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Hyperbolic Metamaterials and Metasurfaces: Fundamentals

and Applications

Pengcheng Huo, Si Zhang, Yuzhang Liang, Yanqing Lu, and Ting Xu*

Recent advances in nanofabrication and characterization technologies
have spurred many breakthroughs in the field of optical metamaterials and
metasurfaces that provide novel ways of manipulating light interaction in a
well controllable manner. Among these artificial nanostructured materials,
3D bulk hyperbolic metamaterials and 2D planar hyperbolic metasurfaces
exhibit ultra-anisotropic electromagnetic responses and lead to dramatic
changes for the light propagation behaviors. Here, the dispersions and
realizations of hyperbolic media are first briefly discussed. Then, the
recent achievements of various optical applications based on hyperbolic
metamaterials and metasurfaces, including beam manipulation, super-
resolution imaging, spontaneous and thermal emission engineering,
ultrasensitive optical sensing, and broadband optical absorption are
reviewed. This review provides an overview and vision for the future of
hyperbolic media and their potential impact on the development of novel

nanophotonic devices and systems.

1. Introduction

Light is an ultimate information carrier with packaging data
in a signal of zero mass and unmatched speed. It allows to go
about our daily activities and provides us with telecommunica-
tions, security, healthcare, and consumer technologies. Because
of its importance, the step of exploration of control over light
propagation never stops. Optical metamaterials, as a kind of
newly emerging artificial materials, have allowed unlimited
possibilities in controlling the flow of light and are being
used for a large number of novel optical applications.'"%l In
principle, optical metamaterials are electromagnetic structures
engineered on subwavelength scales to have optical properties
that are not observed in their constituent materials and may not
be found in nature, such as negative index of refraction.’!l
Since the beginning of this century, with the advances of nano-
fabrication and characterization technologies, more and more
research interests have been focused on optical metamaterials
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and their potential applications in various
fields, including optical waveguiding,
imaging, ultrasensitive optical sensing,
and electromagnetic cloaking.

Among the different types of optical met-
amaterials proposed and demonstrated to
date, there is one class of highly anisotropic
metamaterials which exhibit hyperbolic
(or indefinite) dispersions, depending on
their effective electric tensors (here, we
only consider nonmagnetic media with
unit magnetic tensors). Such hyperbolic
metamaterials (HMMs) have reached the
ultra-anisotropic limit of traditional uni-
axial crystal and lead to dramatic changes
for the light propagation behaviors.[12-1¢
Compared with other optical metamate-
rials, like chiral’”®l and split ring reso-
nator-based metamaterials,'*29 HMMs
have advantages of relative ease of fabri-
cation at optical frequencies, broadband
nonresonant and 3D bulk responses, and flexible wavelength
tunability. As a result, HMMs have attracted widespread
interest and become a good multifunctional platform for many
exotic applications, such as optical negative refraction and
light beam steering, 1221728 subdiffraction-limited imaging and
nanolithography,?>*! spontaneous!*®’% and thermal emis-
sion engineering,”'-% ultrasensitive optical, biological, and
chemical sensing,®1-8% omnidirectional and broadband optical
absorption.*0-%3

On the other hand, ultrathin metasurfaces, which comprise a
class of planar optical metamaterials with many subwavelength
structural units, have attracted much attention due to their
ability of locally controlling the phase, amplitude, and polariza-
tion of light at the interface between two natural materials.**%7]
2D planar metasurfaces have many advantages over bulk meta-
materials, including simplifying the fabrication and integration
process, reducing energy loss, and being compatible with other
photonics devices. In this context, as an efficient surface wave
modulation platform, hyperbolic metasurfaces (HMSs) with
in-plane hyperbolic dispersions have a potential influence on
the development of on-chip planar photonic devices.[>%!

In this review, we first discuss the dispersions and realiza-
tions of hyperbolic media. Then, we review the recent achieve-
ments of various optical applications based on 3D bulk HMMs
and 2D planar HMSs. It should be stressed that, although some
application scenarios for 3D HMMs and 2D HMSs are analo-
gous, in fact they are not equal to each other because additional
constrains will be introduced on the surface wave as the dimen-
sionality degraded, which is accompanied by fancy in-plane
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phenomena. Finally, we outline the challenges in the area and
offer a set of directions for future work. This review is aimed at
providing an overview and vision for the potential development
of hyperbolic media in novel nanophotonic devices and systems.

2. 3D Bulk Hyperbolic Metamaterials

2.1. Principle of Hyperbolic Metamaterials

HMMs can be considered as uniaxial media with an extremely
anisotropic dielectric tensor, and thus one of the principal com-
ponents of the relative permittivity tensors has opposite sign to
the other two principal components, as

g 0 O
€= 0 ¢, O (1)
0 0 g,

where the in-plane components &, = €, = €,, the out-of-plane
component €,,=¢;, and & - g < 0. The subscripts L and ||
indicate components parallel and perpendicular to the anisot-
ropy axis, respectively. In this review, we only consider electric
hyperbolic media, thus the relative permeability [ simply
reduces to the unit tensor.

Derived from Maxwell's equations, for transverse magnetic
(TM) waves, the unique properties of hyperbolic media can be
understood by studying the equifrequency surface (EFC), which
is given by

2 2 2
k"+ky+k_2=k§ )

g £
where k,, k,, and k, are, respectively, the x, y, and z components
of the wavevector, ky= w/c is the free-space wavenumber, ® is
the wave frequency and c is the speed of light.

Equation (2) represents a hyperboloid with the condition
g, - €ll <0, describing an unbounded frequency surface which
is distinct to the closed one in isotropic medium. The hyperbolic
dispersion indicates that HMMs support the propagation of
electromagnetic waves with large wavevectors known as high-k
waves, which are typically evanescent in conventional isotropic
media, such as air and glass. These high-k states lead to a broad-
band divergence in the photonic density of states (PDOS) that
can be used for spontaneous emission engineering applications.

According to the sign of permittivity tensors & and g,
HMMs can be classified into two types. For £ > 0 and g < 0,
as shown in Figure 1la, the EFC has a twofold hyperboloid,
corresponding to the Type I HMMs. Type I HMMs have rela-
tively low loss because of their predominantly dielectric nature,
and they support the propagation of electromagnetic waves with
both small and large wavevectors, which can be used for super-
resolution imaging . On the other side, for £, < 0 and g > 0,
as shown in Figure 1b, the EFC has a onefold hyperboloid,
which corresponds to the Type II HMMs. In contrast to Type I
HMMs, Type II HMMs exhibit more metallic characteristics
and have higher absorption losses. As a result, they only
support the propagation of high-k modes and there is a cutoff
spatial frequency for the small wavevectors.
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2.2. Realizations of Hyperbolic Metamaterials

A few of natural materials have been reported to exhibit hyper-
bolic dispersion in their original form.’>1% For example,
graphite is a hyperbolic medium in the wavelength range
240-280 nm.['%U The crystal structure of magnesium diboride
(MgB,) is quite similar to graphite and the hyperbolic proper-
ties appear at the wavelength of 420 nm.% Tetradymites Bi,Se;
and Bi,Te; are hyperbolic in the visible range.121%3] In the
near-infrared (NIR) frequency, ruthenates (Sr,RuO,) exhibit
hyperbolic electromagnetic responses.’” In the far-infrared
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(a) & > 0, g < 0 (b)

SJ_<0,€||>0

Figure 1. EFC of TM waves in a) Type | and b) Type Il hyperbolic
metamaterials.

band, the natural hyperbolic materials contain sapphire (Al,0O3)
and bismuth (Bi).l'% Using first-principle calculations, natural
hyperbolic materials are further extended to the broad class of
layered transition metal dichalcogenides.['%! In the homogenous
natural hyperbolic materials, the operation wavelength ranges
are always fixed and can only be slightly tuned by environmental
temperature, pressure, doping, and so on. By contrast, the opera-
tional wavelength range of the artificial hyperbolic materials can
be flexibly tuned by using different component materials and
geometric structures. Therefore, designing artificial metamate-
rials is the most straightforward way to achieve extraordinary
hyperbolic electromagnetic responses at the desired frequencies.
In general, there are two prominent approaches to engineering
practical optical hyperbolic media. The first one consists of alter-
nating layers of deep-subwavelength thick metal and dielectric
(multilayer HMMs), while the second one consists of metal
nanowires embedded in a dielectric host (nanowire HMMs).
Next, we will discuss these two types of optical HMMs.

2.2.1. Multilayer Hyperbolic Metamaterials

To achieve hyperbolic response, the components of permittivity
tensor should be negative in one or two spatial directions.
Considering the fact that metal always has negative permittivity
below the plasma frequency as the polarization direction of free
electron is inverse to the external electric field, negative compo-
nents of permittivity tensor can be obtained by restricting free-
electron motion to these directions. Therefore, the simplest
realization of HMMs is multilayer metal-dielectric structures,
as shown in Figure 2a. According to the effect medium theory
(EMT),l1%] the effective permittivity components for propa-
gating perpendicular and parallel to the axis of anisotropy can
be calculated as

£ = Emtbm T Eqty ) g = tn t1g (3)
b +1g b [Em T 1a/Ea

where €, and &g are the permittivities of metal and dielec-

tric constitutions, t,,, and t; are the thicknesses of metal and

dielectric layers. By changing these four parameters, one can

get £ - g < 0 to achieve hyperbolic dispersion. It should be

noted here the EMT approximation from Equation (3) only
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holds in the long-wavelength limit. In other words, thickness of
each layer of HMMs should be far below the size of operating
wavelength for the valid homogenization. Considering that the
multilayer HMMs are typically fabricated by electron-beam and
sputter deposition methods, the minimum metal and dielectric
layer thickness should be larger than 5 nm. This layer thickness
is much smaller than the operating wavelength of ultraviolet
and visible light but still large enough to eliminate additional
spatial dispersion in metals induced by quantum size effect,
which could guarantee the consistency of electromagnetic
responses between designed and fabricated HMMs.

2.2.2. Nanowire Hyperbolic Metamaterials

Besides the alternating metal-dielectric multilayer structure,
another approach to achieve behavior is metallic nanowire array
embedded in a dielectric host, as shown in Figure 2b. When
the geometric parameters, including nanowire diameter and
lattice period, are much smaller than the operating wavelength,
according to EMT approximation, the effective permittivity
tensor of the metamaterial can be written in the form of

_al(+ Nen+(1- fe]
(1+f)ea+ (1= f)en

, g = femt(1-fea )

L

where ¢, and g, are the dielectric constants of the metallic nano-
wire and dielectric host, respectively, and fis the volume filling
fraction of metal. As a result, for nanowire structures, we can use
these three parameters to tune the metamaterial's dispersion.
As most of nanowire HMMs have extremely high aspect ratios
(HMM slab thickness approximately several to several tens of
micrometers vs nanowire diameter approximately several tens
of nanometers), they are always fabricated by electrochemical
deposition method, such as growing Ag or Au nanowires inside
a self-assembled porous alumina membrane.l'%”] Compared with
other nanofabrication technology, like e-beam lithography, this
is a very efficient and low-cost approach, which allows fabricated
metamaterial area to reach centimeter scale.”® To get uniform
nanowire HMMs, a multistep controlled electrodeposition is
necessary to ensure that the metal nanowire filling is consistent
over the entire sample area. The overfilling metal nanowires on
top of the metamaterial surface can be removed by chemical-
mechanical polishing technology.

by
1

Figure 2. HMMs fabricated in a) multilayer and b) nanowire structures.
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Figure 3. a) Schematic of negative refraction of TM light incident from isotropic to hyperbolic material. b) Dielectric dispersion of a metamaterial
consisting of highly doped InGaAs and intrinsic AllnAs layers. c) Spectra of ratio between a partially blocked beam and an unblocked one. The dip of
curve indicated the wavelength range of negative refraction. Reproduced with permission.[?l Copyright 2007, Springer Nature. d) Dielectric dispersion
of a metamaterial consisting of AZO and ZnO layers. e) Spectra of ratio between practically blocked and unblocked beam incident from different
directions. Reproduced with permission.[?’! Copyright 2012, National Academy of Sciences. f) (left) Schematic of negative refraction from free space
into the Ag nanowire HMMs. (right) Schematic of model with nanowires embedding in an AAO templet, and SEM images of sample. Reproduced with
permission.?l Copyright 2008, American Association for the Advancement of Science.

2.2.3. Material Choice for Hyperbolic Metamaterials

The choice of material combination for HMMs mainly depends
on the operation spectral range. For UV light, Ag and Al are
the ideal choices of metal due to their low losses. Considering
impedance match with real part of permittivity of metal, the
dielectric can be poorly absorbing UV transparent materials
such as Al,0;.5% For visible light, besides Ag and Al, Au is also
a good low loss choice for metal. The corresponding dielectric
can be SiO,B% Ti0, 1% Ti;04BU MgF,,1% polymethyl
methacrylate (PMMA),#I Si,P% and Ge.''% For infrared light,
convectional plasmonic metals are not suitable for being metal
constitutions for HMMs because they have high-impedance
mismatch with surround media, which leads to extremely high
reflection. Some oxide and nitride-based alloys, such as indium
tin oxide (ITO)®>M and AIN,™? can be alternative plasmonic
metal for the near-infrared light. For mid-infrared light, doped
semiconductors InGaAsP?®l and phonon-polaritonic metals
(SiC)*3 can act as the metallic building block.

2.3. Applications of Hyperbolic Metamaterials
2.3.1. Light Beam Manipulation

The special hyperbolic dispersion structure of HMMs brings
a lot of convenience to light beam manipulation. The first
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widely discussed phenomenon of HMMs is optical negative
refraction.?'??l Figure 3a schematically shows how optical
negative refraction can be obtained at the interface between
isotropic material and anisotropic HMMs, where the incident
beam and refracted beam are located at the same side of
normal. The optical negative refraction can be explained by
the EFC of isotropic medium and anisotropic Type 1 HMMs.
Here, we only consider TM-polarized light and the electric field
and the wavevector, respectively, lie in the x—z plane and the
interface lies in x—y plane. In the isotropic material, the circular
EFC forces the wavevector k and the Poynting vector S being
collinear. At the interface, the conservation of the tangential
component k, indicates that there are two possible solutions
in the HMMs. However, the causality principle restricts that
z - S,> 0 and thus only the solid blue arrow is reasonable,
which implies the wavevector k, indicating the direction of the
wavefront propagation, has a positive refraction at the material
interface. At the same time, the horizontal component of
refracted Poynting vector, written as x-S, =k, H; /2e,w&y, has
a negative value because €, is a negative value. As a result, the
optical negative refraction is obtained at the material interface.
It should be noted that the above-described effect of optical neg-
ative refraction only refers to energy negative refraction when
light beam is passing from isotropic medium to HMMs, dif-
ferent from the case of isotropic left-handed metamaterials, in
which both phase and energy are negatively refracted and their
propagation directions are antiparallel.>114
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Several experiments about negative refraction have been
demonstrated in different frequency ranges.?3?! For example,
in the infrared region, a low loss semiconductor HMMs is
demonstrated to exhibit full angle negative refraction effect
as in Figure 3b. This metamaterial consists of alternating
80 nm thick semiconductor layers of highly doped InGaAs
(Ing53Gag4;As) and intrinsic AllnAs (Al 48Ing5,As), which
are grown by molecular beam epitaxy on lattice matched
InP substrate.sl Using reflection and transmission meas-
urements, the ratio of blocked beam to a full beam exhibits
a dip, as shown in Figure 3¢, which suggests the broadband
negative refraction effect in the long wave infrared region.
In the near-infrared wavelength range, Naik et al. proposed
and experimentally demonstrated a low-loss HMM formed
with alternating layers of aluminum-doped zinc oxide (AZO)
(60 nm) and ZnO (60 nm) as metallic and dielectric compo-
nents, respectively (Figure 3d).?5! As an aluminum-doped zinc
oxide, AZO shows that the loss is above 5 times lower than
that of Ag in the near-infrared band, which can enable high
performance device. The permittivity is positive in the plane
and negative out of the plane at wavelength ranging from 1.84
to 2.4 um, and thus leading to a transverse-positive hyperbolic
dispersion. In Figure 3e, the obvious dip in the spectra of ratio
of transmittance provides sufficient proof for negative refrac-
tion of the corresponding wavelength. At visible frequencies,
optical negative refraction has been experimentally observed
in bulk HMMs composed of electrochemically deposited
Ag nanowires with a subwavelength period,* as shown in
Figure 3f. The silver nanowire HMMs can be considered as an
effective medium with permittivity in different signs parallel
and perpendicular to the nanowires. For the visible wavelength
ranging from 660 to 780 nm, the nanowire HMMs exhibit
all-angle negative refraction with low-loss intensity decay rate
about =0.43 um™".

Unlike isotropic medium, the propagation directions of
group velocities are different with the phase velocities in
HMMs, which is dominated by the principle axes of HMMs.
Therefore, the planar HMM slabs can be used to achieve
refocusing, but it is actually partial focusing: at small angles
of incidence, the light rays will be focused a point by the
planar slab, whereas the focusing is imperfect and aplanatic
point cannot be achieved at large angles of incidence. This
effect have been verified with both the ray-tracing argument
and the full wave numerical simulation.'' Partial focusing
guarantees that the HMM slab has great potential to realize
lens function. Furthermore, the aplanatic point can be
acheieved with the present hyperbolic medium by contouring
the front and back surfaces of slab, while the actual imple-
mentation process is complicated by the finite unit cell size of
the structure.

Another related study of light beam manipulation by
HMMs is angular optical transparency,?®¥! which has been
demonstrated with several angularly filtering systems, like
photonic crystals,[''617] plasmonic nanogratings,1®1*1 and
geometrical optics.l'?l However, the drawbacks of relatively
large angular transparency window and complex architec-
ture hinder their use in practical applications. To overcome
these challenges, a single-layer planar architecture based on
HMMs has been proposed to achieve narrow optical angular
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filtering effect in the visible spectrum.?®l The basic principle
is associated with photonic topological transition (PTT) in
metamaterials: via adjusting the permittivity, the metamaterial’s
EFC can be gradually transformed into hyperbolic topology
from elliptical topology. Near the critical point of PTT, the
special dispersion topology leads to a narrow optical angle
filtering effect. In brief, the incident light beam in all directions
is not allowed to transmit through the special material
efficiently except in the normal direction, and the schematic
diagram of optical angular filtering is shown in Figure 4a. The
large-area HMM membrane is shown in Figure 4b, which is
fabricated with electrochemical growth of silver nanowires in
highly periodic nanoporous anodic aluminum oxide templates
synthesized by two step anodization method. The nanopore
of the template has a radius of 12 nm and a period of 65 nm.
When the light beam transmits through the HMM membrane
along the normal direction, the transmission spot is very
intense and will darken rapidly with the increase of incident
angle, as shown in Figure 4c. The synthetic HMM membrane
shows an excellent optical angular filtering performance. In
fact, this excellent performance is very suitable to eliminate the
interference and diffraction of light in 2D projection imaging,
the detailed results are shown in Figure 4d. By covering the 2D
aperture with the synthetic HMM membrane, a clear image of
object can be projected up to 10 um away due to suppressing
the interference and diffraction of light beam. In the control
experiment, the projection distance of the 2D aperture contour
is only about 3 um because there is no angular filter film to
eliminate the diffraction. The above results demonstrate that
the narrow optical angular filter film (synthetic HMM mem-
brane) can be used to improve the quality of lensless imaging.
The above metamaterials for controlling light beam propaga-
tion are all based on Type I HMM. For Type II HMMs, Xu and
Lezec fabricated a flat metamaterial-based device at wavelength
scale that allows asymmetric transmission of normal incident
TM-polarized light in visible frequency range.””! As shown in
Figure 5a, the proposed device is designed as a sandwich struc-
ture with a HMM film composed of alternating Ag (30 nm) and
SiO, (25 nm) layers in the middle, and parallel metal gratings
with different subwavelength periods on both sides (grating A
and grating B). According to EMT approximation, the meta-
material is governed by a Type II hyperbolic EFC (Figure 5b),
where light incident at any directions from vacuum is unable
to transmit but propagate as grating-coupled modes within
the material. In addition, the supported modes are contained
in a narrow frequency band with wavenumbers larger than the
magnitude of the free space wavenumber k,. As a result, the
gratings A and B can be designed to selectively couple incident
light into propagation modes inside HMMs and realize asym-
metric optical transmission. Figure 5c is scanning electron
microscopy (SEM) image of fabricated sample, cross-sectioned
by focused-ion-beam (FIB) milling to observe the inner meta-
material structure. To realize asymmetric optical transmission
broadband, there exhibits devices designed at central working
wavelength of 532 and 633 nm and both showing valid asym-
metric transmission contrast ratios over 14 dB. The proposed
reciprocal asymmetric transmission device is promising to be
integrated in compact optical systems due to ultrathin planar
structure, small capsulation, as well as passive operation.
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Right inset, SEM image of bottom Cr grating with 200 nm periodicity. d) Experimental forward and backward transmittances for device at A =532 and
633 nm. Reproduced with permission.?”l Copyright 2014, Springer Nature.
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2.3.2. Subdiffraction-Limited Optical Imaging

Classical lens imaging systems exist resolution limitation about
half wavelength of light. This obstacle can be understood more
profoundly as follows: the scattering light from objects com-
prises both low spatial frequency propagating components and
high spatial frequency evanescent components. The low spatial
frequency components which carry large feature information
can propagate in free space and be collected by a conventional
optical imaging system. However, the high spatial frequency
evanescent components carrying fine information decay expo-
nentially and cannot reach the far field. Consequently, the
evanescent components have no contribution to the final image
and the missing information prevents the subwavelength
resolution imaging in the traditional lens systems.

HMMs have been proved to support propagating modes with
extremely large wavenumbers (in ordinary material, those high-k
modes are evanescent wave) due to the unique anisotropic
dispersion relations. Therefore, one of the straightforward appli-
cations of HMMs is subdiffraction-limited optical imaging.
Superlens based on nanowire and multilayer HMMs have been
proposed for subwavelength isometric imaging.'?!122l More fas-
cinating, HMMs can be used to design hyperlens,’?’l which can
build subwavelength resolution image in the far field based on
a magnification mechanism. The conventional hyperlens is a

@ |
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hollow core cylinder of inner radius R, and outer radius Ryyer
made of a cylindrically anisotropic homogeneous medium. The
high wavevectors modes, which carry near-field high spatial fre-
quency information, are radiated by an object placed at the inner
boundary. Because optical angular momentum is conserved,
the tangential components of wavevectors are squeezed while
propagating at the radial direction. The image is transferred
along the radial direction and gradually magnified in the pro-
cess. At the interface, the ultimate image with supported modes
is formed and then sent into far field. The resolution of hyper-
lens is limited by the operating wavelength in device and can be
simply estimated by A e (Riyner/ Router) A

The hyperlens with subdiffraction-limited imaging resolution
has been experimentally investigated by several groups.[3%:31:33]
For example, the first experimental demonstration is a
1D hyperlens, which is optimized at ultraviolet wavelength
of 365 nm.B% The curved hyperlens is composed of alternate
layers of Ag (35 nm thick) and Al,0; (35 nm thick) stacked on
a quartz substrate designed into a half-cylindrical valley shape,
as shown in Figure 6a. The intensity cross-section reveals that
the ultraviolet hyperlens is able to resolve down to 125 nm
line features, thus achieving an imaging resolution about
Ao/3 (Figure 6D). It is worth noting that the special geometry
structure of 1D hyperlens restricts its image magnification
function in horizontal direction, which hinders the application

Figure 6. a) Schematic of a cylindrical hyperlens consisting of alternating layers of Ag and Al,03. The simulation shows a subwavelength imaging
of object. b) A pattern with line width of 40 nm imaged with subdiffraction resolution. Reproduced with permission.2% Copyright 2007, American
Association for the Advancement of Science. c) Schematic of a spherical hyperlens is made of 9 layers of Ag and Ti;Os. d) Subwavelength imaging
with the spherical hyperlens. Scale bar is 500 nm. Reproduced with permission.B"l Copyright 2010, Springer Nature. e) A flat hyperlens designed
with transformation optics, which is composed of alternating layers of Ag (pink) and GaN (white). Reproduced with permission.l'?l Copyright 2008,
American Chemical Society. f) Schematics of metamaterial-assisted illumination nanoscopy. Reproduced with permission.[?”l Copyright 2018, The
Authors, published by Science Press/Oxford University Press. g) The schematic of the compressive spatial-to-spectral transformation microscopy.
Reproduced with permission.[32 Copyright 2017, RSC Publishing.

Adv. Optical Mater. 2019, 7, 1801616 1801616 (7 of 25) © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

95UB01 7 SUOLULLOD 9AIIE1D) 3[cedldde au Ag peusenob afe i VO ‘85N JO Sa|nJ 1oy Akeuq18UlJUO A8]IA UO (SUONIPUOD-PUe-SWLBI 00" A 1M ARe.q 1[Bu [UO//:Sd1IL) SUONIPUOD pue SIS | 8L 88S *[6202/50/GT] Uo Ariqiauluo A im ‘Aiseaun BuifueN Aq 9T9TO8TOZ WOPe/ZOOT OT/I0p/L0o™A8] 1M Ale.q 1 |pul|Uo’paoueApe//Sdny WoJj pepeojumod ‘T '6T0Z ‘TL0TS6TZ



ADVANCED
SCIENCE NEWS

ADVANCED
OPTICAL
MATERIALS

www.advancedsciencenews.com

in many fields. Instead, complete 2D super-resolution imaging
can be achieved by spherical hyperlens with magnification direc-
tions covering the whole 2D plane. The spherical hyperlens has
recently been experimentally demonstrated in the visible fre-
quency range.’! The spherical visible hyperlens is arranged in
hemisphere geometry with alternating metallic Ag layer (30 nm)
and dielectric Ti;Os layer (30 nm) (Figure 6¢). Via the hyperlens
set up inside a transmission optical microscopy system, the sub-
wavelength signals are transferred into propagating modes and
later collected by the objective lens. At the incident wavelength
of 410 nm, two apertures separated by 160 nm is measured by
hyperlens to be 333 nm in the cross-sectional analysis, corre-
sponding to an averaged magnification ratio of 2.08 (Figure 6d).
The original cylindrical and spherical hyperlens discussed
above still suffer from some practical problems. For example,
the intense anisotropy at the HMM surface brings large imped-
ance, resulting in high reflection and following low efficiency
of the system. In addition, structure requirement for a curved
geometry hinders the use of ultrathin device in niche applica-
tions. To overcome these drawbacks, many studies have been
carried out. For the impedance mismatch issue, several possible
nonmagnetic designs enforcing impedance matching at the
internal interface and external interface have been theoretically
proposed, 123l which can be helpful for significantly suppressing
the large reflection loss. In order to replace the inner or
outer curved surfaces of hyperlens, the planar structures are
considered using concept of transformation optics.'?12¢] On
the basis of a flat input surface, the subwavelength near-field
signal is transformed into detectable far-field images, then is
captured by the traditional detector, as shown in Figure 6e. As
another alternative to response these challenges, hyperstruc-
tured illumination microscopy (HSIM) has been proposed
recently.'?’-12] As shown in Figure 6f, HSIM is based on struc-
tured illumination from HMMs, where light beam is incident
from the lighting slits at the bottom of the hyperbolic substrate
to generate the structured light pattern and the scattering light
from the objects is captured by conventional imaging system.
For multilayer hyperbolic substrate, the ultimate spatial resolu-
tion of HSIM is close to unit cell thickness of metal-dielectric
layer pairs, which can be beyond A/40.13% In practice, due to
the fabrication defects, such as structural error and layer thick-
ness fluctuation in multilayer structure, the metamaterial
disorders are inevitable. Fortunately, theoretical investigation
results show that the influence of nanostructure disorder on
the imaging performance is negligible and ultrahigh subwave-
length resolution is maintained.'*! Through transforming the
high-resolution spatial information into the spectral domain, 2D
super-resolution imaging at visible and infrared wavelength have
been demonstrated, as shown in Figure 6g.l'*¥ The hyperstruc-
tured illumination approach combining with the relatively sim-
plicity of planar geometry can offer real-time microscopy without
sacrificing in image quality, which would facilitate surface func-
tionalization for cell targeting and bioimaging applications.

2.3.3. High-Resolution Nanolithography

With the rapid development of nanotechnology and increasing
demand for fabrication of nanostructures, photolithography
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has been propelled and widely used by the integrated circuit
industries and semiconductor manufacturing due to the advan-
tages of high resolution and cost-effectiveness. However, the
rapidly increasing cost of equipment and complicated photo-
lithography process seriously restrict the further development
of semiconductor manufacturing. In addition, the diffraction
limit is also an insurmountable obstacle to the resolution of
traditional lithography techniques. Although the deep ultravi-
olet, extreme ultraviolet, or even X-ray lithography with much
shorter wavelength are aggressively expected to improve the
photolithography resolution, they will drastically increase the
instrument complexity and the manufacture cost.

A high-resolution interference photolithography method
using HMMs to generate the deep-subwavelength features
from the conventional lithographic mask is first proposed by
Xu et al.B¥ Due to the strict limitation of the hyperbolic
dispersion relation, only the evanescent waves carrying high
frequency information can transmit through the HMM filter
and interact with the actual photoresist. As shown in Figure 7a,
the HMMs consist of multilayers of silver (20 nm) and SiO,
(30 nm), and the corresponding dispersion relation with a
Type II hyperbolic shape only supports the propagation of field
components with high spatial frequencies. For a conventional
chromium grating with 320 nm periodicity and incident light
at a wavelength of 442 nm, the generated interference patterns
in the photoresist layers have the feature size about 40 nm,
smaller than 1/11 of exposure wavelength (Figure 7b). Further-
more, this approach can even be used to achieve sub-22 nm
feature size by redesigning HMMs and reducing the incident
wavelength,*% as shown in Figure 7c. Here, HMM is a dielec-
tric-metal multilayer structure with 4 pairs of GaN (10 nm)
and aluminum (12 nm) multilayer. A photolithography mask of
86 nm pitch and 40 nm thickness chromium grating is illumi-
nated with TM-polarized light at a wavelength of 193 nm. Inter-
ference patterns with 21.5 nm feature size are then formed in
the photoresist layer, smaller than 1/8 of exposure wavelength.

To advance the wunderstanding of the formation of
interference patterns and to increase the pattern contrast
and field depth, analysis of the properties of surface plasmon
propagation in HMMs has been carried out by treating the
metamaterial multilayers as coupled waveguides.38 The process
of light propagating between the multilayer waveguide and air
slits in the chromium mask can be analyzed via the coupled
mode theory. When the grating mask of 240 nm pitch is irradi-
ated by light source with wavelength of 193 nm, the character-
istic size of the interference pattern can be reduced to 20 nm
by optimizing the structural parameters. The corresponding
filed depth can reach 40 nm, as more than 2 times larger as
the previous one. In addition, the film roughness can distort
the normal propagation and coupling of waves especially in
nanoscale film, leading to nonuniform photoresist patterns
with poor profiles. To design and estimate the photolithography
system, the effects of the surface roughness of thin film, line
edge roughness, and defects on photomasks are systemati-
cally investigated.[*’! The optical transfer function of the HMM
system presents a function of spatial frequency selection, which
suppresses the impacts of rough surfaces and leads to steady
interference with the selected diffracted wave. As a result, even
with the surface roughness from metamaterial multilayer, the
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Figure 7. a) Schematic drawing of proposed photolithography assisted by HMM. b) Calculated electrical field distribution for chromium mask with a period
of 160 nm. The p-polarization plane waves are vertically incident to chromium masks. Reproduced with permission.*4 Copyright 2008, OSA Publishing.
c) Schematic of plasmonic interference lithography with HMM filter. d) The calculated electric field distribution for mask with periods of 86 nm. Reproduced
with permission.B® Copyright 2009, OSA Publishing. e) Schematic of two BPP interference structure with HMM. f) Atomic force microscopy (AFM) image
of BPP interference photoresist pattern. Reproduced with permission.*!l Copyright 2015, Wiley-VCH. g) Schematic of the proposed ENZ UV lithography.
h) SEM image of the patterns achieved with ENZ lithography. Reproduced with permission.*4l Copyright 2017, American Chemical Society.

line edge roughness of the pattern imaged by HMMs only
increases slightly and the total field intensity is stable.

The deep-subwavelength photolithography technology
assisted by HMMs has been experimentally demonstrated in
several studies.***!l The detailed schematic diagram is shown
in Figure 7e. A TM-polarized plane wave with 363.8 nm wave-
length normally incidents on a 1D grating mask from the SiO,
substrate side. The HMM structure composed of alternatively
five stacked pairs of Al/SiO, films is placed beneath a Au
grating with periodicity of 360 nm. Surface plasmon modes
at the interface are excited to generate interference pattern
with deep-subwavelength size in a relative broad area of the
photoresist. In experiment, the uniform interference patterns
with half pitch 45 nm (1/8) are achieved (Figure 7f).*!) Another
method to obtain deep-subwavelength feature size is to use an
evanescent Bessel beam, which is generated by utilizing HMM
multilayers structure, along with the concentric metasurface
and plasmonic cavity lens in the form of Ag/photoresist/Ag
structure.®l Combining the spatial filtering characteristics of
HMMs with the electric field modulation of plasmonic cavity,
the minimum size of the patterns can be reduced to 62 nm at
the operating wavelength of 365 nm.

The approaches assisted by HMMs can produce subdiffraction-
limited patterns. However, the huge energy loss inside the
HMM multilayers leads to that the electric field intensity
interacting with the photoresist is very low, hence the whole
process requires a long exposure time.’® In response to this
challenge, it is advisable to build a lithography system with the
ability to produce subwavelength resolution patterns in high
transmission. Recently, a deep-subwavelength photolithography
configuration is investigated by applying a special epsilon-
near-zero (ENZ) HMMs,* as shown in Figure 7g. The system
consists of Al grating photomask, PMMA spacer, HMMs for
index matching, and photoresist layer successively. In order
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to enhance the interaction between the electric field and
photoresist, extra Al and Al,O; layers are deposited close to the
photoresist layer, accompanied by strong reflection and cavity
resonance. The ENZ HMMs composed of alternating Ag and
Al,O; layers, which are Type II HMMs with the tangential
component of the permittivity closing to zero. The special
dispersion relation of ENZ HMMs ensures the horizontal
transmission of single plasmonic mode with low energy dissi-
pation. As shown in Figure 7h, for the exposure light at a wave-
length of 405 nm, periodic patterns with a half pitch of 58.3 nm
are achieved. The recorded patterns are smaller comparing with
that in the photomask and keep with high aspect ratio and well
uniformity. The line feature size is 1/6 of the photomask with
half pitch of 350 nm and about 1/7 of the wavelength of radia-
tion source (405 nm).

In addition to HMM-assisted interference photolithography,
the hyperlens can also be used to perform projection lithog-
raphy just by simply reversing its direction of operation,
which is first proposed in 2009.57) As shown in Figure 8a, the
outside of the hyperlens is covered with a diffraction-limited
photomask. The tangential component of wavevectors increases
gradually as the light travels radially toward the inner surface
of the lens. And thus, the final pattern with subwavelength
feature size can be achieved at the output surface. Recently, this
proposal has been experimentally demonstrated using a demag-
nifying hyperlens.l*?l As shown in Figure 8b, there are multi-
layers of Ag (30 nm) and Ti;Os (30 mn) film pairs stacking on
the SiO, substrate milled into a cylindrical valley shape. A pre-
deposited 50 nm Cr film is etched into photomask with pattern
“UB” and line width of 300 nm, as shown in Figure 8c. After
the exposure using 405 nm laser source, Figure 8d shows SEM
image of the exposed photoresist with a reduced “UB” pattern.
The 170 nm line width confirms that the reduction factor of the
pattern is about 1.8. A reference sample shows that the pattern
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Figure 8. a) A cylindrical hyperlens to generate a 1D subwavelength patterns from a traditional mask. Reproduced with permission.’l Copyright
2009, AIP Publishing. b) Schematic of the lithography device with a demagnifying hyperlens. The inset: the hyperbolic dispersion relation of HMM.
c) Original “UB” pattern on the Cr mask. d) (left) Recorded pattern on the photoresist using hyperlens. (right) Recorded pattern on the photoresist
using magnesium fluoride lens. Reproduced with permission.*sl Copyright 2016, American Chemical Society.

generated on the output surface of magnesium fluoride lens
is rather fuzzy due to the lack of high frequency information.
Furthermore, in this method, the inner and outer surfaces of
the hyperlens can be artificially processed into arbitrary curva-
ture, which is more useful for practical applications.

2.3.4. Spontaneous Emission Engineering
In a homogeneous lossless medium, the radiative decay rate of

an emitter between initial excitation state |i, 0) and final state
|f, 1,0 is written in[*3]

T, :%p(hwk)|<f,1k|H' >‘2 Gl

Here, 7 represents Dirac’s constant, H;,; = 4 - E repre-
sents interaction Hamiltonian operator as the dipole matrix
element u between the two states coupling with the electric
field E, and p(hwy) is PDOS at transition frequency ;. More
specifically, p(f@y) is the number of available electromagnetic
modes for the emitter to radiate into per unit frequency and
per unit volume. Therefore, change of surroundings would
alter the mode density and further modify the spontaneous
emission rate.
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Purcell first explored the concept of spontaneous emission
modification in a cavity in 1946.11**] In a cavity where the transi-
tion frequency of the emitter is resonant with the fundamental
mode, the generally known Purcell factor, which is the ratio
between the modified and free-space emission rate, is given by
F,= LI SQZF , where A is the resonant wavelength, Q is the

L, 4%,
quality factor of the cavity mode, and Vj is the effective mode
volume. It denotes that light tightly confined in small dimen-
sions and stored for a rather long time by resonators will bring
an increased emission rate.

Traditional approaches to realize such kind of spontaneous
emission modification is to use photonic crystal nanocavities!!*’!
and plasmonic nanostructures as resonators to trap light.['3¢l
However, although the material and optical regimes involved in
photonic crystals cavities and plasmonic nanostructures are dif-
ferent, their intrinsic emission modification mechanisms both
rely on the resonant properties of “cavity” and lead to limited
numbers of modified emission modes in a continuous spec-
trum. HMMs successfully overcome such weakness and can
realize a broadband enhancement of spontaneous emission.'3]
In contrast to the isotropic environment, where the EFC is
closed in the k-space and leads to finite PDOS, the hyperbolic
medium provides an open EFC and large summation area in
the k-space and hence a much larger PDOS. Such large number
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Figure 9. Theoretical Purcell factor of a HMM relative to a) g for £, =1 and b) g, for g =1. Solid and dashed lines represent the x-oriented and
z-oriented dipoles, respectively. Inset shows the corresponding EFC in the k-vector space. Reproduced with permission.l'38 Copyright 2012, American

Physical Society.

of modes can strongly enhance the emission rate at any
frequency with a hyperbolic dispersion, making it possible to
achieve the broadband modification in one system. Figure 9a,b,
respectively, shows the calculated Purcell factors for dipole par-
allel and perpendicular to the symmetric axis (z-axis) for Type I
and Type II HMMs.['38 Tt can be clearly seen that the Purcell
factor increases when the material regime transits from elliptic
to hyperbolic when the dielectric constant g; (Figure 9a) and g,
(Figure 9b) change from positive to negative values.

Several experiments have successfully demonstrated the
spontaneous emission modification and related applications
using HMMs.[#85153.57.6466.68] For example, Figure 10a depicts
the dependent relation of the CdSe/ZnS quantum dot lifetime
dispersed on the metal-dielectric multilayer structures to
emitting wavelength. The metamaterial consists of alternant
films of Ag and TiO, with different fill fractions of the metal, as
shown in the inset of Figure 10a.¥l Through artificial design,
the topology of EFC experiences the transition from the closed
(ellipsoid) to the open (hyperboloid) one through the transform
wavelength. As a result, for samples with 29% and 33%
filling ratios of silver, the normalized lifetime of the emitter is
significantly reduced. By contrast, the lifetime of emitter for the
23% silver-filled sample experiences steady variation due to the
lack of the transition in topology. These experimental results
demonstrate the effect of hyperbolic substrate in spontaneous
emission manipulation.

However, due to the limitation of dissipation and large imped-
ance mismatch in bulk HMMs, it has been demonstrated theo-
reticallyl® 7% and experimentallyl®05456:596567] that the emission
rate and intensity will be higher within the HMMs than near
the interface. For example, using nanopatterned Ag—Si multi-
layer HMMs, the spontaneous recombination rate in InGaN/
GaN quantum wells (QWs) can be enhanced to =160-fold in
broadband.l”) Figure 10b shows the experimental results and
theoretical fit of time-resolved photoluminescence (PL) for
the as-grown InGaN QWs, QWs with uniform and patterned
HMMs. The nanostructured HMMs outcouple the high-k HMM
modes to the far field and increase the emission intensity.
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When the central wavelength of emission light is close to the
resonant wavelength, the strong interaction between QWs
and the patterned HMMs leads to the dramatic Purcell factor
enhancement. Besides patterning the HMMs, one can also
integrate the emission source into the hyperbolic regime,>*
as in Figure 10c,d. The GaAs quantum wells are embedded in
rolled-up metamaterials, as depicted in the inset of Figure 10c.
The lifetime of the QWs in the samples with different silver
layer thicknesses is shown in Figure 10c, which is reduced by a
factor of 2 with hyperbolic dispersion. And, the finite-difference
time-domain (FDTD) simulation results in Figure 10d reveal
the different propagation of the emitting mode. Figure 10e
shows the fluorophores composited with the nanorod-based
hyperbolic regime.P” Through the time-resolved PL measure-
ments, a 30 times reduction of macroscopically averaged life-
time in broadband is observed. The local and nonlocal of the
process are investigated theoretically and experimentally, which
may enable new applications with macroscopic composites.
There have been attempts to realize nanolaser using
HMM structures based on the emission enhancement
mechanism.P260.62631 The broadband Purcell enhancement
and more efficient energy transfer from the surface plasmon
to the lasing mode due to the large PDOS and nonlocal
effect in HMMs pave ways to manipulate the lasing action.
Figure 10f presents a single-mode deep-ultraviolet plasmonic
laser by using a hyperbolic metacavity on a multiple quantum
well (MQW).[%% In the metacavity array composed of nanorod
HMMs, all the excited plasmon oscillations can be coupled into
one lasing mode. The inset of Figure 10f shows the calculated
mode pattern of the (3,1) mode. The radiation flows will propa-
gate from the sidewall of metacavity to the QW, and a part of
them then couples back to the metacavity and provides strong
feedback. The PL spectrum with different pump powers
of the composite system is shown in Figure 10g, where a
narrow lasing peak is observed at 289 nm wavelength. With
the presence of the hyperbolic metacavity, the emission rate
of ultraviolet emitter is enhanced about 33 times. Also, it has
been proved that the lasing threshold can be reduced by 35% in
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Figure 10. Spontaneous emission modification in HMMs. a) The normalized lifetime of CdSe/ZnS colloidal quantum dots on the surface of metamate-
rials with Ag/TiO, multilayer structures with wavelength. Reproduced with permission.*8l Copyright 2012, American Association for the Advancement of
Science. b) Experimental results and theoretical fit of time-resolved PL spectrum for the as-grown InGaN QWs (black open circles), QWs with unpatterned
Ag-Si multilayer HMMs (green open circles), and with patterned HMM:s (red open circles). Reproduced with permission.®”] Copyright 2018, Wiley-VCH.
c) QW lifetimes 1y¢ (gray dots), 7¢ (gray triangles), and gyt (black squares) on the samples Sg, S17, S, and Ssg, and normalized lifetime Tpyr/7c with
the Ag layer thickness dp,. d) Simulated normalized magnetic field amplitude for a dipole antenna on the top layer of rolled-up microtubes RMTy,
and RMT,. Reproduced with permission. e) Dependent relation of the emitter lifetime (red) local theory, (black) nonlocal theory, (bars) experimental
data of width for the lifetime distribution at 10% modal amplitude. Reproduced with permission under the terms of a Creative Commons Attribution-
NonCommercial-NoDerivs 4.0 International License.? Copyright 2017, The Authors. f) The calculated mode pattern of the (3,1) mode using an excita-
tion plane wave with various incident angles. g) PL spectrum with different pump powers. Reproduced with permission.[%3 Copyright 2018, Wiley-VCH.

hyperbolic medium compared to the elliptic one.[®l The strong
enhancement of laser action achieved by HMMs provides an
efficient scheme for high-efficiency light-emitting devices.

2.3.5. Ultrasensitive Optical Sensing

The HMMs can be also used as a good platform for realizing
high sensitive optical sensing.’%#”] As mentioned before,
HMMs mainly have two typical structural types relied on the
negative direction of effective permittivity: metallic nanowire
array and metal/dielectric multilayer. Both these two hyperbolic
structures have been used to develop high performance biosen-
sors. For example, as shown in Figure 11a,b, a biosensor based
on 2D gold nanowire arrays is proposed and demonstrated with
a sensitivity exceeding 3 x 10* nm per refractive index unit.B!l
This nanowire-based HMM sensor outperforms conditional
surface plasmon sensors made of unpatterned metallic films.[®!
However, high sensing properties of the nanowire-based meta-
materials relies on the bulk Kretschmann prism configuration,
which is not suitable for point-of-care sensing application owing
to the affiliated bulky structure. To overcome this drawback,
miniaturized plasmonic biosensor platforms based on metal/
dielectric multilayer HMMs are proposed based on both wave-
length modulation schemel® and angular modulation sensing

Ady. Optical Mater. 2019, 7, 1801616

1801616 (12 of 25)

scheme,®88] as shown in Figure 11c,d, which exhibit extremely

high sensitivity from visible to near-infrared wavelength range.
The extremely high sensitivity of this HMM biosensor makes
it be able to detect small biological molecules (244 Da) at pico-
mole concentrations. In this configuration, the subwavelength
grating-coupling structure is used to excite the high order mode
in the metal/dielectric multilayer, which makes it possible for
designing the miniaturized and multiplexed sensors.

Another hyperbolic chiral-sculptured thin film structure as
a highly sensitive sensor is also theoretically investigated.® In
the angular modulation sensing scheme, the bulk sensitivity of
this hyperbolic plasmonic sensor is up to 6000° per refractive
index units of the infiltrating fluid. Such high refractive index
sensitivity is attributed to strong near-field enhancement of
surface plasmon waves on the interface of a metal and a hyper-
bolic chiral-sculptured thin film. Besides biosensing applica-
tion, temperature sensor is also designed based on HMMs
using hygroscopic dielectric blend.’?) This dielectric blend
consists of a polymer, a sol-gel unsintered TiO,, and an organic
dye. When such a dielectric blend is embedded in the HMMs,
its reversible change of the physical thickness and refractive
index induces an ENZ wavelength shift by about 25 nm as the
environment temperature changes from room temperature to
80 °C. This remarkable tuning range of ENZ wavelength of
HMMs is promising for many applications, such as energy
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Figure 11. a) Schematic of the nanorod-based HMM sensor. Inset shows SEM image of nanorod arrays. b) Reflection spectra of the nanorod array
in the water environment for different incident angles. Reproduced with permission.l8' Copyright 2009, Springer Nature. c) Schematic of plasmonic
biosensor based on metal/dielectric multilayer HMMs. d) Reflection spectra of the sensor device in (c) by injecting different weight percentage concen-
trations of glycerol in the water environment. Reproduced with permission.B4 Copyright 2016, Springer Nature. e) Schematic of the hydrogen sensor
based on hybrid Au/Pd nanorod array. f) Time-dependent reflectivity for different concentrations of hydrogen. Inset shows photographs of the sensor
with and without hydrogen. Reproduced with permission.®2 Copyright 2014, Wiley-VCH.

squeezing, fine temperature sensing, and so on. Furthermore,
the HMMs based on hybrid Au/Pd nanorod array has been
used to develop ultrasensitivity hydrogen sensor. The pro-
posed sensor is performed in the Kretschmann configuration
where bimetallic (Pd/Au) nanorod-based HMM is attached
on the prism,®2l as shown in Figure 11e,f. The results show
distinct shifts in reflection and transmission spectrum when
the HMM contacts with 2% hydrogen in nitrogen, implied the
ultrahigh sensitivity. Such high sensitivity is a manifestation of
the hyperbolic dispersion of the nanorod metamaterials. This
HMM hydrogen sensor has great application potential owing
to the high efficiency and low-cost fabrication technique. Thus,
HMM is promising for ultrasensitive biological and chemical
Sensors.

2.3.6. Broadband Optical Absorption

In 2008, Landy et al. designed a narrow band metamaterial
perfect absorber composed of metallic split ring resonators
and cutting wires.[3% Later on, different schemes have been
proposed to improve the performance of the metamaterial
absorbers. To create controlled absorption over a broadband,
there have been proposals to combine several types of strong
resonators.'*0-142l However, if amounts of resonators are
crammed into an area, the fabrication procedure becomes
more complex and the absorption band barely get broadened.
Due to possessing the properties of large PDOS, HMMs
have attracted a lot of attention as a candidate for realizing
broadband optical absorption. As shown in Figure 12a,b, by

Adv. Optical Mater. 2019, 7, 1801616

1801616 (13 of 25)

tailoring the multilayer HMMs into sawtooth shape, numer-
ical investigation manifests the outstanding performance of
HMM absorber with absorptivity higher than 95% from 3 to
5.5 um." This phenomenon of broadband absorption can
be understood by slow light modes in HMMs. Microscopi-
cally, the absorption process happens with each sawtooth unit
acting as an independent metamaterial slow light waveguide
to trap and dissipate the light energy. Light of shorter and
longer wavelength is trapped by the upper narrow parts and
broad bottom of the sawtooth, respectively. Experimental dem-
onstrations of HMM optical absorber in NIR and visible range
have been performed by either FIB milling®! or nanoimprint
method,®? as shown in Figure 12c,d.

The absorber based on the multilayered HMM pyramids is
flexible in terms of bandwidth. However, low melting point
metals in HMM pyramids impedes its application potential
in high temperature environment. Considering this, a class
of particle absorbers named transferable HMM particles is
designed to display selective, omnidirectional, and broadband
absorption.” The structure is designed as hyperbolic nanotube
(HNT) arrays with each tube consisting of aluminum-doped
and pure zinc oxide (Figure 12e,f). The measured broadband
absorption is higher than 87% from 1200 nm to over 2200 nm
with a maximum absorption of 98.1% at 1550 nm. The degener-
ation of multiple absorption peaks, which results from surface
plasmons and lossy hyperbolic modes, causes the broad absorp-
tion band. Additionally, the high melting point HNT arrays can
be transferred to transparent flexible substrates with broadband
absorption in the NIR, which is a benefit for thermophotovol-
taics application.
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Figure 12. a) Schematic of the anisotropic metamaterial absorber with sawtooth structure. b) Absorptivity for the sawtooth anisotropic metamaterial
absorber consisting of 20 layers. Reproduced with permission.’% Copyright 2012, American Chemical Society. c) (left) Conceptual illustration of HMM
waveguide taper arrays fabricated by FIB. (right) Absorption spectra for the sample with period of 300 nm, top width of 110 nm and bottom width of
270 nm. Reproduced with permission.!l Copyright 2013, Springer Nature. d) (left) Technological process for preparation of sawtooth structure using
nanoimprint lithography. (right) The absorption spectrum for the sample with period of 700 nm. Reproduced with permission.’2 Copyright 2014,
American Chemical Society. e) Schematic of coupled hyperbolic nanotube arrays. f) Absorption spectra of the hyperbolic nanotube arrays fabricated at
the temperatures of 185 and 200 °C. Reproduced with permission.[*l Copyright 2017, National Academy of Sciences.

3. 2D Planar Hyperbolic Metasurfaces

3.1. Principle of Hyperbolic Metasurfaces

In the aspect of controlling the electromagnetic waves, 3D
HMMs have shown great advantages over traditional optical
materials due to the unique hyperbolic dispersion character-
istics. With further research, it has been found that the draw-
backs, such as fabrication complexity in structure and large
losses at optical frequencies, greatly limit the application range
of bulk HMMs. By compressing complex 3D structures onto
2D surfaces, ultrathin metasurfaces are naturally generated.
Because of the capability in fully controlling phase, amplitude,
and polarization of light, ultrathin metasurfaces have been used
to realize a variety of optical functions such as imaging, holog-
raphy, and beam shaping.'¥>-1>2 As a planar configuration, the
metasurfaces are not only comparable to 3D metamaterials in
the manipulation of light, but also have the ability to overcome
some of issues of bulk metamaterials, such as lower absorption
losses, allowing large-area manufacture and compatible with
other existing optoelectronic platforms. As a member of the
metasurfaces family, HMSs have extremely large wavevector
confinement and PDOS, which make them very promising for
the manipulation of in-plane and near-field electromagnetic
waves.

Although HMSs can be conceptually obtained by com-
pressing a dimension from 3D bulk HMMs, their principles
of electromagnetic responses are not equivalent to each other.
Considering the fact that HMSs have been demonstrated in
a serial of 2D materials, such as graphene and molybdenum
disulfide, it is more accustomed to replace the dielectric con-
stant tensor with the surface conductivity tensor in calculating
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the dispersion relation of an infinitesimally homogeneous
uniaxial metasurfaces. The conductivity tensor expression is as
follows, 6 = [O,,, 0; O, Oy,), where o,, and o, are the x and y
components of the conductivity tensor, respectively. Contrary to
the case of 3D bulk metamaterials, the uniaxial metasurfaces
can simultaneously support the propagation of TM and trans-
verse electric (TE) surface plasmons.'>3-15] However, the differ-
ence of dispersion relation between TE surface modes and free
space is very small, which means that TE modes are barely con-
fined to the structure surface and thus the related light-matter
interaction can be ignored. Therefore, we are more interested
in the confined TM surface modes supported by anisotropic
metasurface, whose dispersion relation can be given by!!*¢l

e (k20 +k20,, ) (k2 + k2 —k2) —4k2 (k2 +K2) =0 (6)

where k is free space wavenumber, k, and k, are the x and y
components of wavevector of the surface modes, respectively,
Mo is impedance of the free space. Based on this equation,
it can be concluded that the band topologies of surface
plasmon propagation are determined by the relative signs of
the imaginary part of conductivity components Im(o,,) and
Im(c,,). For the positive imaginary part of both conductivity
component (Im(o,,) > 0, Im(c,,) > 0), the EFC is an elliptic
isotropic topology, as shown in Figure 13a, resulting in induc-
tive surface that can allow excited plasmon propagation in all
directions within the metasurface sheet. A uniform graphene
sheet is a natural example of elliptic isotropic topology.'*”I This
special regulatory behavior appears at terahertz and infrared
frequencies, which provides an interesting platform to con-
trol surface plasmon propagation and enhances light-matter
interaction. For negative imaginary part (capacitive surface is
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Figure 13. Dispersion relation of uniaxial metasurfaces. Color map is electric field E, excited by a z-oriented dipole placed about 20 nm above the
metasurface. Curve graph is EFC of each metasurface. a) Elliptic metasurface, o, = 0,, = 1.5 +i20 uS. b) Hyperbolic metasurface, o,, = 1.5 —i20 pS,

0y, = 1.5 4120 uS. c) Hyperbolic metasurface, o, =1.5 +i20 uS, 0,,=1.5

equivalent to a dielectric with Im(o) < 0) along one direction
and positive imaginary part (inductive surface is equivalent to
a metal with Im(o) > 0) along the orthogonal direction, i.e.,
Im(o,,)Im(c,,) < 0, the surface EFC is a hyperbolic dispersion
topology, as shown in Figure 13b,c. In this case, the asymptotic
equation of a hyperbolic metasurface can be approximately
expressed as!!>®]

k,=tmk, £hwithm=./-0./0, ,b=k+1+(2/m0,)  (7)

The bound angle can be given as ¢=arctan(t/~c../0,)),
which implies that the surface plasmon confinement and
propagation direction can be flexibly adjusted by changing the
conductivity component of metasurface. In addition, when
the EFC evolves from elliptic to hyperbolic geometry, a special
transition point will appear for metasurface, which is usually
considered as an extremely anisotropic o-near-zero region.
The interesting scenario often requires that the imaginary
part of one component of conductivity tensor is much smaller
than the other one. As a result, the topology band will be infi-
nitely compressed and be almost flat, which makes surface
plasmons propagate toward the direction of smaller imaginary
conductivity component and significantly enhances the PDOS
(Figure 13d).
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—i20 pS. d) o-near-zero metasurface, 6, = 1.5 +i20 uS, 6, = 1.5 uS.

3.2. Realizations of Hyperbolic Metasurfaces

To realize hyperbolic EFC of metasurfaces, several possible
strategies have been proposed and demonstrated, ranging from
use of natural anisotropic materials to construction of artificial
anisotropic surfaces. First of all, it is a good choice to start with
the natural bulk hyperbolic materials because natural crystals
are nonresonant responses to electromagnetic waves and can
avoid the complex micro-nanofabrication processes. The most
straightforward means to obtain HMS is to reduce the thick-
ness in a particular direction of the bulk hyperbolic materials.
Many natural crystals consist of parallel layered structure of
atoms, which leads to very weak bonding with van der Waals
force between them and can be used to generate hyperbolic
surfaces. For example, graphite is a natural hyperbolic material
in the ultraviolet band.’ In the infrared band, yttrium barium
copper oxide and lanthanum strontium copper oxygen exhibit
hyperbolic electromagnetic responses.**'5% For a long time,
the natural hyperbolic material in the most important part of
the spectrum, visible range, is missing. This problem is solved
by Esslinger et al. with introducing tetradymites, which also is
stacked with the atomic monolayer.'21%3] [t is very convenient
to realize hyperbolic surfaces by thinning these bulk natural
hyperbolic materials to subwavelength scale. Recently, the
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Figure 14. a) Schematic of experimental configuration used to detect in-plane hyperbolic phonon polaritons in a-MoOj flake. Reproduced with permis-
sion.l" Copyright 2018, Springer Nature. b) Lattice structure of a two-layered ultrathin black phosphorus film. c) Anisotropic ratio of the imaginary
parts of the conductivity in black phosphorus film. The hyperbolic regime appears at the frequencies where the ratio Im(c,,)/Im(c,,) is negative.
Reproduced with permission.®! Copyright 2016, IOP Publishing. d) A HMS is made of a subwavelength metallic grating array. Reproduced with
permission.®l Copyright 2013, American Association for the Advancement of Science. e) Schematic of dipole launching of phonon polaritons on a
h-BN HMS. Reproduced with permission.[”l Copyright 2013, American Association for the Advancement of Science. f) The z-component of surface
plasmons excited by a dipole located 10 nm above HMS consisting of a graphene strip array. The inset: schematic of graphene HMS. Reproduced with

permission.['®l Copyright 2015, OSA Publishing.

in-plane elliptic and hyperbolic phonon polaritons (Figure 14a)
are verified in long wave infrared region in a thin slab of
o-phase molybdenum trioxide (0-MoOs), a natural van der
Waals polar semiconductor.l'%! The highly anisotropic response
is mainly due to strong in-plane structural anisotropy, deriving
from the different interplanar spacing between the (100) facet
and (001) facet. In addition, the black phosphorus (BP) sup-
ports the extremely confined anisotropic surface plasmons at
mid-IR frequency range.'®'-1%4 The exotic physical and optical
properties mainly result from the extremely anisotropic crystal
structure, as shown in Figure 14b. By carefully analyzing the
anisotropic conductivity of few layer BP, Figure 14c shows the
ratio of the imaginary parts of conductivity component versus
frequency for different chemical potentials. The hyperbolic
regime appears at the frequencies where the ratio Im(o,,)/
Im(o,,) is negative (shaded region).

Besides thinning natural hyperbolic materials, a large
number of studies have found that artificial electromagnetic
periodic structures on subwavelength scale can also be used
to construct artificial HMS, which not only breaks through
the limitation of internal crystal structure of natural materials,
but also provides unprecedented flexibility for electromag-
netic wave regulation. As a practically feasible geometry, 1D
periodic gratings have the ability to tailor the in-plane EFC,
further controlling the propagation characteristics of surface
plasmons at will. A schematic diagram of a typical metal
grating metasurface is shown in Figure 14d.! According
to the couple mode theory that is usually applied to analyze
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the modes interaction in waveguide arrays, the dispersion of
surface plasmons at different frequencies can be easily under-
stood and can be drastically modified from concave to convex
by changing the structural parameters, such as the height and
period. As a result, manipulation of surface plasmons using
metallic grating HMS at visible frequency has been demon-
strated in theory and experiment.'6>1%] In the mid-infrared
region, HMS can be fabricated by lateral structuring thin
layers of hexagonal boron nitride (h-BN) into 1D grating,!'%”]
as shown in Figure 14e. In contrast to metals, h-BN supports
strong volume-confined phonon polaritons with much lower
losses.'%8] In the Reststrahlen band from 1395 to 1630 cm™?,
the in-plane permittivity of h-BN is negative.l*)l Therefore,
the artificial periodic grating structure can turn the h-BN thin
layer into an in-plane HMS. Besides the metal and van der
Waals crystals, 1D grating structure HMS can also be gener-
ated by using the 2D materials. As a single layer of atoms,
many 2D materials can provide a superior optical perfor-
mance and are fully compatible with integrated circuits and
optoelectronic components. Recently, a simple and effective
implementation at terahertz and infrared frequencies has
been proposed to realize HMS by using an array of densely
packed graphene strips,°® as shown in Figure 14f. It shows
a hyperbolic topology and allows wave propagation with high
field confinement toward the direction defined by the ratio of
the conductivity component. Additionally, the principle axis
direction and angle of the hyperbolic topology can be manipu-
lated by the graphene chemical potential.
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3.3. Applications of Hyperbolic Metasurfaces
3.3.1. Surface Wave Manipulation

An important ability of HMS is to control surface plasmons
propagation toward desired directions, including functionalities

www.advopticalmat.de

such as in-plane beam steering and negative refraction. In
2013, Liu and Zhang first numerically demonstrated that 1D
subwavelength metallic grating, a simple metallic metasurface
with realistic parameters, has ability to tailor the in-plane
dispersion, and can efficiently manipulate surface plasmons
in the near-field regime,['®! as shown in Figure 15a,b. At the
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Figure 15. a) Schematic of a HMS consisting of metallic grating arrays. b) Real part of the mode index for surface plasmon at different wavelength
with the grating period of 120 nm. c) Propagation of surface plasmon at wavelength of 500 nm, exhibiting anomalous nondivergence. d) Negative
refraction of surface plasmon at wavelength of 458 nm. Reproduced with permission.l®°l Copyright 2013, AIP Publishing. e) Schematic of a HMS
consisting of Ag grating arrays. f) A SEM image of a device. g) Images of surface plasmon refraction at the interface between uniform Ag and HMS.
Dashed boxes indicate the region of HMS. Reproduced with permission.["®¢l Copyright 2015, Springer Nature. h) Unit structure of the H-shaped HMS.
i) The EFC obtained by taking the Fourier transform of the electric field. j) The electric field distribution shows an in-plane negative refraction at the
frequency of 10.5 GHz. k) Electric field intensity distribution of right-handed spin surface plasmon and left-handed spin surface plasmon at 10.5 GHz.
Reproduced under the terms of a Creative Commons Attribution 4.0 International License.['’% Copyright 2017, The Authors. I) Schematic of a structure
with a graphene layer attached to a BN slab. m) Dispersion relation of the graphene plasmon polaritons and BN phonon polaritons. n) z-Component of
electric field excited by a z-oriented dipole with frequency of 22.96 THz. Reproduced with permission.['”"] Copyright 2017, National Academy of Sciences.
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wavelength of 500 nm, the dispersion of coupled plasmon
modes on grating metasurface comprises a hyperbolic band. The
curvature of plasmon mode dispersion is positive at center and
negative at the boundary, denoting the anomalous diffraction
of a wave packet. At the wavelength of 600 nm, the EFC is a
convex curve, while it becomes flat at wavelength of 543 nm,
which corresponds to a nondiffraction propagation of surface
plasmons. As a result, the phase front of surface plasmon prop-
agation also is nondivergent at this wavelength, as shown in
Figure 15c. In addition, the group velocity, defined as Vo, lies
normal to the EFC. HMSs hold a negative group velocity, while
the traditional flat metal supports a positive one. Therefore, the
negative refraction will appear at the interface as the surface
plasmon propagating from uniform metal surface to HMSs,
which is presented in Figure 15d. The steeper slope of EFC
is related to larger grating filling ratio and shorter wavelength
and meanwhile indicates all angle negative refraction of surface
plasmons in broadband. It is noted that the negative refraction
only happens for power flow but wavevector is always positive,
meaning a negative group velocity and a positive phase velocity.
The first experimental demonstration of wavelength depend-
ence of surface plasmons based on Ag/air metasurfaces has
been reported in 2014.1%1 The HMS is realized on single
crystal silver films, which processes mechanical and thermo-
dynamic stability as well as convenience for nanofabrication
technics. The schematic and fabricated grating HMS are shown
in Figure 15e,f. Below the critical wavelength, the plasmonic
modes are strongly confined to the ridges of the grating, which
exhibits hyperbolic dispersion. Above the critical wavelength,
the modes are only weakly confined, leaving the structure as
perturbation and leading to an elliptical dispersion. The nega-
tive refraction of surface plasmons is verified with a device con-
sisting of grating structures and a surface plasmon launcher.
As a result, as shown in Figure 15g, the propagation direc-
tion of surface plasmons changes from normal refraction at
A = 640 nm to negative refraction at A = 490 nm. Around the
transition wavelength of 540 nm, the diffraction-free propa-
gation of surface plasmons has been observed in this silver
grating HMS. Subsequently, Yang et al. designed another plas-
monic HMM supporting surface plasmons propagation at low
frequencies.'’% The unit cell of the surface with complemen-
tary H-shaped pattern has a sandwich structure, as shown in
Figure 15h. With the capacitances and inductances varying with
geometric features, the topology of the EFC can be engineered
from an elliptical curve to open hyperbolic one. Figure 15i
shows a hyperbolic EFC obtained with applying a spatial Fou-
rier transform of field distributions above the metasurface at
10.5 GHz. The circle at the center corresponds to the vacuum
dispersion. The negative refraction of surface plasmons will
appear at the interface of background metasurface and HMS
at this frequency (Figure 15j). Interestingly, this HMS not
only can control the propagation of surface waves, but also
can manipulate their transverse spins. When the dispersion
curve is hyperbolic, surface waves that propagate along left
and right directions, respectively, exhibit left-handed spin and
right-handed spin, as shown in Figure 15k, which is contrary to
the case for the elliptical dispersion. This phenomenon derives
from the spin—orbit coupling and special dispersion curve, and
opens up a lot of possibilities for surface wave manipulation.
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Besides the structured HMS, in-plane negative refraction
and the manipulation of surface plasmon can also be realized
in 2D material HMS. For instance, Lin et al. theoretically dem-
onstrated all-angle in-plane negative refraction between gra-
phene plasmon and BN’s phonon polariton using graphene—
BN heterostructure, which provides an unprecedented control
over the dispersion relation.'”!] The heterostructure is shown
in Figure 151, where a graphene layer (left side: allows propaga-
tion of plasmon polaritons) is adjacent to a BN slab (right side:
allows propagation of phonon polaritons). Figure 15m is the
dispersion curve of plasmon polaritons, as depicted in yellow
line, and the phonon polaritons as the thick line. The intersec-
tion of two dispersion curves is emphasized as the blue circle.
The group velocity, defined as Vo, lies normal to the EFC. The
isotropic dispersion guarantees a positive group velocity for the
graphene palsmon polaritons, while it is a negative value for BN
phonon polaritons due to the hyperbolic feature of the phonon
dispersion. As shown in Figure 15n, when the plasmons propa-
gates from the left graphene region to the right BN region, the
all-angle in-plane negative refraction at 22.96 THz occurs due
to their opposite signs of group velocities between graphene
plasmon and BN’s phonon polaritons. Furthermore, the oper-
ating frequency of in-plane negative refraction can be easily
modulated by changing the chemical potential of graphene.

3.3.2. In-Plane High-Resolution Imaging

By adjusting the geometric parameters of the structure, the
concave and flat dispersion relations of surface waves can
be obtained in HMS. The corresponding anomalous and
diffraction-free propagation of surface waves is very useful for
designing metasurface hyperlens, which can be used as a high-
resolution in-plane imaging device. A 2D magnifying hyperlens
based on an annular multilayer metamaterial is proposed to
achieve subwavelength in-plane imaging.['”?l Figure 16a shows
the schematic diagram of the metasurface hyperlens, where
the concentric rings of PMMA is deposited on a structured
gold substrate to form the core structure of the magnifying
hyperlens. The objects are placed close to the center of hyper-
lens and illuminated by the surface plasmons formed by the
phase matching structure. According to the surface plasmon
dispersion law for the gold/air interface and the gold/PMMA
interface, for air (PMMA) interface, the refractive index ny(n,)
perceived by plasmons is positive (negative). Therefore, the
width of the PMMA rings should be chosen as d, = —nd;/n,,
where d, is the width of the air rings. All the surface waves in
the 2D hyperlens will propagate in the radial direction, which
determines the magnification factor. The final magnified
images can be obtained with a regular far-field optical micro-
scope. Three PMMA dots are generated around the input sur-
face of the lens with a 0.5 um periodicity in the radial direction.
At the illumination wavelength of 495 nm, the cross-sectional
analysis of the plasmon rays shows that the resolution of
imaging reaches 70 nm, about ~ A/7. Figure 16b is the optical
image of the surface imaging process in planar structure,
which is obtained from the traditional optical microscope.
When the plasmon rays pass through the concentric alternating
multilayers, the lateral distance of the three rays will become
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Figure 16. a) Schematic of a planar hyperlens integrated into a traditional far-field optical microscope. b) The cross-section of the electric field intensity
along the cutline of inset. Inset: composite image of traditional optical image and the corresponding AFM image. Reproduced with permission.l72
Copyright 2007, American Association for the Advancement of Science. c) Planar hyperlens. Sheet 1 is excited by two dipoles separated by a distance
60 nm. Insets show the EFC of each sheet. d) Normalized electric filed along the two dotted lines marked in the (c). Reproduced with permission.[*l
Copyright 2016, American Chemical Society. e) Triangular ridged substrate for anisotropic conductivity modulation. f) Normalized electric field
intensity at the graphene surface with anisotropic conductivity modulation (upper) and the homogenous graphene surface (bottom). Reproduced with

permission.'”® Copyright 2014, American Physical Society.

larger with increasing distance along the radius. Near the outer
ring of magnifying hyperlens, the lateral distance of three rays
is large enough to be resolved by a traditional far-field optical
microscope, indicating that the 2D magnifying hyperlens
can be used in-plane super-resolution imaging in the visible
frequency range.

In addition to metallic materials, 2D materials, such as
graphene, can also be used to prepare the planar hyperlens.
Figure 16¢ shows a graphene hyperlens diagram numerically
investigated by Gomez-Diaz and Alu.®®! The left and right
sides of the interface are, respectively, an isotropic metasurface
(sheet 1) and anisotropic metasurface (sheet 2). The isotropic
metasurface is common graphene sheet, while the anisotropic
metasurface can be graphene sheet modulated by closely
located corrugated ground planes. In an ideal lossless case,
the conductivity tensor components of the metasurface sheet 2
satisfy the condition of Im(o,) — e and Im(c,) — 0. Under
such conditions, the component of wavevector k, is a constant
and is independent with the component of wavevector k,, which
suggests that the surface plasmon will propagate toward the
x-direction with nondiffraction. In the real simulation model,
the conductivity of sheet 1 is 6=5x% 1073+ i5 x 102 mS. The
conductivity tensor of sheet 2 is 0,=5x1072+ i4 mS and
0, =5x 1072+ i4 x 10°® mS. The corresponding EFC is shown
at the top of Figure 16c. The graphene metasurface sheet 1 is
excited by two dipoles separated by a distance of 60 nm and
is placed on the layer 2 nm above the interface of the planar
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hyperlens. The designed planar hyperlens can retain the
subwavelength information due to the nondiffraction propa-
gation of the plasmons. As shown in Figure 16d, although the
distance between the two dipoles is much smaller than the
wavelength (d = 0.007), the detailed information is still well
resolved in sheet 2, fully confirming the potential for subwave-
length imaging. While, the similar results cannot be achieved
in sheet 1 (isotropic graphene layer) due to the diffraction-lim-
ited propagation of surface plasmons. Furthermore, Forati et al.
proposed a method that convert the isotropic graphene to a
hyperbolic metasurface, which will result in a planar 2D hyper-
lens on graphene.'’?l The design principle is to cling an infi-
nite graphene layer to a substrate of periodic fluctuations, as
shown in Figure 16e. A voltage is then applied to the upper
and lower surfaces of the structure. Due to the existence of
the substrate, different conductivity components will be pro-
duced in two directions, and thus the isotropic graphene sheet
is transformed into an anisotropic metasurface. By optimizing
the parameters of the structure, the diffraction-free propagation
of terahertz waves can be realized on the modulated graphene
sheet. Figure 16f shows the normalized electric field inten-
sity (E,) above the modulated graphene layer (top panel) and
a uniform graphene layer (bottom panel). These results show
that the diffraction effect of the plasmon in uniform graphene
can be overcome by the canalization of modulated layer, which
confirms the subwavelength imaging capabilities of the planar
in-plane hyperlens.
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3.3.3. Control over Spontaneous and Thermal Emission

Similar to bulk HMMs, HMS exhibits extremely anisotropic
and a hyperbolic EFC, which is closely related to the possi-
bility of unbounded supported plasmon modes and an ideally
infinite PDOS, as discussed in the 3D situation. Therefore, the
intriguing feature brings the HMS great potential in tailoring
the spontaneous emission near the metasurface. In the diver-
gent hyperbolic regime, the Purcell factor can be obtained from
the Green function G () as

3

=0

n- JdSrd3r'd>(r)<D(r’)CA}(r—r’)n (8)

where k is the wavenumber, n is the orientation direction
vector of the emitter with spatial distribution ®(r) and G (1)
is the dynamic Green function of the structure, which can be
evaluated by using 2D Sommerfeld integral.[174

The restriction of dissipation and poor coupling in bulk
HMMs lowers the efficiency in emission manipulation.
However, these limitations can be eliminated in HMS and
the efficiency of light-matter interaction enhancement will be
further improved. Several works discussing the spontaneous
emission engineering using HMS have been reported.[°0158l
For example, in Figure 17a,b, a luminescent HMS exhibits an
absorption and emission polarization anisotropy.l'’’l The HMS
is formed by alternating layers of InGaAsP MQW and silver is
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deposited in the trenches between the quantum well pillars.
Through the dielectric matrix, the luminescent HMS behaves
more like InGaAsP quantum wells with a strong absorption
for TM polarization, but resembling silver with a strong scat-
tering for TE polarization. With increasing the optical pumping
power, the metasurface exhibits hyperbolic response. The
PL enhancement is observed as 3.5 and 1.25 times in the
metasurface compared to the control InGaAsP MQW and flat
Ag/InGaAsP MQW interface, respectively. In the lumines-
cent HMS, the MQW functions as both emission source and
dielectric part, thus the enhancement of light-matter interac-
tion and high-efficient coupling between the plasmon modes
are realized simultaneously.

As mentioned above, the uniaxial metasurface can be
realized using 2D materials such as graphene and black phos-
phorus, where the wavenumber contour topology can be tuned
with conductivity o varing under a gate bias.'’® Figure 17¢,d
illustrates the spontaneous emission rate of a dipole source
oriented along the z-axis with the distance to the BP film and
homogeneous graphene sheet with the same chemical poten-
tial for both the local and nonlocal models.'’®! Figure 17c
corresponds to the elliptical regime where the nonlocality has
barely influence on the supported plasmon dispersion. When
it changes into hyperbolic as in Figure 17d, the emission rate
becomes larger as the emitter is deposited very close to the
film, but decays faster as it moves further to the surface. There-
fore, the energy coupling efficiency in nonlocal mode can be

(b) NS Ag/InGaAsP MQW
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Figure 17. a) SEM images of InGaAsP multiple quantum well pillars and multilayer luminescent HMS as well as the illustration of the pumping
(TMf or TEF) and emission polarization parallel (TMf) to the Bloch vector KB. b) The degree of linear polarization (DOLP) of emission for parallel-
polarized pump. Inset shows SEM of HMSs. Reproduced with permission.”3] Spontaneous emission rate of a z-oriented point source versus its
distance to BP thin films and graphene sheets with c) operation frequency f= 50 THz, chemical potential u. = 0.1 eV and d) f= 80 THz, u. = 0.05 eV.
Reproduced with permission.l'®' e) The radiative heat transfer process between two 2D hyperbolic material with separation distance is d and twisted
angle ¢. f) The radiative heat flux spectrum for concentration of electron n with 2 x 10'* cm=2, while the shaded parts correspond to hyperbolic surface
plasmons frequency region. Reproduced with permission.l'’8l Copyright 2018, The Authors.
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much higher than the local when the dipole is very close to
the surface. The electromagnetic properties of BP, graphene,
and other 2D hyperbolic materials enable the enhancement
of light-matter interaction and wide applications in miniature
optoelectronic devices.

The unbounded EFC in HMS can also find applications in
thermal emission manipulation.B®77-180 The large PDOS
of evanescent waves in HMMs can help break the blackbody
limit for near-field radiative heat transfer in a broadband
frequency range by several orders of magnitude. The relative
works using bulk HMMs have been reported,’’7# as well as
the applications such as nearfield thermal imaging!'®! and
thermos photovoltaics.'82l By contrast, HMS performs even
better than their 3D counterpart with stronger interaction
between the supported plasmon mode with the surrounding.
Figure 17e shows the transfer process of radiative heat between
two 2D anisotropic material layer, where the electromagnetic
energy is radiated from the bottom sheet (temperature T))
to the upper one (temperature T,). Figure 17f shows the
spectral radiative heat flux for concentration of electron n with
2 x 10 cm™, while the high temperature T; = 610 K and the
low temperature T, = T; — 10 K are fixed in different sample
groups. The hyperbolic frequency regime is drawn in the
shadow region. The enhancement can be over 10? to 10* times
over the blackbody limit, and is contributed to the excitation
of anisotropic plasmonic modes and the hyperbolic plasmonic
modes. In addition, the thermal modulation can be realized in
rotatable 2D hyperbolic material due to the in-plane anisotropy.
It should be noted that the enhancement of the heat transfer
is greatly affected by the separation distance, as the larger dis-
tance will significantly reduce the process due to the evanescent
high-k wave in free space. The thermal emission enhancement
provides the possible applications of 2D hyperbolic materials in
many thermology fields.

4. Fabrications of HMMs and HMSs

As mentioned, artificial 3D HMMs are realized in two common
structures, the multilayer and nanowire system. To obtain
these nanoscale structures, several fabrication methods are
considered. For the multilayer structure, alternating metallic
and dielectric thin layers are usually grown by electron-beam
physical vapor deposition or magnetron sputtering physical
vapor deposition.[*$3% The characteristic parameters of HMMs
are defined by the film thickness. Such technique limits the
macroscopic size in one dimension and takes a lot of time.
Besides the layer-by-layer grown route, the multilayered HMM
can be fabricated by self-rolling technique using strained
semiconductor layer.® The system consisted of substrate, a
sacrificial layer, a strained semiconductor layer, and a metallic
layer sequentially. After removing the sacrificial layer, the
strained layer bends up to release strain energy and forms the
rolled HMM. The other nanowire system is commonly formed
by metal electrodeposition into highly ordered nanoporous
anodic alumina oxide (AAO).*®% AAO is synthesized by a
two step anodization with the periods and filling ratio tuned in
the synthesis procedure. This method is of relatively low-cost
and less sensitive to the environment. However, the synthesis
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process can introduce impurities and structural imperfections,
which may influence the efficiency of HMMs.

The fabrication technique of 2D HMSs is similar to those
used in reported metasurfaces. One most common artificial
structure is metal/air grating with appropriate feature sizes
to support propagating surface plasmons with hyperbolic dis-
persion. The fabrication process of the hyperbolic grating
includes the metal film growth via atomic layer deposition and
following e-beam lithography (EBL) with reactive ion etching or
FIB milling to define structures.!'”’l Compared to the metallic
system, thin layers of h-BN can support strongly volume-
confined phonon polaritons and is suitable for mid-infrared
HMSs.'! After the growth of h-BN crystals, mechanical
exfoliation using tape is performed to obtain the h-BN flakes.
Then, the flakes are re-exfoliated and transferred onto substrate.
Finally, the grating structure on h-BN flakes is defined by high-
resolution EBL.

The above artificial HMM and HMS structures are designed
on the basis of effective medium description. However, it
should be noted that, due to the limitation of processing capa-
bilities, the unit size of nanostructures is finitely small, which
limits the number of supported wavevectors in real-structured
metamaterials. Furthermore, when fabricated unit-cell struc-
tures get to extremely small sizes, extra quantum size effect
also needs to be taken into account.

5. Conclusion and Outlook

The emerging field of HMMs and metasurfaces with unu-
sual optical properties holds promise to significantly impact
nano-optics and photonic technologies. However, we should
be clearly aware of that, despite a large amount of theoretical
and experimental works proposed and demonstrated, there is
still a long way toward the commercialization of hyperbolic
technology. The first general limitation is optical absorption
losses, which is inherently connected to the plasmonic noble
metals, such as silver and gold, used as metamaterial constitu-
tions at optical frequencies. Although these plasmonic metals
work very well in the long wavelength infrared, terahertz, and
microwave spectral regions, they have high losses originating
in part from interband transitions when the incident light shifts
to optical frequencies. To address this issue, on the one side,
absorption losses can be mitigated by some passive approaches,
for example, operating at low metal filling factor for HMMs or
exploring alternative low-loss plasmonic materials.'83 On the
other side, research on metamaterials with active properties
to completely realize loss compensation recently has emerged
at a rapid rate. Active HMMs and metasurfaces consisting of
constituent elements with gain and nondissipative properties,
such as organic dyes, 818 rare-earth ions,'®% or quantum
well semiconductors,!'¥188 are very promising for creating
extremely low-loss or lossless photonic devices.

Besides absorption losses, how to design a HMMs or HMSs
with dynamically tunable properties is very important for the
real applications.'”®] Although graphene, as a typical terahertz
metamaterial constitution, has permittivity tunability by
applying external gate voltage to change its Fermi level 189190
convectional plasmonic noble metals always have very large
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plasma frequency that cannot be easily adjusted. To realize
dynamically tunable HMMs and HMSs at optical frequen-
cies, several attempts are implemented. For example, one can
incorporate strong optical nonlinear materials in metamate-
rials and using Kerr effect from optical excitation pump to
tune its permittivity. In addition, employing phase-change
materials, such as liquid crystals and transition-metal
oxides,[19171%%] are also supported to tune the metamaterial's
permittivity by applying some external physical fields. These
approaches can enable the controlled or switchable hyperbolic
devices.

Moreover, for some hyperbolic applications associated with
emission engineering, designing the interface of metamaterials
to mediate coupling between propagation waves in free space
and the high-k states inside the metamaterials is also very
important for extracting the optical information. Tailoring
the geometry of the metamaterials®” or designing additional
structures such as subwavelength gratings or nanoparticles
array!'*1%] has been used for energy outcoupling with accept-
able efficiencies. In the future, novel coupling mechanisms
need to be further studied to achieve high-efficiency energy
outcoupling from hyperbolic media.

In conclusion, in this review, we systematically discuss the
fundamentals and applications of both HMMs and HMSs.
However, currently hyperbolic media are still an active and
evolving research area. Therefore, the wide range of potential
applications supported by HMMs and HMSs has not been fully
explored. For example, one further development is the investi-
gation of heat transfer engineering using hyperbolic media.”!!
The high-k states in HMMs which result in reducing radiative
spontaneous emission lifetime can be used for engineering
thermal conductivity and thermal emission.?®l As a result, it
is possible to use HMMs to achieve super-Planckian thermal
radiation and thermal transfer beyond the blackbody limit
at nanoscale.’#197-1% Besides thermal engineering, another
interesting topic about hyperbolic media is parity-time (PT)
symmetry.?% The parity and time operators are simultaneously
applicable in a PT symmetric system, leading to non-Hermitian
systems with purely real spectra.?%!l When light wave is propa-
gating through a PT-symmetric HMM consisting of alternative
lossy and gain materials, the wave propagation will exhibit non-
reciprocity if both the time-reversal and inversion symmetry
of the metamaterial is broken. This would result in a serial of
extraordinary optical phenomena, such as unidirectional optical
transmission and reflection.'®202 Other research aspects like
fluctuational and macroscopic quantum electrodynamics of
hyperbolic media are still at a tentative stage and need signifi-
cant development.2%3] Overall, the fascinating optical properties
and functionalities of HMMs and HMSs open an unprec-
edented path for the realization of novel metadevices that can
find widespread applicability in various photonic systems.
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