasmon polari-
tons (SPPs) were extensively investigated to enhance the
NFRHT both theoretically and experimentally [43–57]. These
strategies have largely explored the enhancement effects
of isotropic surface polaritons (i.e. isotropic materials) on
near-field thermal radiation. However, the enhancements are
restricted to narrow frequency bands around the frequency of
the surface mode resonance.

Hyperbolic materials are novel anisotropic materials with
different dielectric properties along orthogonal directions,
and have attracted enormous interest in the field of NFRHT
in recent years due to their preeminent optical properties
[58–60]. Their dispersion relations for electromagnetic waves
show an open hyperboloid, which makes it possible to sup-
port propagating waves with high wavevector [61]. In 2012,
Biehs et al showed that the broadband excitation of hyper-
bolic phonon polaritons (HPPs) in hyperbolic materials could
greatly enhance the NFRHT, indicating that hyperbolic mater-
ials have great potential for NFRHT [62]. After this pioneer-
ing work, various hyperbolic materials were since explored to
enhance the NFRHT.

Due to broadband excitations of surface polaritons and
their unique optical properties, hyperbolic materials have great
potential for a variety of applications. However, the phe-
nomenon and physical mechanism of NFRHT in hyperbolic
materials still need to be further studied. To broaden the under-
standings of hyperbolic materials and help define their role
in potential applications, it is necessary to make a compre-
hensive overview of NFRHT in hyperbolic materials, sum-
marize the current research results, and clarify research con-
cepts, which will lay a foundation for further research. In this
paper, the NFRHT in hyperbolic materials is reviewed, the
related concepts and recent research progress are introduced.
Applications of near-field radiation in hyperbolic materials,
such as thermal switches and near-field TPVs (NTPVs), are
also described.

2. Theory and methods

2.1. Introduction to hyperbolic materials

For non-magnetic materials, the response to electromagnetic
waves can be described as a permittivity tensor, which is usu-
ally a 3 × 3 diagonal matrix diag(εxx,εyy,εzz) [63]. When
the three principal diagonal elements are equal, the mater-
ial is called isotropic. The isotropic behavior of propagating
waves leads to a spherical isofrequency contour described by
the equation kx

2 + ky
2 + kz

2 = ω2
/
c2 (figure 1(a)), where kx,

ky and kz are the x, y and z components of the wavevector,
ω is the wave frequency and c is the speed of light. The closed
sphere isofrequency contour in isotropic materials results in
the finite wavevector of the propagating waves. As the energy
carried by an electromagnetic wave is directly proportional to
its wavevector, the limitations of wavevectors indicate that the
thermal radiation of isotropic materials is finite.

Materials with larger electromagnetic wavevectors are
desired to increase the radiative heat transfer. In recent years,
researchers have found a class of materials for which the prin-
cipal diagonal elements of dielectric tensor are not all the
same sign [58–60]. For a transverse magneticwave (TM polar-
ized) in such medium, the isofrequency relation changes to(
kx

2 + ky
2)/ε⊥ + kz

2/ε∥ = ω2
/
c2. Note the dielectric tensor

is given by ε=
√

εxx2 + εyy2 + εzz2, where εxx = εyy = ε∥ are
the in-plane components, and εzz = ε⊥ is the out-of-plane
component. For such anisotropic materials, the spherical iso-
frequency contour distorts to an ellipsoid, when extreme aniso-
tropy such that ε⊥ · ε⊥ < 0 exists, the isofrequency contour
opens into an open hyperboloid (figures 1(b) and (c)). There-
fore, this kind of materials are called hyperbolic materials.
When one component of the dielectric tensor is negative (εxx >
0,εyy > 0,εzz < 0), it is called type I hyperbolicmaterial, while
two negative components (εxx < 0,εyy < 0,εzz > 0) for type II
hyperbolic material. The openness of the isofrequency contour
means the electromagnetic wavevector can be infinite. There-
fore, electromagnetic waves in hyperbolic materials can carry
more energy and lead to increased radiative heat transfer.

As an artificial subwavelength structure, hyperbolic
metamaterials (HMMs) have many unusual optical properties.
There are several forms of metamaterials to realize hyper-
bolic properties: layered metal-dielectric structures [67–70],
nanowire arrays [71–76], arrays of metal-dielectric nanopyr-
amids [64], graphene-based metamaterials [65, 77–79], and
others (figures 1(d)–(g)). These anisotropic structured materi-
als have unique properties that include strong enhancements in
the spontaneous emission, divergence of the state density, neg-
ative refraction, and enhanced superlensing effects [79–83].
The divergence of the state density and special electromag-
netic responses different from conventional media provide
HMMs with great potential in the fields of super-resolution
imaging, tunable radiative heat fluxes at the nanoscale, nano-
photonic devices, and solar photovoltaics [58, 59].

However, for artificial HMMs, when the tangential
wavevector component is larger than π/Λ (Λ is the unit
metamaterial period), the hyperbolic dispersion is no longer
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Figure 1. Isofrequency contour of (a) isotropic material, (b) type-I
anisotropic materials, and (c) type-II anisotropic materials.
Examples of hyperbolic materials: (d) nanowire arrays. (a)–(d)
Reproduced from [58]. CC BY 4.0. (e) Layered metal-dielectric
structure. Reproduced from [59], with permission from Springer
Nature. (f) Arrays of metal-dielectric nanopyramids. Reproduced
from [64], with permission from Springer Nature.
(g) Graphene-based metamaterials. Reprinted figure with
permission from [65], Copyright (2013) by the American Physical
Society. (h) Natural hyperbolic materials (take hBN as an example).
Reproduced from [66] with permission of The Royal Society of
Chemistry.

displayed [84]. Besides, the fabrication of subwavelength
HMMs demands micro-nano machining technologies, which
increases the fabrication difficulty. Thus, researchers began to
focus on natural hyperbolic materials [85], such as hexagonal
boron nitride (hBN) [66, 86–88] and α-MoO3 [89–92]
(figure 1(h)). For natural hyperbolic materials, the order of
magnitude of lattice constant is sub-nanometer, so the limit-
ations in the wavevector can be ignored. The inherent hyper-
bolic property allows the direct use of natural hyperbolic
materials without patterning materials into nanostructures,
thus avoids processing difficulties. Therefore, natural hyper-
bolic materials have unique advantages and their research is a
novel field and worthy of attention.

2.2. Fabrication of hyperbolic materials

In the fabrication of hyperbolic materials, some factors affect-
ing the hyperbolic behavior, such as surface roughness, poros-
ity, and filling fraction of materials, are the key factors to
be considered. There have been some successful fabrication
methods for reference, here is a brief overview.

2.2.1. Nanowiremetamaterials. To fabricate nanowire struc-
tures, anodic alumina membrane can be used to grow the
required templates to form a dielectric host substrate with

periodic nanopores, in which silver (or gold) nanowires can
be electrochemical deposited (figure 2(a)) [77, 93–96]. The
nanowires can be grown by direct current electrodeposition
from a thiosulfate bath [97, 98], or prepared by partially
etching the anodic alumina membrane template in a NaOH
solution [99]. The optical properties can be further improved
by two-step anodizing and pre-pattern induced self-assembly
[95]. The spacing of nanowires is determined by the anodiz-
ing conditions, but the pore size and diameter of nanowires are
determined by pre-deposition etching. Compared to the optical
wavelength used in the experiment, the lateral sizes and spa-
cing between nanowires are smaller, so only the average value
of nanowire parameters matters. The optical characteristics of
nanowires could be stable relative to the fabrication tolerance
[100, 101]. The silicon nanowires sample can be fabricated by
using a mask made of polystyrene nanosphere array [102], the
details on the transfer technique can be found in [103, 104].

2.2.2. Multilayer metamaterials. The fabrication of mul-
tilayer HMMs requires the deposition of ultra-thin and smooth
metal/dielectric films (figure 2(b)). The materials behaving as
metal can be surface deposited by electron beam evaporation
[105, 106], low pressure chemical vapor deposition (CVD)
[107], or be grown by molecular beam epitaxy (MBE) on
lattice-matched substrates [108]. Dielectrics can be grown by
plasma enhanced CVD [109]. The alternate plasmonic mater-
ials can be deposited by reactive sputtering or pulsed laser
deposition [110]. The requirement of very uniform and smooth
surface can be achieved through MBE, and the minor devi-
ation of layer thickness will not significantly affect the effect-
ive medium response [111–113].

2.2.3. Natural hyperbolic materials. For natural hyperbolic
materials, thin sheets are usually used. The hBN sheets could
be obtained from hBN crystals or N-methyl-2-pyrrolidone
(NMP) [66, 114, 115]. High-pressure/high-temperature
method is often used for the growth of hBN crystals [116, 117].
The lateral sizes for hBN crystals in commercial powder are
usually between hundreds of nanometers and tens of microns.
The hBN sheets of lateral sizes similar to or smaller than
crystal can be obtained by top-down approaches like mechan-
ical exfoliation [118–122], sonication-assisted direct solvent
exfoliation [123], chemical functionalization [124]; while the
lateral sizes of hBN sheets from bottom-up approaches like
CVD and non-epitaxial growths could be as large as a few cen-
timeters (figures 2(d) and (e)) [125–127]. The α-MoO3 sheets
can also be obtained from MoO3 powder, the commonly used
method is thermal physical deposition method (figure 2(c))
[128, 129], and focused ion beam etching could be employed
to meet the requirements [89].

2.3. Characterization of hyperbolic materials

The optical and morphology characterization of hyper-
bolic materials could be performed using Fourier transform
infrared spectrometer [87], scanning transmission elec-
tron microscope [99, 102, 109], atomic force microscope
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Figure 2. (a) Schematic of the optical measurements of nanowire metamaterials and the scanning electron microscopy image of the
nanowire s after the removal of the anodic alumina membrane. Reprinted figure with permission from [94], Copyright (2009) by the
American Physical Society. (b) Transmission electron microscopy (TEM) image of cross-section of fabricated multilayer metamaterials.
Reproduced from [107]. CC BY 4.0. (c) Schematic setup of the growth process of MoO3 in a physical vapor deposition system. Reprinted
with permission from [129]. Copyright (2017) American Chemical Society. (d) A CVD-grown hBN thin film on a Quantifoil holey carbon
grid. Reprinted with permission from [126]. Copyright (2010) American Chemical Society. (e) Images of the hBN sheets. Reprinted with
permission from [127]. Copyright (2012) American Chemical Society. (f) Schematic of real-space imaging of SPhPs on hBN by using
atomic force microscope (AFM). From [130]. Reprinted with permission from AAAS. (g) Near-field scanning optical microscope (NSOM)
images of α-MoO3 sheets obtained with illumination frequency of 986 cm−1. [90] John Wiley & Sons. Copyright (2018) The Authors.
Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

(AFM) [107, 128], near-field scanning optical microscope
(NSOM) [90, 91, 130, 131], electron energy-loss spectro-
scopy [132], and spectroscopic ellipsometer (figures 2(f)
and (g)) [110]. The SPhP and its hyperbolic behavior of
hyperbolic materials can be observed by optical charac-
terization [87, 90, 91, 130–132]. The crystal/atomic struc-
ture of natural hyperbolic material is characterized by x-ray
diffraction spectroscopy and high-resolution transmission
electron microscopy (TEM) [129]. By utilizing a NSOM,
optical measurements can be made to characterize the neg-
ative refraction ability of hyperbolic materials [95, 133].
Using the time correlated single photon counting technique,
the topological transition can be observed by time resolved
photoluminescence [106].

2.4. Calculation formula for NFRHT

The calculation of NFRHT depends primarily on the
stochastic Maxwell’s equations and fluctuation-dissipation
theory, while the dyadic Green’s function is used to
express the electric and magnetic fields. The derivations
for these functions can be found in [4, 5, 134–136], and
the NFRHT between anisotropic plates can be expressed
as:

Q=
1

8π3

∞̂

0

[Θ(ω,T1)−Θ(ω,T2)]dω

2πˆ

0

∞̂

0

ξ (ω,β,φ)βdβdφ,

(1)

where φ is the azimuth angle, and ξ (ω,β,φ) is the energy
transmission coefficient, which can be expressed as:

ξ (ω,β,φ)

=


Tr [(I−R∗

2R2 −T∗
2T2)

× D(I−R∗
1R1 −T∗

1T1)D∗] , β < k0

Tr [(R∗
2 −R2)D(R1 −R∗

1)D
∗]e−2|kz|d, β < k0

,

(2)

where k0 = ω/c is the vacuum wavevector, c is the speed of
light in vacuum, β is the wavevector component parallel to the

x–y plane, kz =
√
k20 −β2 is the wavevector component along

the z-axis, the ∗ symbol represents conjugate transpose, Tr() is
the trace of a matrix, and I is a 2× 2 unit matrix. The matrices
are defined as:

R1,2 =

[
r(1,2)ss r(1,2)sp

r(1,2)ps r(1,2)pp

]
, T1,2 =

[
t(1,2)ss t(1,2)sp

t(1,2)ps t(1,2)pp

]
, (3)

where rm,n and tm,n (m = s, p; n = s, p) are the reflection
and transmission coefficients from vacuum to the emitter or
receiver, in which m and n represent the polarization state of
the incident and reflected (transmitted) waves respectively, s
and p indicate s-polarized and p-polarized plane waves. These
coefficients can be obtained from the modified 4 × 4 transfer
matrix method described in the next section. The matrix D is
given as D=

(
I−R1R2e−2jkzd

)−1
. For isotropic materials, no

polarization conversion occurs between two linearly polarized
waves, so the off-diagonal elements in the transmission and

4
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reflection coefficients are zero. However, the off-diagonal ele-
ments cannot be ignored for anisotropic materials.

2.4.1. The 4 × 4 transfer matrix method. To calculate
NFRHT, the calculation for the reflection and transmission
coefficients at different azimuth angles ϕ is needed, where ϕ
is the angle at which the incident plane deviates from the x–z
plane. The permittivity tensor in the x ′y ′z ′ coordinate system
is expressed as [137]:

 εxx εxy εxz
εyx εyy εyz
εzx εzy εzz

= TzεT
−1
z , (4)

where Tz is the coordinate rotational transformation matrix,
and ε is the permittivity tensor in the coordinate system. The
matrix of Tz is:

Tz =

 cosϕ sinϕ 0
−sinϕ cosϕ 0

0 0 1

 . (5)

This methodwas used in the analysis of Casimir interactions in
anisotropic materials [138, 139]. Taking the TM incident wave
as an example, the EM fields in the medium can be written
according to the x ′y ′z ′ coordinate system, as follows:

H= U(z)exp( jwt− jβx) , where U= (Ux,Uy,Uz) , (6)

E= j(µ0/ε0)
1/ 2S(z)exp( jwt− jβx) , where S= (Sx,Sy,Sz) ,

(7)

where the superscript ′ of the space variables was deleted
for simplicity. Bringing equations (4), (6), and (7) into Max-
well’s equations, the following differential equations can be
obtained:

d
dz


Sx
Sy
Ux

Uy

= k0A


Sx
Sy
Ux

Uy

 , (8)

where the coefficient matrix is:

A=


jKxεzx/εzz jKxεzy/εzz 0 K2

x

/
εzz− 1

0 0 1 0
εyzεzx/εzz− εyx εyzεzy/εzz+K2

x − εyy 0 −jKxεyz/εzz
εxx− εxzεzx/εzz εxy− εxzεzy/εzz 0 jKxεxz/εzz

 (9)

in which Kx = β/k0.
The electromagnetic fields in the medium can be indic-

ated by the eigenvalues and eigenvectors of the coefficient A.
The reflection, transmission, and unknown coefficients can be
obtained by applying the boundary conditions. Details about
the calculations can be found in [137].

3. NFRHT of hyperbolic materials

3.1. NFRHT of hyperbolic metamaterials (HMMs)

The broadband excitation of phonon polaritons in hyperbolic
materials promotes significant photon tunneling, which res-
ults in super-Planckian thermal radiation. In 2012, Biehs et al
first studied the NFRHT of hyperbolic materials [62]. They
considered the NFRHT between HMMs composed of peri-
odic SiC nanowire arrays, where the optical axis is vertical to
the material surface (figures 3(a) and (b)). These media could
support frustrated modes that transport heat via photon tun-
neling. In particular, the frustrated modes can be supported
in a broadband spectrum, resulting in larger heat fluxes com-
pared with those generated by the narrowband coupled surface
polariton modes. The frustrated modes supported by HPPs are
demonstrated to achieve perfect transmission for wavevectors
smaller than 1/2d, which significantly enhances the NFRHT.

It was shown that the heat flux between SiC nanowire arrays
could reach 36 times that between SiC plates at the same
temperature.

3.1.1. Nanowire/nanohole array structures. After the work
of [62], many theoretical works on the NFRHT of vari-
ous nanowire and nanohole array structure HMMs were per-
formed. Basu and Wang [140] studied the NFRHT between
doped Si nanowire array HMMs, and found that the heat flux
between doped Si nanowire arrays can be nearly three times
that between two doped Si plates with a vacuum gap of 20 nm.
Liu et al [141] investigated the NFRHT between two doped
Si nanowire/nanohole array HMMs and found that the heat
flux of both configurations are more than one order of mag-
nitude stronger than that of bulk doped Si, the enhancement
of nanowire arrays is larger than that of nanohole arrays. Liu
et al [142] studied the NFRHT of doped Si nanowire/nano-
hole HMMs and showed that the heat flux between Si nan-
ohole arrays at submicron gap was nearly eight times larger
than that between Si plates, and that of Si nanowire arrays was
approximately 12 times larger than Si plates (figures 3(c)–(f)).
Liu and Shen [143] described an HMM made of metal wire
arrays and observed that the heat flux between a gold nanowire
array and a SiC plate is much greater than that between
a gold plate and a SiC plate. Lang et al [144] found that
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Figure 3. (a) Sketch of periodic nanowire arrays. (b) Heat transfer coefficient for two SiC periodic nanowire arrays normalized to the value
for two flat SiC half-spaces. Reprinted figure with permission from [62], Copyright (2012) by the American Physical Society. (c) Sketch of
periodic nanohole arrays. (d) Normalized value of heat transfer coefficients compared to bulk D-Si for nanowire/nanohole HMMs. Energy
transmission coefficient of (e) D-Si nanowire HMM and (f) D-Si nanohole HMM at d = 10 nm. Reprinted from [142], Copyright (2014),
with permission from Elsevier. (g) Radiative heat flux of carbon nanotube arrays compared to SiC plates. (h) Energy transmission
coefficient of carbon nanotube arrays for d = 10 nm. Reprinted from [146], with the permission of AIP Publishing.

GaN/Ge nanowire HMMs have a larger penetration depth of
thermal photons than semi-infinite phonon-polaritonic media,
which gives a preferred NFRHT. Biehs et al [145] studied the
NFRHTbetween two SiC nanoporousmaterials and found that
the air inclusions can significantly enhance the heat flux, which
is explained by the appearance of additional surface waves
and frustrated modes in a wide spectral range. Liu et al [146]
investigated the NFRHT between carbon nanotube arrays and
predicted that at any vacuum gap distance, the heat flux could
be enhanced compared to that between SiC plates. At a gap
distance of 10 nm, the heat flux is approximately ten times
greater (figures 3(g) and (h)).

3.1.2. Periodic layered structure. In studies on NFRHT,
periodic layered structures are another common form of
HMMs (figure 4). Guo et al [147] proposed an HMM made
from periodic layered SiC/SiO2 and calculated the super-
Planckian radiation heat flux using effective medium the-
ory. Biehs et al [148] used scattering-matrix calculations to
determine the heat flux of SiC/SiO2 layeredHMMs and arrived
at the same conclusions. They showed that the layer thick-
ness determines the wavevector cutoff for the Bloch band
(figures 4(b) and (c)). Lang et al [144] investigated theNFRHT
between GaN/Ge layered HMMs and revealed a signific-
antly enhanced heat flux due to the large penetration depth of
thermal photons (figures 4(d) and (e)). Liu et al [142] found
that the NFRHT between D-Si/Ge layered HMMs can signi-
ficantly exceed the blackbody limit. In the far-field, the heat
flux between D-Si/Ge layered HMMs is nearly twice as large
as that between bulk materials (figure 4(f)). Biehs and Ben-
Abdallah [149] studied the NFRHT between SiC/Ge layered
HMMs and showed that regardless of whether the top layer is
SiC or Ge, the heat flux can significantly exceed the blackbody

limit but is stronger when SiC is the top layer. Song et al
[150] studied the NFRHT between periodic layered HMMs
consisting of a magneto-optical material (InSb) and a dielec-
tric (SiO2). They observed an enhanced heat flux due to hyper-
bolic modes and introduced the induction of the hyperbolic
modes from an external magnetic field.

3.1.3. Two-dimensional (2D) materials. Two-dimensional
(2D) materials, such as black phosphorus (BP) and graphene,
have attracted significant attention due to their excellent
optical properties [50, 151–153]. Such 2D materials can pro-
duce a large number of resonances and provide channels for
photon tunneling, and show a nice tunability. Patterning the
2D material sheet into metasurface will open the dispersion to
become hyperbolic. The excitation of hyperbolic plasmons has
led to enhanced radiative heat flux (figure 5). Liu and Zhang
[154] proposed a hyperbolic metasurface (HMS) based on
periodic graphene ribbon arrays. They revealed that the coup-
ling between high wavevector evanescent waves and hyper-
bolic graphene plasmons could increase the NFRHT between
the HMS by more than one order of magnitude compared to
that of graphene sheets (figures 5(c) and (d)). Zhou et al [155]
discovered that when a drift current is applied to graphene rib-
bons, the hyperbolic mode evolves into an extremely asym-
metric shape. Yi et al [156] proposed an HMS based on nar-
row BP ribbons and found the NFRHT between HMS sheets
can be significantly enhanced at high electron doping levels
compared to that of BP sheets. Liu et al [157] investigated the
NFRHT of BP gratings considering different patterning and
electronic doping approaches. The BP grating was found to
possess a higher heat flux by as much as 65% compared with
its planar counterparts (figure 5(b)). Shen et al [158] studied
the NFRHT of mono/multilayer BP and found that the heat

6



Int. J. Extrem. Manuf. 4 (2022) 032002 Topical Review

Figure 4. (a) Sketch of multilayer HMM. Reprinted figure with permission from [150], Copyright (2020) by the American Physical
Society. (b) Heat transfer coefficient for the SiC–SiO2 multilayer HMM with passive materials as the topmost layer at various thicknesses.
(c) Energy transmission coefficient of a SiC–SiO2 multilayer HMM for 100 nm thick layers and d = 10 nm. Reprinted from [148], with the
permission of AIP Publishing. (d) Heat transfer coefficient varying with the vacuum gap for a GaN/Ge multilayer HMM compared to other
configurations. (e) Spectral penetration depth (solid) and heat transfer coefficient (dashed) for GaN/Ge multilayer HMMs at d = 10 nm.
Reprinted from [144], with the permission of AIP Publishing. (f) Energy transmission coefficient for a D-Si/Ge multilayer HMM at
d = 10 nm. Reprinted from [142], Copyright (2014), with permission from Elsevier.

Figure 5. (a) Schematic of NFRHT between two graphene gratings composed of arrays of ribbons. [155] (2020), reprinted by permission of
the publisher (Taylor & Francis Ltd, www.tandfonline.com.). (b) Schematic of the NFRHT between nanostructured BP layers. [157] (2019),
reprinted by permission of the publisher (Taylor & Francis Ltd, www.tandfonline.com.). Energy transmission coefficient at
ω = 5 × 1013 rad s−1 for (c) graphene sheets and (d) graphene ribbon arrays at d = 50 nm. Reprinted from [154], with the permission of
AIP Publishing. Energy transmission coefficient at ω = 5.5 × 1013 rad s−1 for monolayer BP with (e) µ = 1 eV and (f) µ = 2 eV at
d = 50 nm. Reprinted from [158], Copyright (2018), with permission from Elsevier.
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Figure 6. Energy transmission coefficient at ω = 1.6 × 1013 rad s−1 for (a) graphite plates and (b) graphite gratings with x-coordinate
optical axes. Reprinted figure with permission from [159], Copyright (2018) by the American Physical Society. (c) Heat flux between hBN
films varying with thickness at d = 20 nm. (d) Spectral heat flux between hBN films at d = 20 nm. Energy transmission coefficient of
(e) bulk hBN at 2.96 × 1014 rad s−1; (f) thin hBN film with a thickness of 10 nm at 3.0 × 1014 rad s−1. Reproduced from [161], with
permission from Springer Nature.

flux of monolayer BP could exceed that of blackbodies by
three orders of magnitude, which was 18.5% higher than the
heat flux of optimized graphene sheets (figures 5(e) and (f)).

3.2. NFRHT of natural hyperbolic materials

3.2.1. Uniaxial natural hyperbolic materials. Some uniaxial
van der Waals crystals have natural hyperbolic properties. For
example, in the infrared region, graphite can support broad-
band type II hyperbolic dispersion [146]. Shen et al [159]
demonstrated the enhancement effect of non-resonant type II
hyperbolic modes to NFRHT in graphite plates. After pat-
terning graphite gratings, the material dispersion of graphite
changes from type II to type I. For the case of optical axes in
plane and perpendicular to the etching direction, non-resonant
type I hyperbolic modes dominate the NFRHT, the heat flux is
seven-fold larger than the counterpart plates and outperforms
blackbodies by over four orders of magnitude (figures 6(a) and
(b)). In the mid infrared region, calcite has two Reststrahlen
bands with type I and type II hyperbolic dispersion, respect-
ively. Salihoglu et al [160] carried out analyses on NFRHT of
calcite, and compared to that of SiC. Their study revealed that
the high-wavevector modes within the hyperbolic bands lead
to the largely enhanced NFRHT of calcite.

Hexagonal BN (hBN) is a common natural hyperbolic
material. In two infrared Reststrahlen bands where the per-
mittivity tenses are opposite (ε∥ < 0,ε⊥ > 0 in type I hyper-
bolic band, ε∥ > 0,ε⊥ < 0 in type II hyperbolic band),
hBN can support many phonon-polaritonic waveguide modes

[130–132, 162]. Liu and Xuan [161] considered the NFRHT
between two hBN filmswith the optical axis parallel to the sur-
face and identified the excitation of hyperbolic SPhPs (HSPPs)
for the first time (figures 6(c)–(f)). As seen in figure 6(d), the
main contributions of the radiation heat flux originate from the
two hyperbolic bands. As a result, the NFRHT between bulk
hBN slabs could be 120 times larger than the blackbody limit.
Thus, HSPPs are demonstrated to enhance the NFRHT.

Wu and Fu [163] further studied the phonon polaritons
of hBN and distinguished the roles for two kinds of HPPs:
HSPPs and hyperbolic volume phonon polaritons (HVPPs).
The HVPPs are essentially Fabry–Pérot resonances, which
are propagating waves in the medium; while HSPPs are sur-
face waves, which are evanescent waves in the medium. It
was shown that when the optical axis is perpendicular to the
medium surface, only HVPPs can be excited in the two hyper-
bolic bands (figures 7(a), (c), and (d)). When the optical axis
is parallel to the medium surface, there are HVPPs excited in
type I hyperbolic band, while both HVPPs and HSPPs excited
in type II hyperbolic band (figures 7(b), (e), and (f)). Further
research shows that in ultra-thin hyperbolic slabs, the disper-
sion curves of HVPPS and HSPPs can be smoothly connected
[164]. In particular, the topology of HVPPS can be convex,
flat, as well as concave, and can be regulated by adjusting the
thickness of the hyperbolic slab, as seen in figures 7(g) and (h).

For hBN, the effects of the optical axis orientation and slab
thickness were also discussed. For example, the absorption
in a hBN slab could be manipulated by adjusting the tilted
angle of its optical axis [165]. As the optical axis deviates from
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Figure 7. Schematic of NFRHT between two hBN slabs when the optical axis is (a) perpendicular to the surface and (b) parallel to the
surface. (c)–(h) Energy transmission coefficient. When the optical axis is vertical to the surface, the energy transmission coefficient in the
(c) type I and (d) type II hyperbolic bands varies with the angular frequency, the slab thickness is 1000 nm. When the optical axis is parallel
to the surface, the energy transmission coefficient at (e) 1.52 × 1014 rad s−1 (type I hyperbolic band) and (f) 2.92 × 1014 rad s−1 (type II
hyperbolic band). Reprinted from [163], Copyright (2021), with permission from Elsevier. Energy transmission coefficient at
3 × 1014 rad s−1 for different slab thicknesses: (g) bulk and (h) h = 100 nm. The vacuum gap is d = 20 nm. [164] (2021), reprinted by
permission of the publisher (Taylor & Francis Ltd, www.tandfonline.com.).

normal, the emissivity decreases in the type I hyperbolic band
and increases in the type II hyperbolic band [166]. As the tilt-
ing angle increases, the wavevector of electromagnetic waves
decreases and leads to a reduced radiation heat flux [137].With
the decrease of thickness, the excitation of HVPPs becomes
dispersed [163]. Variations in the radiation heat flux and the
topological shape of phonon polaritons open up new ways to
clarify the mechanism and manipulation method of NFRHT in
hyperbolic materials [167].

3.2.2. Biaxial natural hyperbolic materials. Biaxial hyper-
bolic crystals (such as α-MoO3) show different optical
responses along their three crystalline directions, their hyper-
bolicity will become more complicated than uniaxial crys-
tals [89–91]. The α-MoO3 crystal has three Reststrahlen
bands, there are εxx > 0,εyy < 0,εzz > 0, εxx < 0,εyy > 0,εzz >
0 and εxx > 0,εyy > 0,εzz < 0 in band 1, 2 and 3 respect-
ively (figure 8(b)). The regions for phonon polariton excita-
tion are determined from the signs of the three permittivity
components (figure 8(c)) [168]. Wu et al [169] studied the
NFRHT between two α-MoO3 biaxial crystals, it is observed
that different crystal orientations will produce varying results
(figure 8(d)). Due to the HVPPs excitation inside α-MoO3 and
HSPPs at the vacuum/α-MoO3 interface, the NFRHT between
two semi-infinite α-MoO3 crystals is significantly enhanced.
At a vacuum gap of 20 nm, the NFRHF can be larger than
2200 kW m−2 when the heat flux is along the [001] crystal-
line direction, which is much larger than between two hBN
uniaxial crystals (figures 8(e) and (f)). In addition, based on
the in-plane anisotropy, the NFRHT can be well controlled
by relative rotation. Thus, biaxial natural hyperbolic materials

have the potential for NFRHT as their special properties give
a multitude of possible applications of interest.

3.3. NFRHT of 2D material/hyperbolic material
heterostructures

It has been confirmed that the combination of graphene
and dielectric (or metal) materials can produce coupling of
graphene plasmons and other SPhPs (or SPPs), which leads
to further mediation of the NFRHT [170–175]. However, the
near-unity photon tunneling probability only appears over a
narrow frequency range of exciting coupled SPhPs or SPPs,
thus the frequency range of NFRHT enhancement is limited.
Hyperbolic materials support broadband excitation of surface
polaritons and have large energy transmission coefficients over
a wide range of wavevectors. Therefore, the combination of
graphene and hyperbolic materials produces new effects that
are worthy of study.

Liu et al [176] investigated the NFRHT between graphene-
coated doped Si nanowires (figures 9(a) and (b)), and the-
oretically demonstrated that the hybridization of graphene
plasmons and hyperbolic modes cause a near-uniform photon
tunneling probability over a wide frequency domain and large
wavevector space. Thus, the NFRHT increases significantly
and reaches 80% of the theoretical limit for hyperbolic mater-
ials. Besides, the NFRHT of graphene-coated metamaterials
can be actively regulated by modulating the graphene chem-
ical potential [177].

Combining uniaxial natural hyperbolic materials and
graphene to form heterostructures could produce new hybrid
polaritons in the mid-infrared band [137, 162, 178, 179].
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Figure 8. (a) Scheme of the crystalline structure of α-MoO3. [90] John Wiley & Sons. Copyright (2018) The Authors. Published by
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (b) Anisotropic permittivity along the three principal axes of α-MoO3 showing the
existence of three Reststrahlen bands. [89] John Wiley & Sons. Copyright (2020) Wiley-VCH GmbH. (c) Schematic of the regions where
HVPPs and HSPPs can exist. [168] Copyright (2020) Engineered Science Publisher LLC. With permission. (d) Heat flux between two bulk
α-MoO3 crystals varying with vacuum gap. (e) Spectral heat flux along the [100] crystalline directions. (f) Energy transmission coefficient
at 1.5984 × 1014 rad s−1, the dashed curves divide the regions of HPPs and the solid ones represent the dispersion curves of HSPhPs. [169]
Copyright (2020) by ASME.

Figure 9. (a) Schematic of the NFRHT between graphene-coated doped Si nanowires and (b) the associated energy transmission
coefficient. Reprinted with permission from [176]. Copyright (2014) American Chemical Society. (c) Schematic of graphene/hBN
heterostructures. Reprinted with permission from [184]. Copyright (2017) American Chemical Society. (d) Radiative heat flux between
graphene/hBN heterostructures varying with gap distance. [182] Copyright (2020) by ASME. (e) Energy transmission coefficient for
different graphene/hBN heterostructures. Reprinted with permission from [184]. Copyright (2017) American Chemical Society. (f) Energy
transmission coefficient varying with wavevector components and (g) heat flux contributions of HPPPs and SPPPs for graphene/α-MoO3

heterostructures at 1.82 × 1014 rad s−1 for different chemical potentials. [168] Copyright (2020) Engineered Science Publisher LLC. With
permission.

After adjusting the chemical potential of graphene, the coup-
ling ability of phonon-plasmon polaritons changes signific-
antly, which illustrates a strong tunability [180, 181]. Zhao

and Zhang [182] studied the NFRHT in graphene/hBN hetero-
structures, they found that graphene plasmons can be coupled
with phonon polarons in hBN films, and produce two hybrid
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Figure 10. Schematic diagram of NFRHT experiment of (a) sphere-plate. Reprinted with permission from [52]. Copyright (2009) American
Chemical Society. (b) Plate-plate configuration. Reprinted with permission from [202]. Copyright (2017) American Chemical Society.
(c) Optical image of the experimental setup for near-field thermal measurements. (d) Measured heat flux between the sphere and the anodic
aluminum oxide template with (red dots) and without (blue dots) the protruded nanowires. Reprinted with permission from [99]. Copyright
(2015) American Chemical Society. (e) Integrated experimental platform to measure NFRHT between metallo-dielectric multilayer HMMs.
(f) Measured heat flux between multilayer HMMs (3 unit cells and f = 0.1); inset: heat transfer coefficient for all measured data.
Reproduced from [107], with permission from Springer Nature. (g) Measurements of heat flux between silicon nanorod array HMMs.
Reprinted from [102], Copyright (2020), with permission from Elsevier.

polaritons: surface plasmon–phonon polaritons (SPPPs) pro-
duced from the coupling of SPPs and HSPPs, and hyper-
bolic plasmon–phonon polaritons (HPPPs) produced from the
coupling of SPPs and HVPPs. HPPPs maintain the features
of hyperbolic-waveguide-mode and could suppress the heat
transfer, while SPPPs could enhance the heat transfer. Due
to the coupling of polaritons, the total heat flux between
graphene/hBN heterostructures can be greatly enhanced com-
pared to bare hBN films or graphene monolayers, and can
exceed the blackbody limit by three orders of magnitude
(figure 9(d)). The periodic multilayer graphene/hBN struc-
tures can give rise to a further effective hyperbolic behavior,
in addition to the intrinsic natural hyperbolic behavior of hBN
[183]. The NFRHT could be actively modulated by changing
the graphene chemical potential or through the number of
graphene layers. Shi et al [184] found that heterostructures
composed of five or more graphene-hBN cells perform better
than other structures (figure 9(e)), the heat flux of infinite-cell
heterostructure could be 1.87- and 2.94-fold larger than that of
sandwich and monocell structures, and exceed the blackbody
limit by four orders of magnitude.

While biaxial natural hyperbolic materials like α-MoO3

exhibit excellent NFRHT performances, there are few studies
on the combination of α-MoO3 and graphene. Wu et al [168]
investigated the NFRHT between graphene-coated α-MoO3.
They demonstrated that the total heat flux can be signific-
antly enhanced due to the coupling between graphene plas-
mons and phonon polaritons in α-MoO3. In the Reststrahlen
bands, the spectral heat flux can be enhanced or suppressed
according to the chemical potential of graphene. More spe-
cifically, HPPPs always suppress the heat flux while SPPPs

can enhance or suppress it, depending on the frequency [185].
Take the angular frequencies of 1.82 × 1014 rad s−1 as an
example, for bulk α-MoO3, the heat flux contributions from
HSPPs and HVPPs are 5.66 and 3.51 nJ m−2 rad−1 respect-
ively. After covering graphene, the contributions of hybrid
polaritons decreases (figures 9(f) and (g)). It can be seen that
after coating graphene to hyperbolicmaterials, though the total
heat flux can be enhanced, the relative size of spectral heat flux
is variable.

In summary, hyperbolic materials have great potential to
enhance NFRHT. Heterostructures of graphene and hyper-
bolic materials will bring more significant enhancements,
whichmay have guiding significance in the designs of NFRHT
experimental devices.

3.4. Experimental measurements

The experimental measurement and verification of the super-
Planckian heat flux between two objects will provide a reli-
able basis for theoretical research, so it has always been
the focus of academic attention. In the early stages, due to
the difficulty of maintaining the nano-spacing and parallel-
ism between two plates, the experimental configurations are
mostly probe-substrate [186–189] or sphere-plate structures
(figure 10(a)) [52, 190–194]. In recent years, due to the pro-
gress of technology, a number of experiments of plate-plate
structure have emerged (figure 10(b)) [6, 9, 45, 56, 195–208].
The methods of controlling the parallelism and spacing of
two plates can be divided into four categories: (a) separation
by nanosphere/nanocolumn [6, 8, 9, 56, 202, 205, 208], (b)
judging by the on–off of electrical signals [45, 196, 204], (c)
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using the change of signal strength and interference fringes of
transmitted/reflected light [201, 206, 209], and (d) using the
correlation between capacitance electrode spacing and capa-
citance [195, 199, 207]. The temperature of the plates can be
measured by embedding a temperature sensor/thermistor/ther-
mocouple in the carrier loaded with the sample sheet [8, 9, 45,
56, 196, 199, 202, 204–208], or preparing a Pt electrode on the
surface of the sample, and the temperature can be determined
by the relationship between the change of resistance and tem-
perature [188, 194, 197, 198, 200, 201, 203]. Themeasurement
of heat flux can be achieved by heat flux meter, or by using the
change of measured power and temperature in far-field and
near-field to convert the heat flux [9, 45, 195, 198, 203, 204,
206–208]. The techniques used in the existing NFRHT exper-
iments will provide reference and basis for the measurement
of super-Planck heat flux of hyperbolic materials.

In recent years, the NFRHT of HMMs has also been exper-
imentally studied. Shi et al [99] demonstrated a broadband
thermal energy extraction device based on nickel nanowire
HMMs (figures 10(c) and (d)). The thermal extractor made of
HMMs acts as a transparent pipe to guide the radiative energy
from the emitter without absorbing or emitting any radiation.
They observed that compared to the case without thermal
extractor, the NFRHT with HMMs thermal extractor can be
enhanced by around one order of magnitude. Lim et al [107]
measured the NFRHT between metallo-dielectric multilayer
HMMs. The HMMs are made of alternating Ti and MgF2, and
the active heat transfer area is 7.56 mm2 (figures 10(e) and (f)).
They fabricated an integrated platform, and used a three-axis
nanopositioner to locate the plate, the parallel of the plate is
realized by capacitive sensing. With an Au temperature sensor
placed on the back of the receiver component and a thermo-
couple attached to the heat sink, the heat flux could be meas-
ured. The NFRHT between multilayer HMMs at d = 160 nm
was increased by about 100 times compared to the far-field
case, and was equivalent to that between bulk Ti media at
d = 75 nm. Du et al [102] fabricated two 2 × 2 cm2 HMMs
made of silicon nanorod arrays and studied their NFRHT using
a home-made setup (figure 10(g)). The emitter and receiver are
separated by four AZ photoresist pillars to keep parallel. The
heat flux is measure by a differential way, i.e. subtracting the
background dissipation from the input power. At the 500 nm
vacuum gap, a strong heat flux density of 830 W m−2 was
observed, which is 4.7 times larger than the blackbody value.

4. Applications

4.1. Twistable thermal switch

In recent years, the requirements of thermal information pro-
cessing, thermal management, and thermoelectric conversion
have drawn attention to the manipulation of heat flux as ana-
logous to that of electric currents, such as a thermal switch.
Many researches focused on thermal modulations for heat
conduction through engineering phonon transport [210–212].
However, the phonon transmission speed is much lower,
and the inevitable existence of local Kapitza resistance dra-
matically reduces the phononic heat flow. In Recent years,

photon-based thermal transistors have attractedmuch attention
because photons travel faster and can be used in non-contact
applications [42, 213–215]. The relative rotation between the
emitter and receiver can regulate the electromagnetic inter-
actions between their interfaces [216, 217]. This effect sym-
bolizes the adjustability of NFRHT, which can be used for
twistable thermal switches [170, 218–224].

In 2011, Biehs et al [225] proposed tomodulate theNFRHT
by rotating two polar/metallic gratings around the heat flux dir-
ection (figures 11(a) and (b)). The results showed that at room
temperature, the net heat flux could be modulated by up to
90%. Other materials were subsequently investigated to con-
trol theNFRHF by relative rotations, and the role of hyperbolic
modes in twistable thermal switches was explored. Luo et al
[226] studied the NFRHT between two twisted finite size polar
dielectric nanoparticle gratings. Because of the size effect of
square and circular gratings, changing the twisting angle will
lead to significant oscillations of heat flux (figure 11(c)). Ge
et al [227] studied the NFRHT between two suspended 2D
anisotropic materials and observed that relative twisting of the
upper and bottom sheets caused nearly four-fold differences
in heat flux. He et al [228] realized the magnetoplasmonic
manipulation of NFRHT using two twisted graphene gratings
and observed that the magnetic field makes the grating have
higher NFRHT modulation ability (by changing the graphene
filling factor and twisted angles) compared with the zero field
case (figures 11(d)–(f)). After covering graphene gratings with
isotropic material slabs, the NFRHTwas increased by approx-
imately 150% and decreased by around 30% via mechanical
twisting compared to that of bare slabs [229]. The twistable
thermal switch composed of BP gratings was also proposed,
the optimized switching factors could reach 90% at a gap dis-
tance of 50 nm, in the far-field regime, the switching factors
could also be more than 70% at a gap distance of 1 µm [230].

Grating fabrication will be a significant challenge to
provide modulators with good performances at nanometer
gaps because the roughness and defects must be within a few
nanometers. However, natural hyperbolic materials can be dir-
ectly used for thermal modulation without patterning. Liu et al
[231] proposed a pattern-free thermal modulator based on
mechanical rotations between two hBN films with optical axes
parallel to their surfaces (figures 12(a)–(c)). They found that
the mismatch of type I HSPPs between two films enabled the
hBN films to support a large modulation contrast. At a gap dis-
tance of 10 nm, the modulation contrast could be more than 5
for 1 nm thick films. Unlike uniaxial hyperbolic crystals which
exhibit in-plane anisotropy only with the optical axis par-
alleled to the surface, biaxial hyperbolic crystal α-MoO3 nat-
urally exhibits both out-of-plane and in-plane anisotropy. In
twisted α-MoO3, the highly anisotropic hyperbolic polaritons
will produce electromagnetic interaction, which is conducive
to rotational thermal modulation [234]. Wu et al [169] invest-
igated the effects of relative rotations between two α-MoO3

films and found that the heat flux varies significantly due to
misalignments of the HPPs inside α-MoO3 and HSPPs at the
vacuum/α-MoO3 interfaces. When the heat flux was along the
[010] direction, the modulation contrast can reach 2. Based
on this work, the thermal modulation by relative rotations

12



Int. J. Extrem. Manuf. 4 (2022) 032002 Topical Review

Figure 11. (a) Two gratings separated by a distance d and twisted by a relative angle ϕ. (b) Heat flux between two Au gratings normalized
by the flux ⟨Sz⟩(0◦). Reprinted figure with permission from [225], Copyright (2011) by the American Physical Society. (c) Normalized
thermal conductance for SiC circular gratings. Reprinted figure with permission from [226], Copyright (2020) by the American Physical
Society. (d) Schematic of the NFRHT between two twisted gratings of graphene. (e) Spectral radiative heat transfer coefficient and
(f) energy transmission coefficient of twisted graphene gratings. Reprinted from [228], Copyright (2020), with permission from Elsevier.

between hBN and α-MoO3 was also studied (figures 12(d)
and (e)) [232]. It was found that the mismatch of HVPPs in
the emitter and receiver leads to large modulation contrasts.
By optimizing the thickness of the slabs, the modulation con-
trast can be up to 12.45, which is the highest known value.
The unique electromagnetic properties of hyperbolic mater-
ials have great application potential in thermal modulations.
The manipulation of NFRHT will open new ways for thermal
management in microelectronic devices.

4.2. Near-field thermophotovoltaic (NTPV)

TPVs are a pollution-free and multi-purpose thermoelectric
conversion device without moving parts, which can use a vari-
ety of heat sources. A TPV is composed of thermal emitters
and low-bandgap photovoltaic cells. Semiconductor photovol-
taic cells generate electron–hole pairs through electron valence
band transitions based on incident photon radiation and dir-
ectly convert the thermal energy into electricity. The energy
conversion efficiency of TPV is limited by the Shockley–
Queisser limit with a maximum of 41% [233]. However, when
the distance between the emitter and the cell is less than the
thermal wavelength, the dramatically increased energy trans-
mission generated by NFRHT can significantly improve the

efficiency of NTPV and even break the Shockley–Queisser
limit. Therefore, NFRHT has inspiring potential in TPV
applications.

There have been some explorations of NTPVs using con-
ventional materials that reduce the vacuum distance to the
nanometer level for increased efficiencies [12–23]. Hyperbolic
materials are ideal high-temperature heat sources because
of their large wavevector transmission characteristics. This
has naturally led to their use in NTPVs to improve the out-
put power. Vongsoasup et al [235] proposed an HMM radi-
ator made of 2D tungsten grating that supports hyperbolic
modes, and found that with the HMM radiator, the energy
absorbed by the cell is enhanced compared to isotropic radiator
(figure 13(a)). The maximum power output and conversion
efficiency could reach 4.28 × 105 W m−2 and 35%, respect-
ively. Mirmoosa et al [236] theoretically show that NTPV sys-
tem include tungsten nanowires allow the frequency-selective
super-Planckian spectrum of thermal radiation, thus lead to
efficient power generation, the power output per unit area can
reach 3.3–4.3 W cm−2. Chang et al [237] proposed an HMM
composed of tungsten nanowire arrays embedded in Al2O3

as thermal emitter (figure 13(b)). They showed that at the
vacuum gap of 20 nm, the output power of a semi-infinite
HMM thermal emitter is 2.15 times greater than that of pure
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Figure 12. (a) Schematic of a twistable thermal switch based on van der Waals films. (b) Normalized heat flux of twisted hBN slabs.
(c) Energy transmission coefficient of twisted hBN bulks or films at ω = 2.9 × 1014 rad s−1 for rotation angle of 0◦ and 90◦. Reprinted
from [231], Copyright (2017), with permission from Elsevier. (d) Heat flux and modulation contrast of twisted hBN and α-MoO3 slabs
varying with the emitter thickness. (e) Energy transmission coefficient of twisted hBN and α-MoO3 slabs at ω = 1.48 × 1014 rad s−1 for
rotation angle of 0◦, 30◦, 60◦ and 90◦. Reprinted from [232], Copyright (2021), with permission from Elsevier.

tungsten, and the energy conversion efficiency increased from
17.7% to 31.1% when using a limited thickness cell. Yu et al
[238] investigated the NFRHT for an NTPV consisting of a
plasmonic emitter and GaSb absorber with nanowire/nanohole
arrays (figure 13(c)). Compared to the efficiency of 14.6% in
planar GaSb system, the optimal efficiency of proposed sys-
tem was up to 26.0%, and the power enhancement could up
to a maximum of 78.3%. Jiang et al [239] proposed a NTPV
composed of a tungsten nanowire HMM emitter and a two-
junction tandem cell, the system can generate a power output
of 4.7236 × 106 W m−2 and the conversion efficiency can
reach 45.26%, achieving 1.3 (2.38) times more electricity with
15.3% (25.95%) higher conversion efficiency than the single
InGaAsSb (InAs) cell.

Jin et al [244] proposed using multilayer metamaterials
formed alternately by tungsten and SiO2 as the thermal emit-
ter. At a vacuum gap of 100 nm, the output power was
increased approximately six-fold compared to the case of a
conventional tungsten emitter. Mirmoosa et al [240] proposed
a germanium/tungsten-multilayer-based emitter (figure 13(d))
that achieved a large ultimate efficiency of more than 50%
and radiative heat flux of about 200 kW m−2. Lim et al [241]
used doped Si/SiO2-multilayer-based emitter (figure 13(e))
and coated multilayer graphene/SiO2 on the cell. Compared

with the system with bulk emitter and bare cell, the power out-
put of the system is 24.2-fold enhanced. Ghanekar et al [243]
chose a stack of alternating ZrC and SiO2 thin films as the
HMM in place of a bulk metallic heat sink. It was found that
the presence of hyperbolic modes created additional NFRHT
channels, which led to an sevenfold increased power density.

Combining 2D materials with natural hyperbolic materials
to modulate the NFRHT between the emitter and cell allows
optimizing the NTPV performance. Messina et al [12] pro-
posed a kind of NTPV with an hBN emitter and an InSb
cell coated with graphene. The calculation results showed that
the cell efficiency and generated current are improved when
InSb cell is coated with graphene, the system efficiency can
reach 20% at a vacuum gap of 16 nm and graphene chem-
ical potential of 0.5 eV. Wang et al [242] studied the per-
formance of NTPV with both hBN emitters and InSb cells
coatedwith graphene (figure 13(f)). The highest output electric
power reached 7.6× 104 Wm−2, while the highest energy effi-
ciency was 34% for the system with a heterostructure emitter
and uncoated cell. With graphene/hBN/graphene sandwiched
structure as the emitter and uncoated InSb cell, the optimal
output power density can reach 1.3 × 105 W m−2 and the
energy efficiency can be as large as 42% of the Carnot effi-
ciency [245].
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Figure 13. Schematics of several NPTV systems consisting of hyperbolic materials. The emitter is made of (a) a tungsten grating or
(b) tungsten nanowire arrays embedded in an Al2O3 host. (a) Reprinted from [235], Copyright (2017), with permission from Elsevier.
(b) Reprinted from [237], Copyright (2015), with permission from Elsevier. (c) The absorber is made of GaSb with nanowire/nanohole
arrays. Reprinted from [238], Copyright (2018), with permission from Elsevier. The emitter is made of (d) W/Ge multilayer HMM and
(e) Si/SiO2 multilayer HMM. (d) Reprinted figure with permission from [240], Copyright (2017) by the American Physical Society.
(e) Reprinted from [241], Copyright (2018), with permission from Elsevier. (f) The emitter is made of hBN-graphene heterostructures and
the cell is InSb coated with graphene. Reprinted figure with permission from [242], Copyright (2019) by the American Physical Society.

Though natural hyperbolic materials have unique advant-
ages in NFRHT, the natural Reststrahlen bands are difficult to
change due to their inherent lattice structure, which limits the
spectral selection for NTPV. To overcome this limitation, the
performance of natural hyperbolic materials in NTPV can be
improved by coating with graphene or tilting the optical axis,
which will be explored in the future. The application of HMMs
in NTPVs has a strong development space with more forms
of metamaterials that can bring new possibilities for NTPVs.
In summary, improving the output power and efficiency of
NTPVs can be achieved using the important class of hyper-
bolic materials.

5. Summary and prospects

The NFRHT of hyperbolic materials is introduced and
reviewed. We first introduce the optical properties of hyper-
bolic materials and review their origin and development. The
established calculation models for the NFRHT in hyperbolic
materials are then introduced. After introducing the basic con-
cepts of NFRHT for hyperbolic materials, we review the the-
oretical and experimental research progress of super Planck
thermal radiation in hyperbolic materials, which includes
metamaterials, 2D materials, and natural hyperbolic materi-
als. In addition, we discuss the NFRHT of heterostructures that
consist of 2D and hyperbolic materials. Finally, we introduce
the application of NFRHT for hyperbolic material, such as
twistable thermal switches and NTPVs. The summary of this
review helps to sort out the research content for the NFRHT in
hyperbolicmaterials and lays a foundation for further research.

As the NFRHT of hyperbolic materials is rich in phys-
ics and has become increasingly practical, we anticipate that
hyperbolic materials will continue to promote theoretical
and technological development for NFRHT, and will play
a crucial role in micro/nano thermal modulation and next-
generation energy conversion systems. However, despite the
extraordinary evolution of NFRHT in hyperbolic materials,
there still exist plentiful fascinating phenomena and prom-
ising opportunities in both fundamental advances and practical
applications.

(a) For theoretical works, although research on the NFRHT
mechanisms in hyperbolic materials is relatively mature,
there are still some challenges. To date, focus has been lim-
ited to the hybrid effects between hyperbolic materials and
isotropic polaritons, but the hybrid phenomenon between
hyperbolic materials and other anisotropic polaritons has
rarely been considered. In addition, the hyperbolic effect
of pseudo-periodic artificial metamaterials on the NFRHT
has not been explored. Finally, the limit of NFRHT that
hyperbolic materials can support has not been determined.

(b) For experimental works, many theoretical results and con-
cepts require experimental verification, which may revo-
lutionize the study of NFRHT. This includes hBN and
other uniaxial anisotropic materials. Most importantly, in
NFRHT experiments, research on hyperbolic anisotropic
surface polaritons and the hybrid effects of hyperbolic
polaritons is still missing.

(c) For practical applications, devices composed of hyper-
bolic materials are still in the concept stage, and there
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is a long way to go into realistic production and life. In
addition, as hyperbolic waveguides can transmit evanes-
cent wave energy over long distances, it is an open ques-
tion of whether hyperbolic materials can help break the
strict requirements for heat transfer distances with near-
field radiation, which reduces the processing costs and dif-
ficulty of these applications.
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and Soljačić M 2012 Near-field thermal radiation
transfer controlled by plasmons in graphene Phys. Rev.
85 155422

[225] Biehs S A, Rosa F S S and Ben-Abdallah P 2011 Modulation
of near-field heat transfer between two gratings Appl.
Phys. Lett. 98 243102

[226] Luo M, Zhao J and Antezza M 2020 Near-field radiative heat
transfer between twisted nanoparticle gratings Appl. Phys.
Lett. 117 053901

[227] Ge L, Cang Y, Gong K, Zhou L, Yu D and Luo Y 2018
Control of near-field radiative heat transfer based on
anisotropic 2D materials AIP Adv. 8 085321

[228] He M-J, Qi H, Ren Y-T, Zhao Y-J and Antezza M 2020
Magnetoplasmonic manipulation of nanoscale thermal
radiation using twisted graphene gratings Int. J. Heat
Mass Transfer 150 119305

[229] He M, Qi H, Ren Y, Zhao Y and Antezza M 2020 Active
control of near-field radiative heat transfer by a
graphene-gratings coating-twisting method Opt. Lett.
45 2914–7

[230] He M-J, Qi H, Ren Y-T, Zhao Y-J, Zhang Y, Shen J-D and
Antezza M 2020 Radiative thermal switch driven by
anisotropic black phosphorus plasmons Opt. Express
28 26922–34

[231] Liu X, Shen J and Xuan Y 2017 Pattern-free thermal
modulator via thermal radiation between van der Waals
materials J. Quant. Spectrosc. Radiat. Transfer 200 100–7

[232] Wu X and Fu C 2021 Near-field radiative modulator based on
dissimilar hyperbolic materials with in-plane anisotropy
Int. J. Heat Mass Transfer 168 120908

[233] Shockley W and Queisser H J 1961 Detailed balance limit of
efficiency of p-n junction solar cells J. Appl. Phys.
32 510–9

[234] Chen M, Lin X, Dinh T H, Zheng Z, Shen J, Ma Q, Chen H,
Jarillo-Herrero P and Dai S 2020 Configurable phonon
polaritons in twisted α-MoO3 Nat. Mater. 19 1307–11

[235] Vongsoasup N, Francoeur M and Hanamura K 2017
Performance analysis of near-field thermophotovoltaic
system with 2D grating tungsten radiator Int. J. Heat Mass
Transfer 115 326–32

[236] Mirmoosa M S and Simovski C 2015 Micron-gap
thermophotovoltaic systems enhanced by nanowires
Photon. Nanostruct: Fundam. Appl. 13 20–30

[237] Chang J-Y, Yang Y and Wang L 2015 Tungsten nanowire
based hyperbolic metamaterial emitters for near-field
thermophotovoltaic applications Int. J. Heat Mass
Transfer 87 237–47

[238] Yu H, Duan Y and Yang Z 2018 Selectively enhanced
near-field radiative transfer between plasmonic emitter and
GaSb with nanohole and nanowire periodic arrays for
thermophotovoltaics Int. J. Heat Mass Transfer
123 67–74

[239] Jiang C, Huang H and Zhou Z 2021 Enhancement in the
multi-junction thermophotovoltaic system based on

21

https://doi.org/10.1021/nl503236k
https://doi.org/10.1021/nl503236k
https://doi.org/10.1103/PhysRevB.91.195136
https://doi.org/10.1103/PhysRevB.91.195136
https://doi.org/10.1038/nnano.2016.20
https://doi.org/10.1038/nnano.2016.20
https://doi.org/10.1038/nnano.2016.17
https://doi.org/10.1038/nnano.2016.17
https://doi.org/10.1021/acs.nanolett.7b01422
https://doi.org/10.1021/acs.nanolett.7b01422
https://doi.org/10.1021/acs.nanolett.8b00846
https://doi.org/10.1021/acs.nanolett.8b00846
https://doi.org/10.1021/acs.nanolett.9b03269
https://doi.org/10.1021/acs.nanolett.9b03269
https://doi.org/10.1038/s41565-019-0483-1
https://doi.org/10.1038/s41565-019-0483-1
https://doi.org/10.1021/acs.nanolett.0c02137
https://doi.org/10.1021/acs.nanolett.0c02137
https://doi.org/10.1103/PhysRevApplied.14.014070
https://doi.org/10.1103/PhysRevApplied.14.014070
https://doi.org/10.1002/adma.202106097
https://doi.org/10.1002/adma.202106097
https://doi.org/10.1038/s41586-019-1800-4
https://doi.org/10.1038/s41586-019-1800-4
https://doi.org/10.1140/epjb/e2012-30219-7
https://doi.org/10.1140/epjb/e2012-30219-7
https://doi.org/10.1063/1.2191730
https://doi.org/10.1063/1.2191730
https://doi.org/10.1103/PhysRevLett.99.177208
https://doi.org/10.1103/PhysRevLett.99.177208
https://doi.org/10.1063/1.4915138
https://doi.org/10.1063/1.4915138
https://doi.org/10.1126/science.1114849
https://doi.org/10.1126/science.1114849
https://doi.org/10.1103/PhysRevLett.111.073904
https://doi.org/10.1103/PhysRevLett.111.073904
https://doi.org/10.1038/s41586-020-2359-9
https://doi.org/10.1038/s41586-020-2359-9
https://doi.org/10.1126/science.aat6981
https://doi.org/10.1126/science.aat6981
https://doi.org/10.1021/acsphotonics.8b01585
https://doi.org/10.1021/acsphotonics.8b01585
https://doi.org/10.1021/acsnano.7b08231
https://doi.org/10.1021/acsnano.7b08231
https://doi.org/10.1063/1.4928430
https://doi.org/10.1063/1.4928430
https://doi.org/10.1103/PhysRevLett.116.084301
https://doi.org/10.1103/PhysRevLett.116.084301
https://doi.org/10.1021/acs.nanolett.9b01086
https://doi.org/10.1021/acs.nanolett.9b01086
https://doi.org/10.1103/PhysRevLett.118.173902
https://doi.org/10.1103/PhysRevLett.118.173902
https://doi.org/10.1103/PhysRevB.85.155422
https://doi.org/10.1103/PhysRevB.85.155422
https://doi.org/10.1063/1.3596707
https://doi.org/10.1063/1.3596707
https://doi.org/10.1063/5.0018329
https://doi.org/10.1063/5.0018329
https://doi.org/10.1063/1.5049471
https://doi.org/10.1063/1.5049471
https://doi.org/10.1016/j.ijheatmasstransfer.2020.119305
https://doi.org/10.1016/j.ijheatmasstransfer.2020.119305
https://doi.org/10.1364/OL.392371
https://doi.org/10.1364/OL.392371
https://doi.org/10.1364/OE.402642
https://doi.org/10.1364/OE.402642
https://doi.org/10.1016/j.jqsrt.2017.06.010
https://doi.org/10.1016/j.jqsrt.2017.06.010
https://doi.org/10.1016/j.ijheatmasstransfer.2021.120908
https://doi.org/10.1016/j.ijheatmasstransfer.2021.120908
https://doi.org/10.1063/1.1736034
https://doi.org/10.1063/1.1736034
https://doi.org/10.1038/s41563-020-0732-6
https://doi.org/10.1038/s41563-020-0732-6
https://doi.org/10.1016/j.ijheatmasstransfer.2017.07.070
https://doi.org/10.1016/j.ijheatmasstransfer.2017.07.070
https://doi.org/10.1016/j.photonics.2014.10.007
https://doi.org/10.1016/j.photonics.2014.10.007
https://doi.org/10.1016/j.ijheatmasstransfer.2015.03.087
https://doi.org/10.1016/j.ijheatmasstransfer.2015.03.087
https://doi.org/10.1016/j.ijheatmasstransfer.2018.02.085
https://doi.org/10.1016/j.ijheatmasstransfer.2018.02.085


Int. J. Extrem. Manuf. 4 (2022) 032002 Topical Review

near-field heat transfer and hyperbolic metamaterial Sol.
Energy 217 390–8

[240] Mirmoosa M S, Biehs S A and Simovski C R 2017
Super-Planckian thermophotovoltaics without vacuum
gaps Phys. Rev. Appl. 8 054202

[241] Lim M, Song J, Kim J, Lee S S, Lee I and Lee B J 2018
Optimization of a near-field thermophotovoltaic system
operating at low temperature and large vacuum gap J.
Quant. Spectrosc. Radiat. Transfer 210 35–43

[242] Wang R, Lu J and Jiang J-H 2019 Enhancing
thermophotovoltaic performance using graphene-BN-InSb
near-field heterostructures Phys. Rev. Appl. 12 044038

[243] Ghanekar A, Tian Y, Liu X and Zheng Y 2019 Performance
enhancement of near-field thermoradiative devices using
hyperbolic metamaterials J. Photon. Energy
9 032706

[244] Jin S, Lim M, Lee S S and Lee B J 2016 Hyperbolic
metamaterial-based near-field thermophotovoltaic system
for hundreds of nanometer vacuum gap Opt. Express
24 A635–49

[245] Wang R, Lu J and Jiang J-H 2021 Moderate-temperature
near-field thermophotovoltaic systems with
thin-film InSb cells Chin. Phys. Lett.
38 024201

22

https://doi.org/10.1016/j.solener.2021.01.074
https://doi.org/10.1016/j.solener.2021.01.074
https://doi.org/10.1103/PhysRevApplied.8.054020
https://doi.org/10.1103/PhysRevApplied.8.054020
https://doi.org/10.1016/j.jqsrt.2018.02.006
https://doi.org/10.1016/j.jqsrt.2018.02.006
https://doi.org/10.1103/PhysRevApplied.12.044038
https://doi.org/10.1103/PhysRevApplied.12.044038
https://doi.org/10.1117/1.JPE.9.032706
https://doi.org/10.1117/1.JPE.9.032706
https://doi.org/10.1364/OE.24.00A635
https://doi.org/10.1364/OE.24.00A635
https://doi.org/10.1088/0256-307X/38/2/024201
https://doi.org/10.1088/0256-307X/38/2/024201

	Near-field radiative heat transfer in hyperbolic materials
	1. Introduction
	2. Theory and methods
	2.1. Introduction to hyperbolic materials
	2.2. Fabrication of hyperbolic materials
	2.2.1. Nanowire metamaterials.
	2.2.2. Multilayer metamaterials.
	2.2.3. Natural hyperbolic materials.

	2.3. Characterization of hyperbolic materials
	2.4. Calculation formula for NFRHT
	2.4.1. The 4  4 transfer matrix method.


	3. NFRHT of hyperbolic materials
	3.1. NFRHT of hyperbolic metamaterials (HMMs)
	3.1.1. Nanowire/nanohole array structures.
	3.1.2. Periodic layered structure.
	3.1.3. Two-dimensional (2D) materials.

	3.2. NFRHT of natural hyperbolic materials
	3.2.1. Uniaxial natural hyperbolic materials.
	3.2.2. Biaxial natural hyperbolic materials.

	3.3. NFRHT of 2D material/hyperbolic material heterostructures
	3.4. Experimental measurements

	4. Applications
	4.1. Twistable thermal switch
	4.2. Near-field thermophotovoltaic (NTPV)

	5. Summary and prospects
	References


