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ABSTRACT: Recently, two rich and exciting research fields, layered two-dimensional (2D)
materials and metamaterials, have started overlapping. Metamaterials are artificial, engineered
materials with broad metaphotonic prospects such as negative refraction, perfect lensing,
subwavelength imaging, and cloaking. The possibility of achieving metaphotonic properties
using metamaterials based on layered 2D materials has been extensively exploited. Because
they are highly tunable and adjustable with the ease of micro- and nanofabrication, 2D
materials exhibit diverse optical properties such as natural negative refraction, natural
anisotropic behavior, and even hyperbolic dispersion. A combination of 2D materials with
conventional metamaterials promises a variety of prospective applications. In this review, we
illustrate how the concept of metamaterials and their associated metaphotonic capabilities are
naturally born in 2D materials. The multifunctionality of 2D materials may enable the
manufacture of novel optical devices that work in a broad frequency range, from visible to
terahertz, with particularly low loss, high speed, gated tunability, and miniaturized sizes. This
new area of research links the fields of photonics, optoelectronics, and plasmonics with that of
metamaterials and may provide insights to future innovations for 2D-material-inspired metaphotonic devices.
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Figure 1. Overlapping of metaphotonics and layered 2D materials. (a) The left panel: the metal—dielectric—metal fishnet structure that is an array
of periodic nanoholes milled on a multilayer metal—dielectric stack and operates at optical frequencies. The right panel: a vertical stack of
multilayer graphene or multilayer graphene—hBN for unlimited bandwidth and all-angle negative refractions. (b) The left panel: an array of
nonmagnetic double SRRs that consist of two concentric annuli of conducting material (each with a gap situated oppositely) and achieve THz
magnetic response. The right panel: layered Te cubic metamaterials with electric and magnetic responses in the mid-IR. (c) The left panel: an array
of nanoscale SRR Au metamaterials for the SHG. The right panel: odd layers of TMDs, hBN, or graphene with strong nonlinear optical response
for SHG. (d) The right panel: an array of 3D Au helices that blocks the circular polarization with the same handedness as that of the helices but
transmits the orthogonal polarization. The left panel: the monolayer TMDs with broken inversion symmetry supporting that the left (right)-handed
circularly polarized light only couples to the band-edge transition at K (K') points. (e) The right panel: an Al film-based superoscillatory lens with
resolution better than 1/6. The left panel: the GO ultrathin lenses with a 3D focusing volume of A*/S. (f) The left panel: an atomically thin
graphene for surface cloak at THz frequencies. The right panel: a cylindrical metamaterial of an array of copper SRR suppresses the scattering from
the hidden object at microwave frequencies.

4.9. Waveguide 6227 components to produce new materials by directly arranging
4.10. Emitters 6227 atoms. Alternatively, a novel type of artificial material has been
5. Concluding Remarks and Outlook 6228 proposed and extensively explored via shaping composite
5.1. Outlook 6228 materials into desired architectures or geometries to achieve
5.1.1. 2D Materials 6229 various unusual and exciting physical phenomena such as
5.1.2. Emerging Polaritons 6229 negative refraction, diffraction unlimited optical imaging, and
5.1.3. Moiré Patterns 6230 cloaking.~® These functional materials with a macroscopically
5.1.4. Photonics 6230 homogenized response are termed metamaterials, which is a
5.1.5. Optoelectronics 6230 new research frontier in fundamental science and engineering
5.1.6. Biosensors 6230 that has emerged during the last two decades. A major reason
Author Informa.ltion 6231 for the widespread enthusiasm in metamaterials is their
Corresponding Authors 6231 unconventional properties and phenomena, which are not
Authors 6231 supported in typical materials observed in nature. The word
N.otes . 6231 “meta” means “beyond” in Greek.” To differentiate from
Biographies 6231 tional photonics and optics, we use the words
Acknowledgments 6232 conveliona” P OPHICS, .

metaphotonics and/or metaoptics when referring to electro-

References 6232 magnetic (EM) phenomena associated with metamaterials.
Victor Veselago proposed the concept of negative refractive
index in 1967 and predicted the anomalous propagation of EM
1. INTRODUCTION waves in materials with negative refractive index.” The material
The goal of attaining unconventional physical properties that presenting a negative refractive index requires a negative value
are not observed in nature has been pursued intensively in of both its permittivity and permeability, where the electric
recent years. This goal requires a comprehensive under- field, magnetic field, and wavevectors follow a left-handed rule,
standing of fundamental material physics, mature fabrication and the group velocity direction is opposite to the phase
techniques, and easily obtainable ingredients. New materials velocity. Light will be refracted at the side of incident plane
with feasible fabrication and improved properties are sought defined by the incident wavevector and the normal direction of
for optical, electric, and mechanical applications. Conventional the interface between a material with a negative refractive
approaches such as chemical synthesis, epitaxial growth, and index and a conventional material. However, this topic
chemical vapor deposition (CVD), focus on controlling growth remained a purely theoretical curiosity for several decades
or synthesis conditions such as temperature, pressure, and because such extraordinary materials do not exist in nature.
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However, by the end of the twentieth century, researchers
realized that both negative permittivities and negative
permeabilities can be sustained in the same frequency range
after a careful design of the resonance behaviors of the
composite unit cells that form the metamaterial.'~° As a result,
negative refraction was subsequently achieved in several
frequency regimes, from the microwave range to the visible
range, with exciting applications such as the perfect lens.*™'" In
2006, several groups further envisioned that EM invisibility
cloaks can also be achieved with metamaterials devised within
the theoretical framework provided by the concept of
transformation optics.'”"” In subsequent years, metamaterials
flourished and were extended to other disciplines such as
acoustics, thermodynamics, and mechanics.'*

Metamaterials manifest themselves via novel effects that are
rarely observed in naturally occurring materials, such as
negative refraction (Figure la), optical magnetism (Figure
1b), imaging based on enhanced nonlinear effects (Figure 1c),
chirality (Figure 1d), diffraction-unlimited resolution (Figure
le), and invisibility cloaks (Figure 1f)."*™'° Currently,
metamaterials provide a flexible platform to engineer EM
phenomena in an artificial way. The essence of the
metamaterial concept is the functionality of the unit cells,
termed meta-atoms or meta-molecules, which are the building
blocks of the metamaterial. To obtain a desired EM response,
each unit cell should be carefully designed. These unit cells
need to be considerably smaller than the operating wavelength
to justify the homogenization model but are also expected to
display strong light—matter interactions. Metamaterials are
usually designed in a way to work near the resonant EM mode
of the unit cell, which inevitably introduces the problem of a
finite operation bandwidth and considerable losses from both
the composite materials and the associated resonance damping.
Therefore, the composite materials that are utilized to build up
the metamaterial to reduce losses should be carefully chosen.
To boost light—matter interactions in deep subwavelength unit
cells, most feasible demonstrations have relied on the use of
plasmonic materials or high-index dielectrics. The addition of
judicious mechanisms is usually required to dynamically tune
their properties, to increase their bandwidth, to enable a
nonlinear regime, and if possible, to reduce their size for
miniaturized multifunctional metadevices. The exploitation of
new advanced materials as the building meta-atoms is critical
to fulfill these demanding requirements and fully achieve the
promising applications of metamaterials.

The discovery of graphene in 2004 opened a new platform
to explore strong light—matter interactions due to its reduced
dimensionality (2D). Researchers have predicted that more
than 600 potential 2D materials can exist in a stable manner.'”
In general, layered 2D materials can be classified into two
groups: 2D allotropes of various fundamental elements such as
graphene, black phosphorene,'®™* and silicene®"** and
compounds such as transition metal dichalcogenides (TMDs,
with general formula of MX,),”™** hexagonal boron nitride
(hBN),”**” and MXenes (layered transition metal carbides and
carbonitrides with the general formula M, X, T,).”* Graphene
and other 2D materials have attracted the attention of science
and engineering research communities since 2004 due to their
unique optical, electronic, mechanical, and thermal proper-
ties.”” ' One of the most important features of 2D materials is
their atomic thickness. As a result, EM energy can be highly
confined to an even smaller volume than that associated with
conventional surface plasmons (SPs) supported by noble
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metals, and as a consequence, the quantum limit can be more
easily attained.’**>*

Layered 2D materials that support strong light—matter
interactions can also be employed as building blocks for
designing metamaterials. In conventional metamaterials, a
negative refractive index is displayed in 3D cascaded double-
fishnet structures that consist of alternating layers of metal and
dielectric films with a thickness of 4/40 at optical frequencies
(Figure 1a, left).* In these structures, the negative permittivity
is provided by the diluted metal part, while the negative
permeability is introduced by the strong coupling between EM
waves and magnetic resonances (usually termed magnetic
polaritons).>* Similar effects can be realized by stackin%
alternate layers of graphene and hBN (Figure la, right).”>”
These multilayered graphene/hBN structures are versatile for
supporting various effects, such as perfect absorption’” and
polarization selection devices*® in atom-thick structures, which
were not identified in previous approaches using metal—
dielectric multilayers.

The magnetic response of materials at terahertz (THz) and
optical frequencies is especially important for the implementa-
tion of several devices such as compact cavities, adaptive
lenses, tunable mirrors, isolators, and converters.”*” Standard
approaches utilize planar structures that are composed of
nonmagnetic conductive resonant elements (such as double
split ring resonators, SRRs), of which the geometry should be
redesigned to match with the operating frequency range
(Figure 1b, left).” In particular, these magnetic resonances can
be tuned over the entire EM frequency range by scaling the
size of the meta-atoms and the period of the array. How this
magnetic response can be realized by naturally high-refractive-
index layered Te-based 2D materials in the entire mid-infrared
(mid-IR) range without requiring any new design has been
recently demonstrated (Figure 1b, right).””*' The advantages
of this 2D material, compared with conventional metal—
dielectric metamaterials, are its intrinsic electrical and magnetic
responses in the mid-IR range and low ohmic losses as well as
the angle-invariant and feasible integration into three-dimen-
sional (3D) volumes. Due to these properties, metamaterial-
based devices such as wide-angle lenses and cloaks can be more
easily implemented by stacking these naturally occurring 2D
materials than the use of standard metal/dielectric multilayers.

Nonlinear optical effects possess an essential position in
modern photonic/optoelectronic devices such as lasers, optical
switches, and single photon sources. In most materials,
nonlinear effects are usually very weak and several orders of
magnitude lower than linear effects.” Efforts to boost the
nonlinearity of metamaterials have been made by constructing
high-quality-factor micro/nanocavities that can substantially
enhance nonlinear light—matter interactions; however, these
effects work in a very narrow band (Figure Ic, left).*>**
Alternative solutions can be 2D materials that display naturally
high nonlinearities, such as graphene.45 For instance, third-
order nonlinear signals in graphene are very strong: tunable
third-harmonic generation (THG) and four-wave mixing
(FWM) have been recently demonstrated.**™** Even more
interesting is the phenomenon of second-harmonic generation
(SHG), which in principle should be absent in pristine
graphene due to its centro-symmetric crystal structure.
However, SHG has been observed in trimmed graphene by
hybridizing graphene with other materials® by electrical/
chemical doping™ or patterning.”’ These intrinsic strong
nonlinearities are essential for the use of graphene as a perfect
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Figure 2. Number of publications per year in the field of metaphotonics (blue line) and the rate of publications relevant to graphene (red line),
TMDs (magenta line), hBN (green dots), and BP (dark yellow dots) between January 2006 and December 2019 (data from ISI Web of
Knowledge, February 2020). Solid lines represent the exponential growth experienced in these areas. Dashed arrows depict the deliberate
speculations of future trends. The insets show the representative studies in the evolution of each research field. Inset images: (a) Monolayer
graphene integrated with metamaterials.*® The addition of graphene greatly enhanced the optical transmission at the resonance frequency linked to
the Fano-type plasmonic mode of the SRRs. Reprinted with permission from ref 80, Copyright 2010 Optical Society of America. (b) Graphene
integrated with a layer of hexagonal metallic meta-atoms,®' showing substantial gate induced persistent switching and linear modulation of THz
waves. Reprinted with permission from ref 81. Copyright 2012 Nature Publishing Group. (c) Graphene—SRR pair with a cut wire.*> An active
control over the group delay of THz light and the dissipative loss of SRRs could be achieved by the tunable conductivity of graphene via electric
gating. Reprinted with permission from ref 82. Copyright 2012 American Chemical Society. (d) TMDs that combine with the Au photonic spin-
Hall metasurface,® exhibiting simultaneous enhancement and manipulation of nonlinear valley-locked chiral emission in monolayer WS, at RT.
Reprinted with permission from ref 83. Copyright 2019 Nature Publishing Group. (e, f, and h) Theoretical and experimental results and
applications of metamaterials made of layered 2D materials.””**® The theoretical study (e) demonstrated the transformation optical devices by
spatial modulation of the graphene conductivity. Tunable plasmon excitations in engineered graphene microribbon arrays were experimentally
realized via electrostatic doping (f). A 90 nm-thick graphene—dielectric metamaterial absorber with ~85% absorptivity of unpolarized light ranging
from 300 to 2500 nm could enable the heating to 160 °C in natural sunlight, ideal for practical application of solar energy harvesting (h). Reprinted
with permission from ref 79. Copyright 2011 AAAS. (g) Tunable layered hyperbolic metamaterials,*® where the graphene—hBN heterostructure
supports hyperbolic plasmon—phonon polaritons with low loss and active controllability. (i) IR hyperbolic metasurface based on nanostructured
hBN," supporting phonon polaritons with in-plane hyperbolic dispersion. Reprinted with permission from ref 13. Copyright 2018 AAAS. (j)
Exciton—polariton transport in MoSe, flakes,*” showing thickness-dependent waveguide exciton polariton (down to the wavelength of 300 nm) and
excitation-energy-dependent propagation length (up to 12 gm). (k) Natural in-plane hyperbolic layered 2D materials.*® The semiconducting a-
MoO; could allow the deeply subwavelength phonon polaritons with ultralong polariton lifetimes. Reprinted with permission from ref 88.
Copyright 2018 Nature Publishing Group.

building block for designing nonlinear and tunable meta- and nanophotonics (Figure 1d, right).”*”® Constructing
materials when combined with either other 2D materials or atomically smooth chiral materials for developing novel
subwavelength metastructures (Figure 1c, right).”> ' nanodevices remains challenging due to the limited fabrication
In a different scenario, chirality exists in macrostructures and accuracy. These limitations and shortcomings can be overcome
microstructures associated with optical polarization rotation using 2D materials. For example, by stacking graphene layers
and circular dichroism. This effect can be used not only to with a slight difference in the orientation of the lattices, the
detect and analyze secondary structural information and coupling between the incident magnetic field and a magnetic
conformation of molecules but also for applications in dipole moment in the twisted graphene layers would depend
engineering and modulation of optical fields.”” However, the on the helicity of the incident light, which causes the
optical chirality of naturally occurring 3D materials is very emergence of circular dichroism.®°™®" Similarly, chiral atomi-
weak, and therefore, most current approaches depend on cally thin films can be achieved with other 2D materials.’” In
metamaterials for devising chirality-based applications in optics addition to the optical responses that are controlled by the
6200 https://dx.doi.org/10.1021/acs.chemrev.9b00592

Chem. Rev. 2020, 120, 6197—6246


https://pubs.acs.org/doi/10.1021/acs.chemrev.9b00592?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.9b00592?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.9b00592?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.9b00592?fig=fig2&ref=pdf
pubs.acs.org/CR?ref=pdf
https://dx.doi.org/10.1021/acs.chemrev.9b00592?ref=pdf

Chemical Reviews pubs.acs.org/CR
helicity of incident photons, engineering the electron behavior g 0 0
in 2D materials also produces two novel areas of research: c=lo & o
spintronics and valleytronics. Spintronics are associated with B +
70,71 0 0 g

the spin of electrons, whereas valleytronics take advantage
of the electronic valley degree of freedom (DoF) (Figure 1d,
left)””~7* to store and carry information, which can also be
synthesized with optical metamaterials.

By further employing advanced nanofabrication technolo-
gies, 2D materials can also be patterned to display other
interesting and promising EM responses. For example,
ultrathin (1/S) lenses that are constructed of graphene oxide
(GO) can focus a 3D subwavelength spot (4°/5) in the far
field (Figure le, left).”” Making an object electromagnetically
invisible is one of the most exciting achievements using
metamaterials.”°~”® By designing the unit cells with SRRs of
different sizes to simultaneously support both electric
resonances and magnetic resonances,” an impinging EM
wave is restored by the cloaking layer after the hidden target
(Figure 1f right). However, large intrinsic material loss
deteriorates the cloaking effect.”® Conversely, due to the low
loss and strong field localization, graphene can be used as an
excellent building material for designs based on transformation
optics.”” The ability of a single layer graphene in either a planar
or cylindrical form to hide an object in a narrow band THz
frequency has been recently demonstrated (Figure 1f, left). By
electrically or chemically tuning the Fermi level, the cloaking
effect can be readily shifted from THz frequencies to the far-IR
spectral range.

Research on the potential of 2D materials remains a
prominent area in both fundamental science and practical
engineering. The number of scientific papers that are published
per year to study the photonic properties of 2D materials is
exponentially increasing (Figure 2), in addition to exploration
in other fields such as electronics, mechanics, and chemistry.
With the development in fabricating 2D materials and tuning
their properties, 2D materials should have exciting applications
in multiple disciplines.

In this review, we introduce the metaoptics/metaphotonics
properties of 2D materials and their fabrication and feasible
applications by comparing them with conventional metamate-
rials. We illustrate the potential of naturally occurring 2D
materials as perfect candidates to build new metamaterials in a
synthetic way. Metamaterials and 2D materials can benefit
each other and enable compound multifunctional devices to
surpass their individual composites.

2. OPTICAL PROPERTIES OF LAYERED 2D
MATERIALS TO INSPIRE METAMATERIALS

2.1. Natural Metamaterials

2.1.1. Natural Hyperbolic Dispersion in 2D Materials.
Hyperbolic materials have attracted substantial attention in
recent years due to their ability to control the propagation of
EM waves and their interactions with matter, which cause

8991
In

extreme anisotropy in their electrical responses.
nonmagnetic and uniaxial hyperbolic materials,”* the magnetic
permeability tensor reduces to a unit tensor, while the
permittivity tensor can be expressed after diagonalization as

follows:

6201

(1)

where the subscripts |l and L indicate components parallel and
perpendicular, respectively, to the optical axis (chosen as the z-
axis). Therefore, the dispersion relation for the EM waves that
propagate in the bulk of a nonmagnetic hyperbolic material can
be written as follows:”""*

btk B (g)z
& c (2)

&
where k,, k, and k, are the wavevectors along the x direction, y
direction and z direction, respectively; @ is the angular
frequency; and c is the speed of light in a vacuum. For a metal
or any other material with a negative permittivity (¢, & < 0),
the medium does not support propagating EM waves in the
bulk, and as a consequence, no real wavevector can be
obtained from eq 2.°” For isotropic materials with positive
permittivity, i.e, €, = & > 0, EM waves can propagate inside
the material but with a finite wavevector (Figure 3a), which

a) c) d)

Figure 3. Isofrequency dispersion given by w(k) = constant in a 3D k-
space for an (a) isotropic medium (¢, = ¢ = ¢, = ¢, > 0) and a
hyperbolic medium with (b) type I (¢,> 0, & < 0) and (c) type II
(1< 0, & > 0) responses. (d) Elliptical medium (¢, = ¢, # £,>0,¢,<

explains the diffraction-limited imaging in the far-field. The
photonic density of states (PDOS) is also finite due to the
finite volume between two isofrequency surfaces in isotropic
dielectrics.””~" In anisotropic materials, the propagation of
EM waves critically depends on the propagation direction. In
the case in which €, and g have opposite signs, the dispersion
relation follows a hyperbolic behavior, from which the name
“hyperbolic material” is coined. According to the signs of these
two permittivities, the hyperbolic dispersion can be categorized
into two types: type I with £, > 0 and ¢ < 0, and type II with
&) < 0 and g > 0. In principle, for both types of hyperbolic
materials, wavevectors can be extremely large inside the bulk
with an upper limit at the edge of Brillouin zone, which is
determined by the size of the hyperbolic unit cell (Figure 3b,
c). This implies that deep subwavelength geometrical
information can be recovered in the far-field of hyperbolic
metamaterials in principle, which enables the hyperlens.”*~
Recently, we reported a third type of hyperbolic medium, in
which e, =¢,#¢,>0,£,<0 (Figure 3d); it is referred to as an
elliptical hyperbolic medium due to this peculiar relation
among the components of the electrical permittivity tensor.*®
In all hyperbolic media, the extremely infinitely large
wavevectors that are supported within the bulk also generate
a strong light—matter interaction that is associated with these
highly confined EM fields."”® However, this divergent
behavior cannot occur in reality because large wavevectors
will be eventually cut off when the wavelength of the

https://dx.doi.org/10.1021/acs.chemrev.9b00592
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corresponding propagating EM mode is comparable to the size
of the hyperbolic unit cell a. Therefore, the resultant maximum
wavevector that is attainable in hyperbolic materials is of the
order 1/a. In addition, the propagation of EM waves follows an
angle that is defined as 8 = atan((—e,/g;)"/?), which is very
different from the isotropic propagation in normal media.’’
From an applied point of view, the peculiar properties of
dispersion relation associated with hyperbolic media have been
exploited for novel applications such as negative refraction,”®”’
light emission,”®”” thermal radiation,'®*™'"* and sensing.lm’105

Due to the extreme anisotropy needed for both dielectric
components and metal components to achieve a hyperbolic
dispersion, hyperbolic media are rare in nature. Thus, a
substantial amount of attention has been focused to structured
materials (metamaterials) using layered metal—dielectric
structures or metal wire arrays embedded in a dielectric host.
In these cases, the total response can be described using an
effective medium theory, which is valid only when the long
wavelength approximation is satisfied.'’° However, the finest
feature achieved using state-of-the-art fabrication technologies
is typically 10 nm, which limits the maximum value for the
attainable wavevectors that can propagate inside the media
(refer to previous discussion).

The recent discovery of layered 2D materials has been
revealed with the hyperbolic response of superior perform-
ances, such as low loss and broadband operations, compared
with those displayed by hyperbolic metamaterials.'””'*® For
example, a hyperbolic equifrequency dispersion is observed in
crystalline gragphite in the ultraviolet (UV) range using
ellipsometry.'” When the electric field is polarized along the
graphene plane, the hybrid resonance of 7- and o-electrons
generates a negative permittivity. However, when the electric
field is perpendicularly polarized to the graphene plane, the
forbidden 7 bands produce a positive permittivity. Graphite-
like materials such as magnesium diboride (MgB,) also
support hyperbolic dispersion in the blue and UV range of
the EM spectrum.''® Other compounds such as super-
conductor-type cuprates'’® and perovskite-like ruthen-
ates''"""* can also display hyperbolic dispersion according to
the ratio of the constituent elements, with operation
frequencies that range from UV to THz. In general, the origin
of hyperbolic dispersion in these 2D materials can be
categorized into three groups depending on the combination
between the metal components and the dielectric components
(Figure 4). For either metals or dielectrics, the sign of the
permittivity is opposite at the two sides of the plasmon
frequency.

Recently, 2D van der Waals (vdW) materials have emerged
as feasible candidates for hyperbolic EM responses with unit
cells reduced to the atomic level. EM fields strongly interact
with 2D materials, and the resulting hybrid entities are usually
referred to as polaritons. Depending on the type of quasiparticle
that is coupled to the EM field, polaritons may be plasmon
polaritons, phonon polaritons (PhPs), or exciton polar-
itons.””**'"® These polaritons can form at the frequency
range of interest, which generally occur in most 2D materials.
Surface plasmon polaritons (SPPs) exhibit low-loss and
broadband performance from THz to IR frequencies, and
feasible tunabilities in 2D materials, for example, graphene.*
PhPs have been demonstrated in a few layers of hBN, which
exhibit hyperbolic features."'* Excitons, the electron—hole
combinations, are observed in all 2D materials that support an
electronic band gap, which has prompted an increasing interest
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Figure 4. Basic mechanisms of the intrinsic hyperbolic medium. (a)
Drude type, conductance along all orientations of the crystal in the
incident plane is metallic but with different conductive ability; (b)
Drude—Lorentz type, the conductances along different orientations
are very different from each other; and (c) Lorentz type, conductance
properties along all orientations are dielectric.'”® Here, @, and @y, in
each dielectric spectrum refer to the two different plasma frequencies;
the permittivity tensor in the frequency range between @, and @, is
indefinite, leading to the negative refraction of the incident light
waves. Reprinted with permission from ref 108. Copyright 2014
American Chemical Society.

in different research communities."'> A detailed discussion of
the capabilities of both SPPs and PhPs to enable high-
performance metamaterials and metasurfaces (M&Ms) is
provided in Sections 2.2 and 2.3, and interested readers can
explore recent reviews for an in-depth understandinbg of the
exciting possibilities of excitons in 2D materials.'">"’

Hexagonal boron nitride, which is a potential optoelectronic
material for light emission and detection in the deep UV
frequency range,”*""”"""® can support hyperbolic PhPs at mid-
IR frequencies with low loss. This 2D material presents
metallic (negative permittivity) and dielectric (positive
permittivity) EM Tesponses along orthogonal principal axes
(Figure Sa).! PSSO NGt only the volume-confined
bulk hyperbolic polaritons''* but also sidewall-confined
hyperbolic surface polaritons'*”'** are detected in hBN. The
optical phonon modes of this material present two widely
separated stopbands that are induced by its light atomic
masses, strong out-of-plane anisotropy and the polar band
between B and N. The out-of-plane crystal vibrations
(transverse optical phonon, TO) produce type I hyperbolic
responses, whereas the in-plane vibrations (longitudinal optical
phonon, LO) produce type II hyperbolic behaviors. Due to its
inherent layered structure, the hyperbolic PhPs modes can
even be supported by hBN flakes with thicknesses of
approximately 1 nm, which implies an unprecedented potential
in breaking the fundamental limit of photon confinement in
hyperbolic EM modes.*"'"*

Recently, a family of natural electrodes such as Ca,N were
theoretically demonstrated to support high-performance
hyperbolicity with low loss and a broad operation band that
ranges from the near IR regime to the mid-IR frequency
regime. Their hyperbolicity can be tuned by strain and can
even be switched between an elliptic response and a hyperbolic
response for a particular frequency range.'”> Layered TMDs
can support a large variation of controllable hyperbolicity that
ranges from near IR to UV by stacking different types of 2D
TMDs.'*

Note that the hyperbolic response in hBN arises from
anisotropic phonon modes, which are produced by the
hybridization of longitudinal phonons with transverse phonons
by quasi-static Coulomb interaction mediated by large
momentum photons. In the next section, we introduce the
propagation characteristics of in-plane anisotropic PhPs in 2D
layered materials.

https://dx.doi.org/10.1021/acs.chemrev.9b00592
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Figure 5. Optical properties of inspired metamaterials composed by layered 2D materials. (a) Hyperbolic dispersion of hBN polaritons.'** The axes
refer to the tangential momentum k,, the axial momentum k, and the frequency @. The momentum—frequency dispersion surface for the
hyperbolic polaritons of the upper band (ranging from 1370 to 1515 cm™") resembles a “butterfly” composed of individual hyperbolas. Reprinted
with permission from ref 123. Copyright 2015 Nature Publishing Group. (b) Energy loss and plasmon dispersion of BP."** The loss function was
calculated for monolayer BP with an electron doping of 10" cm™ and T = 300 K. gy, and qy, refer to g along the two crystal axes x (right) and y
(left), respectively. Shaded regions are the Landau damping regions. The plasmon disperses differently due to their mass anisotropy, where the
smaller mass along x leads to higher resonance frequency. Reprinted with permission from ref 124. Copyright 2014 American Physical Society. (c)
Ilustration and experimental verification of optical negative refraction in graphite thin films.*> Two pump beams k; and k, are focused on atomic
graphene layers (honeycomb lattice) at angles 6, and 6,, respectively. The incident beam k; is refracted in the negative direction and detected by a
photodetector. The refracted beam exhibits a resonance at 65 = 6,; that is, the incident signal beam is refracted in the negative direction.

2.1.2. Natural Anisotropic Polaritons in 2D Materials.
Propagation of anisotropic polaritons along the surface of
layered 2D materials is caused by an in-plane anisotropic
structure and electronic and/or optical phonons character-
istics. In these materials, in-plane elliptical and hyperbolic
polaritons can be supported, which causes an increased PDOS
and ray-like propagation along the surface. Recently, we
reported the experimental observation of anisotropic PhPs that
propagate in a-MoOj3, which is a natural layered 2D material
(Figure 1k).*¥ PhPs in a-MoQj are highly confined with a
wavelength of 4,/120 (/,, free-space wavelength of photons);
its hyperbolic EM response can be tuned by altering the
thickness of the 2D flakes. Furthermore, real-space imaging
with scattering-type scanning near-field optical microscopy (s-
SNOM) has confirmed the long lifetime of hyperbolic PhPs (8
ps), which is ten times longer than the counterpart of graphene
SPPs at room temperature (RT) and four times longer than
the best values obtained for PhPs in isotopically engineered
hBN."”” In-plane anisotropic @-MoO; PhPs add a new
member to the ever-increasing list of polaritons in 2D layered
materials.*®

SPPs, which are quasi-particles formed by photon and
collective oscillations of electrons, have been observed in
graphene via direct IR nanoimaging, which enables the
exploration of plasmonics in 2D vdW materials.'**"** Recent
theories predict in-plane anisotropic and even hyperbolic SPPs
in naturally layered black phosphorus (BP) without the need
for nanostructuring due to its inherent in-plane anisotropy in
their electronic and structural properties (Figure Sb). Although
BP has a relatively isotropic static screening, its band
nonparabolicity produces highly anisotropic SPPs with
resonance scaling via doping concentration. The calculated
dispersion in Figure 5b for monolayer BP presents two distinct
in-plane loss functions, where the SPP that propagates along
the y direction is damped at mid-IR frequencies, while the SPP
that runs along x persists to the near-IR frequency range. The
SPP modes that propagate along one of the crystallographic
directions of BP are long-lived because they are Landau-
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damped only for near-IR frequencies. The anisotropic
plasmonic effects are also expected in Weyl semimetals.'*’
Layered transition metal chalcogenides such as MoTe, and
WTe, also show anisotropic vibrational and electronic
characteristics, which indicates the potential to be natural
anisotropic plasmonic materials."*"

2.1.3. Natural Negative Refraction in 2D Materials. In
principle, negative refraction can be supported by any
anisotropic material but is usually unobservable due to the
currently small anisotropy.'®'** In contrast to negative
refraction in metamaterials, where both electric and magnetic
resonances are involved in generating negative permittivities
and permeabilities, nonresonant hyperbolic materials can
support negative refraction, which presents lower loss and
broader operation bandwidth, as previously discussed.
Negative refraction, for example, can be achieved at the
interface between a vacuum and a type II hyperbolic material
because the tangential component of the averaged Poynting
vector for the transmitted wave can be expressed as follows:
LA P <0
2w Y 3)

S, =

x

Therefore, the incident light will be refracted with a negative
angle if g is negative.105

The widespread approaches to achieve negative refraction,
such as the use of plasmonic materials and nonlinear
components, usually suffer from strong dispersion with the
incident angle, high loss and limited bandwidth. Interestingly,
2D materials such as graphene exhibit large optical non-
linearities with extremely low absorption; for example, the
third-order nonlinear susceptibility of graphene is two orders
of magnitude larger than that of gold (Au). Combined with
their low surface scattering due to their atomic smoothness,
layered 2D materials can act as inherent negative refraction
materials at optical frequencies. Graphite thin films have shown
a controllable negative refraction as demonstrated using
degenerate FWM (Figure 5¢).>> The graphite surface enables

https://dx.doi.org/10.1021/acs.chemrev.9b00592
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Figure 6. Interaction of light with graphene. (a) Interband transitions occur at visible to IR. (b) In n-doped and p-doped graphene, an optical
photon with energy less than 2Ep cannot be absorbed due to Pauling blocking and lack of electrons available for the interband transition,
respectively. (c) One-photon (I) and two-photon (II) absorption process and FWM process (III). E; and 7w refer to Fermi level and optical

photon energy, respectively.

highly efficient phase conjugation, which can reverse the phase
of the EM fields by acting as an analogue of a negative index
boundary. The negligible thickness of the layers causes very
low optical loss in this structure, and the linear band structure
of graphene further enables broadband operation, in principle
from radio frequencies to gamma ray frequencies. Moreover,
hBN with hyperbolic properties can support negative refraction
in the upper band. However, its high reflective index causes
transmission.'** By alternatively stacking graphene and hBN, a
negative refraction with improved efficiency can be achieved.*®

2.2. Optical Transitions in Layered 2D Materials for
Advance Metamaterials

As mentioned in this review, conventional M&M constructed
of plasmonic metals (such as Au, silver (Ag), copper, and
aluminum (Al)) and/or dielectric materials (silicon and
titanium dioxide) usually work in a very narrow band,
especially in the visible and near IR range; their geometries
and EM performances cannot be easily tuned once fabrication
is complete."”>™"*” The nonlinear properties of M&M depend
on the intrinsic microscopic nonlinear polarizabilities of the
constituent materials, which are usually weak compared with
layered 2D materials and their low damage threshold with
strong pumping intensity. These problems hinder various
applications that require the broadband and tunable nonlinear
M&M."**~"*% Inspired by the remarkable EM properties in 2D
materials such as pristine graphene, hBN, BP, and TMDs,
which wusually display tunable intraband and interband
transitions and large nonlinearities, we envision that these
2D materials can be very important for circumventing the
previously mentioned disadvantages of the metal/dielectric
framework for constructing M&M:s.

In this section, we illustrate the opportunities that facilitate
the promise of 2D materials as perfect candidates for advanced
M&M applications. We review the fundamentals of the broad
spectrum of light—matter interaction in 2D materials, which
range from the UV range to the IR frequency range and from
the linear regime to the nonlinear regime, in which feasible
approaches can be easily applied to tune light—matter
interactions via electrical gating, chemical doping, strain,
background dielectric environment, and stacking orders.

2.2.1. Broadband Spectra of Light—Matter Interac-
tions. The past two decades have witnessed the tremendous
efforts of searching M&M from the microwave, IR, and visible
range to the UV frequency range. To establish the promise of
2D materials as the meta-atoms of M&M, a broadband light—
matter interaction should be required; this interaction is
possible by carefully selecting appropriate 2D materials from
its burgeoning family, such as graphene, TMDs, BP, perov-
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skites, Mxene, layered metal oxides, and metal carbides,
according to their electronic band structures that determine
the associated optical properties.

For example, graphene, which is the most investigated and
the first experimentally demonstrated 2D material, has a zero
band gap and linearly supports dispersed massless Dirac
Fermions near the Dirac point, where the conduction and
valence bands meet (Figure 6a). This consequence is
attributed to the sp? hybridization between 2s electron orbitals
and two 2p electron orbitals of carbon in the 2D hexagonal
lattice. For a large range of photon energies, the absorption
(ma = 2.3%, a = 1/137 is the fine structure constant) and
transmission (1 — za) will remain nearly constant, which are
solely determined by a = ¢*/fic (c is the speed of light in free
space, and 7 is the Planck’s constant).Ml_143 In this case, the
absorption of a weakly coupled few-layer graphite (IN layers)
can be simply estimated by the scaling law: Nza. The constant
absorption of light in graphene can also be explained by the
dynamic excitation process (Figure 6a). Electrons in the
valence band can be excited into the conduction band; those
hot electrons will thermalize and cool until a hot electron—hole
equilibrium distribution with the electronic temperature T, is
attained after the short excitation process (approximately 150
fs).'"** The new distribution of electron—hole pairs blocks
further absorption of light, whose energy is k3T, within 1 ps.
Subsequently, the intraband scattering through phonons will
cool the thermalized quasiparticles, and the interband
electron—hole recombination process will dominate. With
large excitation intensities, saturated absorption will occur,
which produces a transparency window for light at energies
immediately above the band-edge and cause constant
absorption of graphene.'* These schemes of light—matter
interaction can occur in an amazingly broad band from the
microwave band to the THz band and IR frequency regimes
and even to the optical range due to the zero bandgap near
Dirac points. This broadband constant absorption in pristine
monolayer graphene can be extremely useful in the design of
ultrabroadband M&Ms, where light modulators, sensors, or
photodetectors can be realized (refer to Section 4.6).

Different from semimetal graphene, some other 2D materials
support a moderate electronic band gap, which behaves as a
monolayer semiconductor for IR and optical frequencies. For
instance, BP has a layer-dependent direct band gap that
monotonically increases from 0.3 eV in its bulk form for larger
than 8 layers to 2 eV for a monolayer.*”'*” This fascinating
feature originates from the self-energy correlation in its vdW
bonding, which can enable strong interactions with EM waves
and can be used for photodetection or imaging applications
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Chem. Rev. 2020, 120, 6197—6246


https://pubs.acs.org/doi/10.1021/acs.chemrev.9b00592?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.9b00592?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.9b00592?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.9b00592?fig=fig6&ref=pdf
pubs.acs.org/CR?ref=pdf
https://dx.doi.org/10.1021/acs.chemrev.9b00592?ref=pdf

Chemical Reviews pubs.acs.org/CR

.x
6
=
A

Q

&=

oS "t

K-valley A-valley K'-valley K-valley A-valley K'-valley

Figure 7. Light interactions with TMDs at its valleys. (a) Valence band of MoS,, conduction band of MoS,, and the degree of circular polarization
(6~ and 6%) of the interband transitions.”* (b) Spin-related absorption and photon generation of valley excitonic photoluminescent emission.”> The
left (right)-handed circularly polarized light 6" (67) only couples to the band-edge transition at K (K’) points due to the angular moment
conservation and time reversal symmetry. (c) SHG selection rule with the spin valley-exciton-locking phenomenon."*” Two left circular 6~ (right-
circular 6*) photons at the fundamental frequency (@) generate a single right-circular ¢* (left circular 6~) photon at the second-harmonic
frequency (2w) with near-unity polarization. (d, e) Schematic energy-band structures around the K and A valley for (d) MoX, and (e) WX, (X =S
and Se). The highest valence and the lowest conduction band have the opposite spin. The red and blue curves represent the spin-up and spin-down
bands, respectively. The spin-down valence band is not presented because it is ~100 meV away from the energy of B excitons that are not shown
here. The lowest optically induced transition between the bands of the same spin is described as the yellow arrow at the K point. The correlated
electron—hole pairs are enclosed by a yellow (bright A, exciton), red and orange (momentum-forbidden dark K—A and K—K’ exciton,
respectively) and purple ovals (spin-forbidden dark K—K exciton).">® Reprinted with permission from ref 158. Copyright 2018 American Physical
Society.

from the mid-IR range to the visible range.'®'**'** Another conduction and valence bands in the hexagonal Brillouin zone:
interesting property of BP is its in-plane anisotropy that is the valleys (Figure 7a, b). These two valleys, however, have
derived from the atomic bonding in two inequivalent opposite Berry curvatures, and consequently, different valley
directions, which renders BP as transparent for light polarized pseudospins. As a result, each valley can only interact with one
along the zigzag direction and highly absorbing for light of the specific spin angular momenta of light and manifests in a
polarized along the armchair direction.'**'*”'3*!5! Aniso- spin-valley-locked light—matter interaction that operates for

tropic M&Ms have been searched, and the intrinsic strong both absorption of photons and emission of photons.
anisotropy of BP presents a natural solution with a high Owing to the complex electronic band structure consisting
sensitivity to the linear polarization angle and the momentum of multiple spin-split valleys, dark excitonic states that are
vector, > " *®15% which can produce more sophisticated inaccessible by light (refer to Figure 7d, e) can be formed."*
applications if its structure is properly designed. As discussed Dark exciton states play a formerly unpredicted but significant
in Section 2.1, the intrinsic electric permittivity of unstructured role in determining the degree of polarization of the
BP displays different signs along the two directions. This photoluminescence (PL) emission from TMDs. Intervalley
property is very appealing because it supports hyperbolic scattering, which is dominated by the electron—hole exchange
surface waves, which act as a natural hyperbolic metasurface'>* interaction, is active only for bright excitonic states. A dark
and can reduce the demanding fabrication requirements of exciton ground state offers a vigorous reservoir for valley
conventional hyperbolic metasurfaces constructed of Ag'>® or polarization, which helps to maintain a Boltzmann distribution
graphene nanoribbons.'** of the bright exciton states in the same valley via intravalley
TMDs usually exhibit a direct electronic band gap in the scattering between bright and dark excitons. Because the spin—
visible range (1.0-2.5 eV), and therefore, are excellent orbit coupling can be positive or negative in the TMDs
candidates for next-generation optoelectronic applications material, there are potentially two different orderings of spin
such as light-emitting devices (LEDs) and photodetectors. states: (1) while in MoX, TMDs (X = S, Se), electrons in the
They usually share the chemical formula AB, where A lowest conduction band have the same spin as those in the
represents Mo, W, or Ta and B denotes S, Se, or Te. Similar to highest valence band; (2) an opposite spin ordering have the
BP, TMDs also have in-plane anisotropy due their inequivalent same spin in WX, TMDs, as shown in Figure 7d, e.>* In WX,
in-plane atomic bonding, and their band gaps depend on the TMDs, in which the dark exciton is the ground state, 20—40%
layer number due to their weak vdW force and interlayer polarization can be achieved, even without resonant excitation.
hybridizations among different layers.””'>> The most interest- By contrast, the MoX, TMDs with bright exciton ground states
ing property of TMDs perhaps is its valley DoF.”>~"*'*® The require almost resonant excitation to achieve the same
broken time-reversal symmetry in monolayer TMDs cause two polarization degree."”” Furthermore, the dependence of the
energetically degenerate band gaps at the extrema of the degree of polarization on the detuning energy of the excitation
6205 https://dx.doi.org/10.1021/acs.chemrev.9b00592
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in MoSe, suggests that the electron—hole exchange interaction
dominates over the mechanism of two longitudinal acoustic
phonon emission for inter valley scattering in TMDs.">” Past
efforts to search M&Ms with spin-dependent applications have
focused on stacking nanostructures or building 3D meta-
molecules,*®'®’ while natural TMDs with the valley DoF
enables applications such as circular dichroism’* by taking
advantage of the spin-valley-locking phenomenon.

Interestingly, an indirect quasi-particle gap with the
conduction band minimum located at the Q-point (instead
of K) was observed in single layer WSe, as resolved by a
comprehensive scanning tunneling spectroscopy approach,
albeit the two states are nearly degenerated.'®’ The optical
properties of TMDs are widely dominated by excitons,
Coulomb-bound electron—hole pairs. These quasi-particles
show huge oscillator strength and §ive rise to narrow-band,
well-pronounced optical transitions.'” Studies of strong light—
matter coupling in layered TMDs demonstrate outstanding
progress. This strong coupling regime emerges in different
cavity systems such as planar microcavities and structures
contain metallic components.'®®

In addition to BP and TMDs, 2D metal halide perovskites
also own layer-dependent electronic band gaps that encompass
the entire visible EM range, which are highly promising for
LEDs and solar cells. An interested reader can explore
additional details about the optoelectronic properties of 2D
metal halide perovskites in other in-depth reviews.'* The
electronic band gap of these 2D materials can be very large,
which render these materials perfect insulators for deep UV
light sources. hBN can also support band gaps as large as 6
eV.>*'% Although its bulk form was first recognized as an
excellent smooth substrate for encapsulating graphene,®*'*®
that the use of its 2D form as a gate dielectric and the use of
their defects, while acting as color centers, as quantum single-
photons sources, were rediscovered.*

2.2.2. Tunable Properties of 2D Materials. Efforts in
establishing tunable and reconfigurable M&Ms for dynamic
functionalities are ongoing. EM properties of meta-atoms
constructed of noble metals, semiconductors (such as indium
tin oxide, ITO), or dielectrics can be modified by doping, for
example.'®” However, the doping level cannot be easily tuned
once fabrication is complete. In a few successful examples,
tunable M&Ms resort to modification via heat, in the case of
phase changing materials,'*® chemical reactions such as
hydrogenation or dehydrogenation of Mg,'*”'”° or electro-
static doping of ITO'"" and other materials."”*~""* Despite
these efforts, the feasibility of tuning material properties to
determine the EM response of M&Ms remains weak, especially
when it requires both a broadband frequency range and an
active modification. Therefore, 2D materials are excellent
candidates for building tunable M&Ms because their proper-
ties can be easily modified via many external means such as
chemical doping, electrical control, thickness or number of
layers, background environment, strain, and temperature.

As an exemplary case, optoelectronic properties of graphene
can be tuned by chemical doping or electrical bias. The density
of carriers (1) and its Fermi level (E; = Avg/n7) can thus be
modified at will (Figure 6b). Here, vy (approximately 10 m/s)
denotes the Fermi velocity of the electron. With excitation
energies less than 2Egp, no photon can be absorbed in the
interband transition because all electron states in the
conduction band are occupied (for n-doped graphene) or
because no electrons are available in the valence band (for p-
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doped graphene). For slightly doped graphene, this finding
implies that only intraband transitions will contribute in the
THz range (2E; > Aw, o is the angular frequency), where the
interband transition is forbidden. At higher frequencies such as
the visible and IR range, the intraband and interband channels
compete with each other and the interband transition usually
dominates the EM response of graphene. From a physical
point of view, the contributions of interband and intraband
electronic transitions in graphene can be included in a Kubo-
like formula, as derived with the random-phase approximation
as follows:

ho — 2Eg
hw + 2Eg

_8E,
C—COT " +60

W+ i

O(hw — 2E;) + tIn
V3

(4)

where the first term applies to the contribution of the
intraband transitions within a Drude model and the second
term corresponds to the interband transition.”>'”® Here, y is
the finite relaxation rate of the intraband transition process and
6, = ¢*/4h, where e is the electron charge. With photon
energies approaching 2Eg, the loss associated with interband
transitions becomes dominant in the visible and IR frequency
regimes, which causes constant absorption in this EM range, as
previously discussed. By tuning the Fermi level, a person can
dynamically modulate the properties of graphene, and a
transition from a metal to an insulator character can be
induced. Ways to change the Fermi level includes gate
biasing'””'”® or chemical doping such as boron and nitro-
gen.'””~"*? Tunable M&Ms based on graphene that presents a
dynamical control of the Fermi level can be designed in the
THz frequency range, where intraband transitions domi-
nate.'®* Furthermore, a waveguide platform can be introduced
to graphene by turning on/off the interband transition to
design an optical modulator in the near-IR frequency range.'**
This electrical control or chemical doping can also be applied
to bandgap materials such as BP'** or TMDs.'**'*’ The basic
physics of this procedure is to modify the electron/hole carrier
density and the Fermi level in the system. In this way,
polaritonic modes such as SPs or exciton polaritons'®” can be
tuned.

Layer dependence is another feasible approach to tune the
EM properties of 2D materials. Vertically stacked atomically
thin materials are bonded by vdW forces. Therefore, the
bandgap, absorption and dispersion of the EM modes
supported by 2D materials can be changed by altering the
number of layers. As previously discussed, the bandgap and
exciton binding energies of the BP'**'*>'** and TMDs'*>'*
also vary as a function of the number of layers. Absorption of
light is proportional to the number of layers of graphene. More
interestingly, stacking can also change the symmetry of 2D
materials. For example, an odd number of layers of graphene
and TMDs produce centrosymmetric structures, while an even
number of layers breaks the inversion symmetry of the system.
This property significantly affects their nonlinear properties
because only noncentrosymmetric materials can support SHG,
which will be further discussed in the next section. Researchers
are increasingly interested in stacking monolayers that are
constructed of different 2D materials to construct vertical
heterostructures'*” that support hybrid polaritons-like gra-
phene—hBN layers.*”'*” In addition, recent studies suggest a
rich physics in Moiré structures, in which superconductivity in
bilayer graphene can emerge at magic angles, depending on the
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rotation angle between different monolayers,'”"'** and suggest

that Moiré excitons with unconventional properties are
supported. 19193156

The properties of materials that surround 2D materials are
also responsible for the EM performances of the resulting
structures. Amon% these properties, we highli%ht the inherent
smoothness, °*'" the dielectric screening, 98199 and the
possibility of polariton dispersion engineering.”’”*°" Graphene
deposited on a SiO, substrate suffers from a reduced quality
because the substrate impurities and the large surface
roughness introduce the unwanted doping of graphene. This
problem, however, has been solved by transferring graphene on
high-quality hBN, which is insulating and shares a compatible
hexagonal atomic lattice.'®® Thus, the carrier mobility can be
substantially faster, and the damping of graphene plasmons can
be significantly reduced. The same philosophy of reducing
losses also applies to the suspension of 2D materials,** which
will be discussed in Section 2.3. Furthermore, the dispersion of
these highly confined polaritons in 2D materials also critically
depends on the dielectric permittivity of the substrate.”*”*""
The substrate can be designed to tune the EM properties of
the 2D material that is placed on top.

Other ways to tune the properties of 2D materials exist, such
as through temperature and strain. The temperature is a critical
factor in determining the carrier mobility and scattering of
electrons with phonons. An ultimate fundamental limit for the
propagation loss of the polaritons when light interacts with 2D
materials is usually established.”*>*”® Strain can also be
exploited for band gap engineering in highly flexible 2D
materials.”**2% Monolayer graphene, which is identified as
one of the strongest 2D materials,”’° can support a band gap
when the strain is sufficiently large. In a similar way, hBN
bilayers with a specific pattern can exhibit the transition from
the insulator to the semiconductor.”®” This strain induced
insulator-semiconductor transition or band gap engineering
can also occur in most TMDs, as shown in both the ab initio
calculations and experimental demonstrations.””***” For
example, unstrained monolayer WSe, is actually an indirect
gap material, as manifested in the observed PL intensity—
energy correlation. By imaging the direct exciton populations
in monolayer WSe,—MoS, and MoSe,—WSe, lateral hetero-
junctions, it was found that the strain was generated from
inherent strain inhomogeneity.”'’ These various methods for
tuning 2D material properties have rendered them as an
advanced and perfect candidate for tunable and reconfigurable
M&Ms.

2.2.3. Extraordinary and Tunable Optical Nonlinear-
ities. Controlling nonlinear light—matter interactions has
fundamental significance in optics and photonics. In the
framework of M&Ms, nonlinearities can be derived from the
meta-atoms, the substrate, the superstrate, or the constituent
materials shaped with specific geometries. One of the main
challenges that hinder the full exploration of nonlinear M&M:s
is the low intrinsic nonlinear susceptibilities of conventional
metals or dielectrics. As a solution, EM-resonant meta-atoms
are usually involved to boost nonlinear light—matter
interactions. However, the strong dispersion associated with
these resonant structures considerably limits the bandwidth
operation of enhanced nonlinearities in M&M:s. The flexibility
to dynamically tune the EM nonlinear response of meta-atoms
remains a critical issue. In this section, we attempt to establish
the potential of 2D materials as building blocks of nonlinear
M&Ms, because 2D materials support large nonlinearities in a
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broadband range and are easily tunable, as previously
discussed. We also review recent efforts to combine 2D
materials and plasmonic or dielectric M&M:s to build versatile
nonlinear platforms in photonics.

The microscopic origin of nonlinearity is the breakdown of
the linear dependence of electrons’ restoring force on their
displacement from the equilibrium positions when a strong EM
field interacts with atoms. With the electric dipole approx-
imation, the net polarization field can be written as P
eo(yVE + yPE? + y¥E + ). When the electric field is
strong, high-order terms such as quadratic and cubic terms
become significant. While the linear susceptibility (y))
determines the refractive index and loss/gain of a material,211
other terms such as the second harmonic ()((2)) and third
harmonic (y'¥) control nonlinear processes in light—matter
interaction, such as three-wave mixing (for example, SHG) and
FWM (such as THG). Those nonlinear susceptibilities are
highly dependent on the symmetry of the atomic lattices of a
material. For example, SHG can only occur in noncentrosym-
metric materials, while THG can exist in all materials. This
finding implies that monolayer graphene or monolayer BP,
which are characterized by an inversion-symmetric honeycomb
lattice, do not show SHG due to cancellation of the second-
order polarization with the inversion symmetry,”'> while 2D
TMDs and hBN, in which inversion symmetry is broken, can
display SHG.®' Using the same argument, SHG can be
detected in layered graphene or BP with an even layer number
and layered TMDs or hBN with an odd layer number. This
interesting layer dependence guarantees the approach to tune
SHG by the number of layers, or vice versa, by probing the
symmetry and crystal orientation of a layered 2D material by
SHG studies.”"*"

Specifically, we discuss the second-harmonic and third-
harmonic properties of graphene. Note that the discussion of
centrosymmetric-forbidden SHG is only derived with the
electric dipole approximation, and the electric quadrupole and
magnetic dipole (although very weak) can be employed to
induce SHG in graphene.”'* Other approaches can take
advantage of strain engineering,”'*'® asymmetric interfaces
with a substrate,’®*'” and chemical functionalization*'® to
break the inversion symmetry of monolayer graphene to
induce SHG. Dielectric-graphene layered metamaterials with
double resonant features have been exploited to excite the
second-harmonic field.”"” SHG can be tuned by an in-plane
electrical current due to a quantum-enhanced two-photon
process in bilayer graphene.””” The third-harmonic suscepti-
bility in monolayer graphene that is associated with many
nonlinear processes, such as the FWM,**"*** THG,****** and
Kerr effect,””>**° are expected, on which most nonlinear
applications of graphene are based. Although atomically thin,
graphene has an impressively large third-harmonic suscepti-
bility (approximately 1077 esu),”*” several orders of magnitude
larger than traditional nonlinear materials,”® which enables the
potential to optically tune the nonlinear refractive index of
metamaterials with very low power.””*”**" The third-harmonic
susceptibility of graphene is dispersionless in the visible and
near-IR frequency ra.nge,227 which renders graphene a perfect
candidate for building broadband nonlinear metamaterials.”*
Associated third-harmonic phenomena can be easily tuned by
applying a gate voltage®” or varying the input field intensity to
change the refractive index of graphene, which creates
possibilities for tunable metadevices. For example, nonlinear
graphene—dielectric layered metamaterials can be exploited to
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reshape the light pulse”® and achieve ultralow-power all-

optical active manipulation of metamaterial induced trans-
parency regardless of the polarization,””””** to demonstrate
all-optical switching of optical bistability or multistability”*®
and other effects.””*>*” The behaviors of Dirac points in
monolayer graphene can be mimicked with nonlinear negative-
zero-positive index metamaterials to obtain tunable bandgaps
via self-focusing and self-defocusing of nonlinear surface
waves™>>**” and large bistable Goos—Hanchen shifts.”*’

In 2D TMDs such as MoSz,M]’242 MoSe2,243 WSe2,157’244
and WS,,”** inversion symmetry is broken and can support
SHG. Their second-harmonic susceptibilities can be as large as
approximately nm/V, which is substantially larger than those of
traditional nonlinear photonic crystals (PCs). This large )((2)
can account for the resonant enhancement due to the
interband transitions and joint PDOS, as revealed by density
functional theory calculations.”*> Moreover, the excitonic effect
can also contribute to SHG enhancement when an exciton is
involved in the nonlinear process.'*”**® This exciton can be
tuned by an electric field and generated via spin electron
injection,"®” which enables potential mechanisms to dynam-
ically modify SHG in 2D TMDs for tunable M&M
applications. Interestingly, the second-harmonic intensity of
monolayer 2D TMDs exhibits a sixfold rotation symmetry due
to their unique threefold rotation-symmetric atomic lat-
tice.!972*%2%5 Thijs property supports the previously
mentioned application of probing the symmetry and crystal
orientation of materials using SHG. As previously commented,
the most interesting property of 2D TMDs is their valley
DoF.”*® In the scenario, of the interaction among nonlinear
light-TMDs, a spin-valley-exciton locked nonlinear selection
rule is associated. In this process, a complex interplay of
various angular momenta occurs: lattice angular momentum,
photon spin angular momentum, valley angular momentum
and excitonic angular momentum.”*® Only left-handed
circularly polarized fundamental-frequency light can be
absorbed at the K valley, while the generated second-harmonic
photons have opposite spins (Figure 7¢)."*7?* These spin-
valley-exciton-related nonlinear processes may provide an
exotic new ingredient to design nonlinear M&Ms.

In general, the SHG spectrum resembles a pump pulse.
However, Lin et al. recently reported a unique quantum
interference phenomenon observed in the SHG spectra of
single-layer WSe,.”*” A strong splitting that resembles the
phenomenon of electromagnetically induced transparency, is
observed in the SHG spectrum. This experimental finding has
been theoretically elucidated using a three-level model system,
which is a standard approach to treat an atomic gas system for
slow light. With an increase in the Rabi cycles included in the
driven interference process, a single-dip SHG spectrum can
intriguingly evolve into a double-dip spectrum. A non-
perturbative character was further manifested by a Fano-like
dependence of the SHG power-law dependence on the
excitation and emission wavelengths, which strongly deviate
from the typical value of 2. This type of destructive
interference seems to share the same physical origin as that
proposed for the phenomenon of graphene plasmon induced
transparency (PIT) in metamaterials.”’ Different from the
states built by the plasmonic EM modes in metamaterials,*”
this three-level model system seems to be intrinsic of
monolayer TMDs, which can create opportunities in solid-
state quantum nonlinear optics for various applications in
M&M research.
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Although they present a giant nonlinearity, 2D materials
with a subnanometer thickness have a weak nonlinear light—
matter interaction strength. Therefore, novel approaches
should be devised to enhance nonlinear processes. One
solution is to take advantage of plasmonic resonances, in
which deeply confined plasmonic mode can be used to excite
2D materials. In this scenario, the plasmonic M&M that
supports a high-quality resonance can be an excellent platform
to enhance nonlinearities of 2D materials."**** An impressive
approximately 7000-fold SHG enhancement in WSe, has been
achieved in Au trenches due to the extreme plasmonic near-
field localization in the regions among Au trenches.”** More
interestingly, the plasmonic metasurface, when simultaneously
synthesized with 2D materials to boost plasmon-enhanced
SHG of monolayer TMDs and address the interesting valley
DoF via the manipulation of the spin angular momentum of
light (Figure 2d).*> An alternative solution is to use all-
dielectric resonant M&Ms,”*’ where the near-field enhance-
ment can boost the nonlinear light—matter interaction. For
example, silicon gratings that support hybrid waveguide modes
with a large overlap between the fundamental propagating
mode and the nonlinear mode show a nearly approximately
280-fold enhancement of SHG from monolayer MoSe,.”*’ A
promising opportunity can be the integration of 2D materials
with all-dielectric M&Ms that support Mie resonance and
collective Mie resonances as flexible platforms to enhance the
nonlinearity of 2D materials and design multifunctional
synthesized meta-devices.

2.3. Low-Loss Polaritons in 2D Materials

For several decades, addressing losses in noble metals such as
Au, Ag, Cu, and Al has been a continuous goal in the
plasmonic and metamaterial communities.'*”**"*>* Although
Au and Ag, which have relatively high DC conductivity and
low ohmic loss, have been employed as suitable plasmonic
materials for building M&Ms, their interband electron—hole
transitions introduce significant losses in the visible frequency
regime. In the IR and THz frequency range, where the
interband transition is absent, intraband transitions that
originated from electron—electron scattering events dominate
the material properties, which causes a high loss of metals.
Other mechanisms of losses in metals also hinder various
applications of plasmonic M&Ms, such as the surface
roughness and inevitable existence of grain boundaries in
bulky metals in the nanofabrication process™>*** and their
lack of tunability and poor compatibility with silicon-based
electronic devices.'®”*** In the current stage, to circumvent the
losses in plasmonic metals, several methods have been
proposed, which range from engineering the electronic band
structure of metals”> and heavy doping of semiconductors for
phase changes”**> to reducing the carrier density in
metals,”®" which either are not practical’®® or display poor
performances.'®’

In this section, we focus on reviewing the recent progress in
exploring the potential of low-loss M&M enabled by 2D
materials such as graphene and hBN. As previously discussed,
graphene exhibits the feature of dominant intraband transitions
and forbidden interbands transition for excitation energies less
than the Fermi energy, which provides a small loss for
graphene plasmons and highly confined EM volume and
renders graphene a promising alternative candidate for low-loss
plasmonic M&M.*”**29272%% A 3 representative example of a
polar dielectric, hBN shows a negative permittivity in the
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Reststrahlen band that presents a long optical phonon lifetime,
which suPports low-loss deep-subwavelength PhP
modes,"'>""*!>%2% and may be an alternative choice in the
design of lossless M&M. Furthermore, it is shown that
plasmon—phonon interaction helps to further reduce the
damping of these polaritonic modes by hybridizing a
monolayer graghene with BN to form graphene—BN
heterostructures.***®” Thus, we review lossless SPPs in 2D
materials, study low-loss PhPs, and explore plasmon—phonon
coupling for creating ultralow-loss 2D materials.

2.3.1. Low-Loss Surface Plasmon Polaritons in 2D
Materials. A plasmon polariton is the quantized quasi-particle
of collectively oscillated electrons and photons in materials
with free electron gases. For example, light-metal interaction
excites the charge density fluctuation on the surface of metal,
which comprise SPPs. Due to the strong subwavelength
confinement that exceeds the diffraction limit and the strong
field enhancement for increased light—matter interaction,
plasmonic EM fields have been extensively employed for
several phenomena and techniques such as super-resolution
imaging,266 surface-enhanced Raman scattering,267_269 las-
monic sensors,”’° and building blocks of M&M."*%*! In
particular, plasmonic M&Ms have enabled applications such as
lensing,271 cloaking,272 negative refraction,”"*”* and optical
magnetism.””* As previously commented, the main short-
coming in the use of plasmonic structures in practical
applications is their inherent loss. Although plasmonic loss
may be preferable only in a few scenarios due to the heat due
to ohmic loss, loss is detrimental for most metamaterial-based
applications. A continuous endeavor to reduce losses in single
crystal fabrication is underway by doping the semiconductor
and/or reducing the carrier density in metals.””> Materials with
a 2D nature-like graphene are potential candidates for low-loss
plasmonics with an even stronger field confinement and more
flexibility for tuning, which can be synthesized for atomically
thin tunable and lossless M&M. In this section, we review
graphene and analyze other 2D materials, such as TMDs, for
low-loss plasmonics.

As shown in eq 1, when the carrier density in doped
graphene is sufficiently large to satisfy 2E; > Aw, intraband
transitions dominate, and interband transitions are forbidden.

8Ep i
OT + i;/’
graphene becomes inductive (metal-like) with Im(c) > O at
the IR and THz frequency range. For highly doped graphene at
low temperatures, plasmonic modes are supported not only for
transverse magnetic (TM) polarization (0 < Aw/Ep < 1.667)
but also for transverse electric (TE) modes (1.667 < hw/Eg <
2) due to its linear dispersion,”’® the latter of which cannot
exist in conventional metals with parabolic dispersion. We
focus on the TM mode on which graphene-based M&Ms rely.
The dispersion of the TM mode can be obtained via the
following:

Gintra =

With a surface conductivity of ¢ =

&
2 2 + 2 2
\/ksp — &k \/ksp — &k

where graphene is sandwiched between two nonmagnetic
dielectric layers with the relative permittivities £, and €,."’” In
eq S, ky and kgp denote the free-space wavevector and the
graphene plasmon wavevector, respectively. Within a non-
retarded approximation, SPP of highly doped graphene with Eg
> @ can be simplified as follows:
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2 + —=0
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where « is the fine structure constant and Agp = 27/Re(kgp) is
the graphene plasmon wavelength. Note that the graphene
plasmon is very sensitive to the environment dielectric
condition because the wavenumber is proportional to &; +
&,, while the wavenumber in a standard metal is proportional
£

—meal This finding indicates that carefully designed

e +¢

‘metal

to

graphene plasmonic devices can act as very good sensors with a
high figure of merit. From another perspective, eqs 6 and 7
highlight the capability of graphene plasmons to be easily
tuned by a dielectric environment. In addition to this way of
modifying their properties, graphene plasmons can also be
easily tuned by changing the Fermi level.*® These features are
key approaches toward tunable graphene M&M.””**”

To obtain a quantitative analysis of the plasmonic
performance in graphene, its performance must be compared
with that of monolayer Au. Assume that monolayer graphene is
suspended in air (¢, = &, = 1). For graphene, the thickness is
2 .
;f;w;ir, where y = 2 x 10" s7%; for
monolayer Au, the thickness is L 0.24 nm and the

2 .
conductivity is ¢ = OL_ T \here y = 10" s7'. At the

4r w +iy
normal doping level with E; & Aw = 0.5 eV, Ay = 36 nm for
graphene, with the decay length defined as

1/Im(kgp) = (%)lsp, which is approximately 60 Agp. In Au,

0.33 nm and o ~

however, Agps, = 240 nm, and the decay length is only
1.2A5p ap- Thus, although graphene plasmons are substantially
more confined with a smaller SPP wavelength, they can
propagate even longer than those on a Au surface, which
exhibits low-loss features due to the forbidden interband
transition loss channel. This reason explains why graphene
M&Ms usually work more efficiently than conventional
plasmonic metamaterials in the mid-IR and THz frequency
range. With a larger doping level, graphene plasmon can
operate at near IR and visible frequency regions.”*’ In this
range, tunable and efficient SPs were theoretically studied in
atomically thin Au nanodisks,”®" in which the working
frequencies can be effectively modulated by doping charge
density. While the 2D metals support SPs with large cross
sections, it is technically challenging to fabricate these metal
nanostructures with high crystallinity and large lateral area.
Alternatively, one can implement feasible patterning techni-
ques on large size single-crystal monolayer graphene film to
achieve a variety of plasmonic structures that support relatively
low-loss SPs in the visible and near IR spectral range. To
further reduce graphene plasmon losses, in principle, the
damping constant (y) can also be decreased by increasing the
carrier mobility in graphene with fewer charged impurities or
fewer atom defects, for instance. Another way to reduce the
losses of graphene plasmons is to work at lower temper-
atures.”"”

Not only graphene but also other naturally born 2D
materials with 2D electron gas (2DEG), such as MoS, and
BP, can also support 2D SPs. Monolayer MoS, has been
expected to have a feature of dielectric functions that is similar
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to graphene and 2DEG, which can support plasmon
resonances.'”” Recently, Scholz et al. have shown that 2D
SPs can exist in n- and p-doped monolayer MoS, in the far-IR
and THz frequency range.'”” Graphene has the same
dispersion regardless of the carrier dopant because the
electron—hole symmetry and graphene plasmon energy is
proportional to n'/* (n is the carrier density) due to the
relativistic massless Dirac Fermions. However, n- and p-doped
MoS, have different plasmon dispersions, and the plasmon
energy is proportional to n'/? similar to 2DEGs constructed of
inorganic doped semiconductors. Similar to graphene, intra-
band transitions instead of interband transitions contribute to
the damping of plasmon in 2D MoS, at the large momenta.
Moreover, the large absorption of monolayer MoS,, approx-
imately 5—10%, indicates stronger light—matter interactions
than 2D graphene,”® which demonstrates the potential for the
application of 2D TMDs in low-loss plasmonic applications.
However, challenges are the low carrier density (10'* to 10"
cm™) in intrinsic MoS, and the restriction on the operating
frequency range from the far-IR regime to the THz frequency
regime.'”” This problem can be solved by doping MoS, with
Li, for example. Ultradoped MoS, nanoflakes with Li*
(Li,MoS,) can exhibit a plasmon resonance in the visible
and near UV range by increasing the doping level.'® Via the
application of an intercalation voltage, the 2H to 1T phase
conversion of MoS, can be achieved to facilitate the
modulation of plasmon frequency, and the doping level can
be controlled with 0.5 < x < 0.8 at —10 V, where the light
emission is nearly perfectly quenched. To take advantage of
these monolayer semiconductors (MoS,, WS,, and WSe,) for
practical low-loss plasmonics M&Ms, future efforts in highly
efficient doping and the modulation of the carrier mobility are
needed.

BP with orthorhombic crystal structures are another notable
plasmonic 2D material. BP possesses a thickness-dependent
direct bandgap that ranges from 2 eV (monolayer) to 0.3 eV
(approximately 8 layers), which bridges the bandgap between
gapless graphene and 2D TMDs (1.5 to 2.5 eV)."””! In
addition, a large carrier mobility of 50 000 cm*V~'s™" has been
observed in bulk BP at 30 K.**'*' The bandgap of BP can also
be tuned with chemical doping and/or strain.”®>  Unlike
TMDs, the bandgap in BP is always direct from monolayer film
to thicker thin film (approximately 20 nm), which may be
preferable for electronic applications. As discussed, a large in-
plane anisotropy of BP exists due to the different effective
carrier mass along the zigzag and armchair directions.'®****%
By examining its dynamic dielectric function,”*'*° BP is
predicted to support SPPs with the plasmon frequency wp o 1’
(B = 0.5 for a monolayer and f < 0.5 for thicker
samples).'”*'*® The surface plasmon in monolayer BP is also
intrinsically anisotropic, i.e., plasmon polariton that propagates
along the y direction is damping at the mid-IR frequencies,
while a polariton that runs along the x direction is damping at
near-IR frequencies. This phenomenon can be further tuned to
achieve various hyperbolic plasmonic applications.”*® The
major loss channel in this fre?uency range is Landau damping
of the intraband transition'** rather than the interband
transition due to its large bandgap (approximately 2 eV),
which under??ins the potential for low-loss plasmonics devices
and M&Ms.”*" !

2.3.2. Low-Loss Phonon Polaritons in 2D Materials.
For SPPs in metals, doped semiconductors, graphene, TMDs
or BP, a common problem is the fast scattering rate of free/
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unbounded carriers (electrons or holes) in these materials
(approximately 10 fs), which always exists regardless of
whether the interband transition or the intraband transition
provides a negative permittivity, or equivalently, a positive
value of the imaginary part of the surface conductivity in the
frequency of interest. This situation will establish the
fundamental bounds of the minimum value of the plasmonic
damping and the lowest threshold of loss. However, to identify
alternative materials to achieve plasmonic functions, such as
subdiffractive field confinement with the same, preferably
better, figure of merit, the negative permittivity (at least one
tensor component in anisotropic materials), is always required.
This process stimulates the search for low-loss PhPs, which are
coherent oscillations of the EM field and optical phonons
(vibration of the bounded electron on the atomic lattice),
because the lifetime of PhPs (approximately 1 ps) is several
orders of magnitude longer than a plasmon, which suggests a
low-loss feature.

In the Reststrahlen band, which is defined between the TO
frequency and the LO phonon frequency, polar dielectric
materials, which span silicon carbide (SiC), silicon dioxide
(8i0,) to 2D or bulk vdW materials (for example, hBN),
display a negative (in-plane) permittivity that can be
approximated by a Lorentz function as follows:
wly — o,
e LO TO

e(w) = &, - o
TO —

iy (®)
where @, and @wrq are the LO frequency and TO frequency,
respectively; &, is the high-frequency permittivity; and y is the
damping rate of the PhPs. Thus, the evanescent wave in the
form of PhPs can be supported in these materials, which
overcomes the diffraction limit. The Reststrahlen band usually
locates in the mid-IR range (hBN and SiC) and THz (CaF,)
frequency range, and the fundamental loss channel is the
intrinsic phonon scattering in the material with a lifetime
longer than that of SPPs, which renders polar dielectrics as
perfect candidates for lossless mid-IR and THz nanophotonics.
However, the large momentum mismatch between the free-
space photon and PhPs poses a challenge regarding the
excitation of these surface EM waves. To this regard, special
techniques and nanoarchitecture designs should be delicately
considered. In particular, SiC nanopillar antenna arrays are
used for excitation and subdiffractional confinement (>5000x
) of lossless PhPs with an exceptional quality factor of 40—13S.
The cavity quantum electrodynamics of such nanostructure
can be manipulated so as to provide a high local density of
photonic states for enhanced emission, and such enhancement
phenomenon is named as the Purcell effect.””*~*** The above-
mentioned SiC nanopillar arrays support a small mode volume
that enables a Purcell effect factor (the ratio of the enhanced
spontaneous emission rate over the free-space one, propor-
tionally to the mode’s quality factor divided by the mode
volume™") as large as approximately 107, which exceeds the
previous plasmonic demonstrations.””> Another special
technique is the use of s-SNOM, where an AFM tip integrated
with SNOM simultaneously enables both the excitation and
real-space imaging of PhPs.”***"”

hBN is a natural anisotropic vdW material’®® that supports
low-loss highly confined hyperbolic PhPs,**''* whose dielec-
tric responses perpendicular to and along the crystallographic
direction differ within the Reststrahlen band. With s-SNOM,
these PhPs can be launched, detected, and imaged in real

https://dx.doi.org/10.1021/acs.chemrev.9b00592
Chem. Rev. 2020, 120, 6197—6246


pubs.acs.org/CR?ref=pdf
https://dx.doi.org/10.1021/acs.chemrev.9b00592?ref=pdf

Chemical Reviews

pubs.acs.org/CR

space.""*”® These hyperbolic PhPs can exist in atomically thin

layers and can be tuned by changing the thickness of the hBN
layer, which has been demonstrated in three and four atomic
layers.*® The structure of bulk hBN can be engineered to form,
for example, nanocones''**”® and one-dimensional nano-
tubes””® to achieve the subdiffraction confinement/focus-
ing,lzs’265 anomalous internal reflection and high effective
refractive index (n.4 > 70) of hyperbolic volume PhPs. More
recently, research has demonstrated that hyperbolic surface
PhPs can also emerge at the edge of bulk hBN'***% and an
hyperbolic metasurface that operates at THz frequencies can
be achieved in nanostructured hBN (Figure 2i)."* We envision
that hyperbolic PhPs can inspire interest in the study of M&M
based on hBN or similar polar materials for both nanophotonic
applications and thermal applications in the IR and THz
frequency range.””’

To further reduce the loss in PhPs, understanding the loss
mechanism in these materials is important. The fundamental
limit that restricts the fundamental phonon lifetime is the
phonon—phonon scattering that is derived from the
anharmonic oscillations of the lattice. An important source
to minimize this scattering is the isotope enrichment. For
example, natural BN contains 20% '°B and 80% ''B. The small
difference in the ratio of B isotopes causes a large variance of
the mass of hBN, and therefore, changes the homogeneity of
the underlying crystal lattice where the bound electrons
coherently oscillate, i.e., optical phonon. The lifetime of PhPs
in materials that present a higher purity of the isotopes may be
longer, which represents a feasible approach to reducing the
losses of PhPs. As verified in an experiment, a threeold
improvement of phonon lifetime with ultralow-loss character-
istics in isotropically enriched hBN has been observed."”’
Consequently, the increased propagation length of the PhPs
and pronounced higher-order oscillation modes can be
observed. The other significant loss channel of PhPs occurs
via imperfections during the nanofabrication process, including
atomic defects, surface roughness, and impurities, which
critically depends on the fabrication conditions. For instance,
ion implantation of Be®* into SiC can introduce significant
damping when focused ion beam implantation is utilized.”"
This process tends to broaden the PhP resonance and even
diminish the quality factor of the resonance. Moreover, recent
findings of high-quality a-MoOj; have shown the potential of
low-loss PhP with a reported lifetime of 22 ps due to the
ultranarrow line widths of the Raman peaks. Less loss can be
expected if the isotopic purity of the sample is increased.*®

2.3.3. Low-Loss Plasmon—Phonon Polaritons. The
high quality of 2D materials is very important to improve the
performance of 2D nanodevices and minimize the plasmon
loss. For example, the first experimental technique used to
create graphene monolayers was CVD, in which graphene is
placed on top of a SiO, substrate. However, the large
roughness of the substrate ruins the flat carbon atomic plane
of graphene, and the large amount of charged impurities of the
SiO, can induce electron—electron/holes scattering at SiO,/
graphene interface.’”® Driven by the idea of constructing flatter
substrates, subsequent findings have confirmed that this
problem can be solved by transferring the graphene to a
high-quality hBN, because the surface roughness of hBN can
be reduced to the atomic scale'®**** and the atomic distance
between the B and N atoms in hBN is similar to the C=C
bond length in graphene. To encapsulate graphene by an hBN
layer is the best way to achieve an exceptional mobility rate, a
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higher electron density, a longer lifetime and less damping for
graphene plasmon polaritons.””> In layered systems such as
hBN—graphene—hBN, the surface PhPs sustained in the
substrate or superstrate can couple to graphene plasmons
and form a hybrid quasi-particle, i.e, a plasmon—phonon
polariton, which shows considerably less damping and a longer
propagation length.*>'”” In this part, we review the recent
progress in the study of plasmon—phonon polaritons and their
promising characteristics.

The 2D surface plasmon and optical phonon frequency of
polar dielectrics usually locate at the IR and THz frequencies,
which can facilitate the plasmon—phonon coupling in
structures that combine graphene with SiC,sOﬁ’307 5102,200
hBN, 97303308310 3nd other materials.*''™'* Theoretical
results indicate that plasmon—phonon coupling is strong in
monolayer graphene with a weak dependence on electron
density, which can be very appealing in practical applica-
tions.”"> The system that has received the most attention is the
hBN—graphene heterostructure. As a polar dielectric with two
Reststrahlen bands in the mid-IR frequency range, hBN can
support two branches of hyperbolic PhPs (type I and type II),
where doped graphene can have the plasmon mode. The
dispersion relation of the EM modes supported by a graphene
monolayer with a Fermi level of 0.37 eV placed on top of a 58
nm-thick hBN substrate has been reported.*® In the type I
band (g, > 0, & < 0), the hybridized EM mode becomes
phonon-like due to the predominance of the A,, phonon
mode, where the interplay between the graphene plasmon
mode and the hBN PhP mode pushes the latter toward higher
frequencies due to mode repulsion. Conversely, in the type II
band (e, < 0, & > 0), significant coupling of the zeroth-order
PhP mode occurs in hBN with the graphene—plasmon modes,
and the hybrid plasmon—polariton mode can cross the
longitudinal optical phonon frequency. However, the higher-
order phonon modes cannot couple to the graphene plasmon
due to field symmetry mismatching.*”” The different hyper-
bolic character of hBN affects the flow of energy along the z-
direction (sign of Poynting vector component S,) and the
wavevector along the z-direction, which causes a significant
distinct dispersion and coupling behaviors in two Reststrahlen
bands of hBN. Regarding roughness, as revealed by scanning
tunneling microscopy, graphene shows a roughness that
displays a Gaussian distribution with a standard derivation of
224.5 + 0.9 pm on top of SiO, and a standard derivation of
30.2 + 0.2 pm on top of hBN. In addition, the Moiré lattice
pattern of graphene—hBN can be more clearly resolved than
that on top of SiO,.”** This flatter surface of hBN, in addition
to fewer charged impurities by polymer-free assembly
fabrication,”* can provide a substantially cleaner environment,
which enables the graphene plasmon to propagate due to an
exceptional large mobility and minimizes defect scattering.
Moreover, the loss channel associated with surface plasmon—
phonon polaritons depends on two mechanisms: the first
mechanism is scattering with acoustic phonons in graphene
and optical phonons in hBN, and the second mechanism is
dominant due to the larger damping of graphene acoustic
phonons, 303305316

This hybridized plasmon—phonon polariton has many
important applications in metaphotonics due to its extreme
field confinement and strong light—matter interaction. The
PDOS near the graphene layer encapsulated with hBN can be
increased, which can further enhance the Purcell factor and
spontaneous emission rate of a quantum emitter place in close
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Table 1. Comparison of Polaritons in Traditional Plasmonic Metals and Layered 2D Materials

excitation wavelength

polaritons (um) confinement ratio quality factor lifetime (fs) references
definition Ao Ao/ 4, q'p/49", 7=2q",/q",w or
q=q +iq" =ky 7.=LJ/vy
Ag” (T = 10 K) plasmon visible ~1 36 14 202
Au“ plasmon 0.486 ~1 9.6 5 321
Cu” plasmon 0.365 ~1 11.5 4.5 321
graphene (exp., RT) plasmon 9.7 ~40 ~90 934 128
graphene (exp., RT) plasmon 112 s1 ~7.4 88 129
gra%hene (experimental, T = 60  plasmon 11.286 66 130 1600 202
K

graphene (intrinsic, T = 60 K) plasmon 11.286 66 970 12 000 202
graphene in hBN plasmon 10.688 150 25 500 197
graphene on hBN plasmon-phonon 6.6889 37 16.7 260 86
hBN” out-plane hyperbolic 6.410 25 18 120 113

phonon
hBN 99% out-plane hyperbolic 6.410 thickness ~100 ~8500 127

phonon dependent
a-MoO;° in-plane hyperbolic 11.198 ~9 ~1900 88

phonon
a-MoO,? in-plane elliptical phonon 9.98 ~10 ~22 000 88
“Evaluated where real (¢) = —2 and the ambient environment is air. bThickness <10 nm “Thickness is 250 nm. “Thickness is 45 nm.

proximity.”” The interaction of the plasmon and phonon
modes can attain the strong coupling regime due to the small
mode volume that is associated with the highly confined EM
field and large quality factor of the resonances provided by
their low-loss features.”*>*'**'” Analogous to the phenomenon
of EM induced transparency in metamaterials,”” the strong
coupling of phonon and plasmon modes also exhibit a
transparency dip in the characteristic spectrum by the detuning
of two mode frequencies, which are usually referred to as the
phonon induced transparency.’*®*'*'® This effect can be
employed for sensing applications.”' This hybrid plasmon—
phonon mode can be utilized in tunable metamaterial
designs,'**?"?17%2% which have led to an experimental
demonstration of all-angle negative refraction.'”’

As a brief summary of this section, Table 1 summarizes the
polaritons kinds, excitation wavelength (#m), confinement
ratio, quality factor, and lifetime (fs) for traditional plasmonic
metals and layered 2D materials. The SPPs and PhPs in 2D
materials are much more confined, while the propagation
length is longer, compared with the conventional evanescent
waves in metals. The lower temperature can lead to longer
polaritonic lifetime. The lifetime of PhPs are usually higher
than the SPPs in 2D materials, while the further isotopic
enrichment of the polar dielectrics can produce better low-loss
features.

3. REALIZATION OF METAPHOTONICS INSPIRED BY
LAYERED 2D MATERIALS

In the previous section, we explored the promising optical
properties of 2D materials and their interaction with light. To
improve and expand the application of 2D materials in
metaphotonics, strategies such as micro- and nanofabrication
of layered 2D materials, by stacking with 2D materials or
metamaterials, are usually adopted. By combining traditional
metamaterials with 2D materials such as graphene, TMDs,
hBN, and BP, optically and electrically tunable metasurfaces
can be realized.

6212

3.1. Micro- and Nanostructured 2D Materials for
Metaphotonics

Rapid advancements in micro- and nanofabrication technolo-
gies have enabled researchers to miniaturize layered 2D
materials to resemble real-world metaphotonic applications.
Nanofabrication is commonly employed to produce systems
with reduced dimensionality, including ribbons, disks, and
cones of layered 2D materials. Conventional periodic metal
strips and holes are considered metamaterials,”***** and
therefore, similar strategies for layered 2D materials, including
grating, ribbon resonators, polaritonic crystals and SRRs, are
discussed in this section.

3.1.1. Grating or Ribbon Resonators. One of the key
actors of optical metamaterials research is SPs, which are
collective oscillations of electrons. As described in Section 2,
SPs that originate from massless electrons in graphene can
enable new tunable plasmon metamaterials and may have
optoelectronic applications in the THz and/or mid-IR
frequency range. To construct graphene metamaterials,
researchers have analyzed the experience of previous tradi-
tional metamaterials to construct graphene metasurfaces such
as ribbons, rings, SRRs, and discs.

As shown in Figure 8a, graphene ribbon arrays can be
prepared from graphene sheets using standard photolithog-
raphy and oxygen plasma etching.**’® In this way, plasmon
resonances in graphene can be controlled in graphene
microstrip arrays with different sizes, which represent the
simplest graphene metamaterials. The spectral location of the
graphene plasmon resonance can be adjusted over an extensive
range of THz frequencies by varying the width of the graphene
microstrip or the doping level in graphene. As the plasmon line
width decreases, the peak absorption at resonance can become
stronger, which is currently limited by the scattering rate
associated with its Drude conductivity (refer to discussion in
Section 2). The bandwidth of the plasmon frequency of the
graphene ribbon and the carrier doping dependence not only
prove the power law behavior of the 2D massless Dirac
electrons but also have a very large oscillation strength, which
demonstrates a prominent room-temperature optical absorp-

https://dx.doi.org/10.1021/acs.chemrev.9b00592
Chem. Rev. 2020, 120, 6197—6246


pubs.acs.org/CR?ref=pdf
https://dx.doi.org/10.1021/acs.chemrev.9b00592?ref=pdf

pubs.acs.org/CR

Chemical Reviews
) a)
Wy b
" w VAN ) c)
2 \Vk vvmw v SVAAA A
\Mffiv\— VAAA V-

Figure 8. Micro- and nanostructured of 2D materials for
metamaterials. (a) Grating/nanoribbon, topological insulator grating,
graphene—hBN grating. (b) Photonic crystal based on nanodisks. (c)
Nanorings. (d) Lens. (e) SRRs. (f) A combination of hBN and
graphene. (g) A combination of BP and graphene or hBN.

tion peak. These results demonstrated the photoplasmon
coupling in graphene and highlighted potential graphene-based
THz metamaterials. By combining state-of-the-art s-SNOM
techniques with rigorous simulations, nano-IR imaging studies
of the localized surface plasmon modes in graphene nanorib-
bons were performed.32 ~326 Burthermore, the combination of
enhanced sensitivity of graphene ribbons and tunable spectral
selectivity creates exciting prospects for mid-IR biosensing.”””
Alternative Dirac plasmon excitation was also observed in
patterned topological insulator (TI, Bi,Se;) ribbons, and the
plasmons are associated with Dirac quasiparticles of the
conducting 2D edge state.””

Another outstanding 2D natural metamaterial is hBN, which
is a layered polar vdW crystal with a uniaxial dielectric constant
that demonstrates exotic properties such as hyperbolic
dispersions. Rainer et al. developed hBN sheets with a
thickness of a few hundred nanometers, which were prepared
by mechanical exfoliation to construct nanogratings using
electron beam lithography and reactive ion etching."’ In-plane
anisotropic hBN mid-IR hyperbolic metasurfaces were
obtained in this way. The hBN metasurface supports PhPs
with a deep subwavelength scale, which have in-plane
hyperbolic dispersion. Visualizing the concave (anomalous)
wavefront of a diverging polariton beam by the s-SNOM
technique (Figure 2i), which represents a milestone feature of
hyperbolic polaritons, demonstrates that highly variable and
compact hyperbolic IR metasurfaces devices can be con-
structed based on nanostructured vdW materials.'>'*

The desired multilayer structures can be fabricated by
stacking graphene and/or hBN with multiple transfer
processes, in which graphene and hBN are prepared by the
CVD method or mechanical exfoliation. Subsequently, nano-
ribbons or microdisks in heterostructures can be patterned
using electron beam lithogra(})hy and reactive ion etching or
oxygen plasma etch.’*******" In graphene and hBN hetero-
structures, not only the classical EM strong coupling of the
highly confined near-field but also the phonon hybridization
with the atomic thin hBN layer enables the production of two
new surfaces—phonons—plasmon—polariton modes. Moreover,
the plasmon—phonon hybridization and the total plasmon
oscillation intensity in the graphene—hBN multilayer hetero-
structure can be simultaneously controlled,’®** and the
phonon induced transparency in the heterostructure device
affords strong spectral selectivity that can be used for optical
filtering.>'

Fabrication of micro- or nanoscale patterns in 2D materials
by advanced lithography and etching techniques has matured.
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Thus, we can envision more abundant hyperbolic metasurfaces
based on other 2D layered materials (TMDs and TI),
multilayer graphene, and polar-layered oxide. The combination
of different materials can produce hyperbolic metasurfaces to
encompass the entire spectral range from the mid-IR frequency
to the THz frequency. The combination of strong polariton-
field confinement, anisotropic polariton propagation, geometry
and electric gated adjustability, and the potential of developing
vdW heterostructures can create exciting new possibilities for
planar IR, thermal and optoelectronic applications such as IR
chemical sensing, flat and hyperlens, and near-field heat
transfer manipulation.

3.1.2. Polaritonic Crystals Made of Layered 2D
Materials. Polariton resonances of layered 2D materials
feature technologically significant advantages such as sub-
wavelength confinement and adjustability. Therefore, the first
observations of plasmon resonances in graphene,**'* the
resonance of PhPs in hBN with far-IR excitation,""® and the
exciton polariton in TMDs fueled efforts to engineer polariton
resonances in layered 2D materials.”” These efforts have
focused on localized polariton resonances in gratings or
ribbons of layered 2D materials, as previously mentioned.
Other geometries, such as discs, rings, or holes, have been
fabricated to tune the polariton frequency of the layered 2D
material due to their distinct boundary conditions.

Ashkan et al. theoretically predicted that graphene disks, if
properly designed, can be employed as 2D versions of
metamaterials that are formed by collecting subwavelength
metal nanoparticles, which may exhibit backward wave
propagation in certain conditions.”” When the cross-section
of each graphene disk is comparable to the area of the lattice
unit, a closely packed graphene disk array that is located above
the metal 3plane can be used to achieve complete optical
absorption.”**

Theoretical predictions have been experimentally confirmed
despite some challenges and limitations in terms of sample
preparation and measurement. Xia et al. experimentally
investigated the coupling of graphene disks on the same
plane (refer to Figure 8b), the vertical coupling of graphene
disks, the plasmon hybridization in graphene rings (refer to
Figure 8c), and the plasmon coupling of surface-polarized
phonons.*** Due to the density-dependent plasmon quality
factor, the vertical coupling of graphene disks produces
nonintuitive consequences compared with a single layer disk.
In the case of coupling to surface polar phonons, the intensity
is very hi%h due to the thickness of one atomic layer of
graphene.”” With a tightly arranged array of graphene
nanodisks, optical absorption can be increased to more than
30% at the resonant frequency of IR light, which is
considerably stronger than the 2.3% absorption exhibited by
a single undoped graphene monolayer. The optical absorption
of a graphene nanodisk array can be determined by its size and
the Fermi level caused by electrostatic doping.”** The
hybridization of SPs in graphene nanodisks was further
investigated. By varying the nanoring size, its EM response
to light wavelengths as short as 3.7 pm is achieved. By
electrically doping a patterned graphene array with an applied
gate voltage, a fundamental change in plasmon energy and
intensity is observed, which further demonstrates an
unexpected increase in plasmon lifetime as energy increases.’*”
Similarly, a series of graphene/hBN vertically stacked micron
sized discs were prepared by photolithography and transfer
techniques. As the layer thickness of the (G/hBN), disk
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increases, the plasmon resonance can be tuned to higher
frequencies.”*® By constructing rings and disks in a layered 2D
material and utilizing the coupling in each part of the structure,
not only can Fresnel zone plate lenses (Figure 8d) be
superimposed but also polaritonic crystals can be realized.**”

While patterning a layered 2D sheet of material into a
periodic array, the array serves only as a structural repeat and
enhances the total polarization exciter absorption by super-
imposing each individual local effect. Notice that electrostatic
coupling between adjacent nanodisks provides an additional
mechanism for controlling the local plasmon resonance
frequency in each disk.>** Despite the polariton localization,
this result proposes a global method for designing the
dynamics of a polariton resonance array using its periodicity.
Engineering polariton wave dynamics by medium periodicity is
a hallmark paradigm for creating polariton-based devices. In
contrast to ref 333, this principle can be applied to the
delocalized plasmons in continuous graphene media with
periodic structural perturbations. Thus, the design of the
valence band of the polariton metamaterials is performed in a
manner that is similar to a PC.>**

Graphene plasmonic crystals have been created by
introducing a hexagonal hole array in monolayer graphene.
The periodic interaction between a local graphene plasmon
and the medium (air) forms a plasmonic optical band. This
formation introduces a new way for creating a large number of
subwavelength components via band engineering, such as
bandgap filters, modulators, switches and metamaterials. As the
mobility of large-area CVD graphene continues to increase, the
area of high-mobility stripped graphene also increases, and the
emergence of higher-quality factor devices are expected in the
near future. The theory predicts the band topology of 2D SPs
in periodically patterned graphene with time-reversed
symmetry breaking, which is caused by static magnetic fields.
This effect can promote the creation of a 2D topologically
protected plasmonic crystal.*****°

The periodic structure of doped semiconductors and
graphene-supporting plasmon polaritons and polar dielec-
trics-supporting PhPs (such as SiO, or Al,O;) can be
considered “polaritonic crystals”. However, the inherent loss
of these materials is relatively high (quality factor <30). In
addition to SiC, in which PhPs have a long lifetime, large
practical difficulties are encountered in its manufacture. Many
layered 2D materials that support polaritons with diversiform
properties for IR polaritonic crystals, such as larger confine-
ment, adjustability, and negative phase velocity, contain
promising alternative materials. In particular, hBN crystals
exhibit anisotropic phonons in the mid-IR frequency range, as
previously described. In the structured layered 2D material
hBN, deep subwavelength polaritonic crystal based on
hyperbolic PhPs was realized.”*" In the simplest case of square
symmetry, the hBN-based polaritonic crystal supports a high-
confined Bloch mode with a flat band, which also produces a
geometrically tunable resonance that is independent of angle
and polarization. hBN polaritonic crystals can be used not only
for subwavelength omnidirectional IR absorbers, couplers and
reflectors but also for suppressing spontaneous emission, which
can be achieved by adjusting the parameters of the polaritonic
crystal, such as symmetry, to activate the fully polaritonic band
gap.

The layered structure of 2D materials facilitates the simple
manufacture of a high-quality thin layer by exfoliation.
Polaritonic crystals based on graphene and hBN or other
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layered 2D materials can be employed as polaritonic
hypercrystals with high PDOS. In addition, the combination
of hBN polaritonic crystals/hypercrystals with other low-
dimensional materials (e.g., BP-encapsulated hBN; refer to the
next section) can promote the use of hybrid metamaterials
with unique optoelectronic properties at the nanoscale. These
studies enabled the application of layered 2D materials in
sensing, IR light detection, light modulation, and IR-THz
metamaterials.

3.1.3. Split-Ring Resonators Predicted in Layered 2D
Materials. In many metamaterials/metasurface studies, SRRs
have become core elements.'******** They exhibit an artificial
negative permeability that can be adjusted from the microwave
range to the visible frequency range by varying the size of the
SRR. Moreover, with the negative dielectric constant, they
display a negative phase velocity for light even at optical
frequencies."” In addition, they are capable of supporting
strong induced currents, which produce a resonant magnetic
response to the near IR.>** SRRs can be driven by plasmon
excitation that propagates along the circumference of the ring,
especially when the length of the size SRR is half the plasmon
wavelength. This situation causes the formation of standing
waves that are similar to those by dipole antennas.

The performance of metamaterials is hindered by optical
losses and the lack of a rapid means of regulating the spectral
response. Layered 2D materials have significant advantages.
Considering graphene as an example, as previously discussed,
graphene is considered a promising plasmonic material due to
two important properties that are beneficial to metamaterial
design: (a) high-confinement surface plasmon, and (b)
graphene plasmon frequencies can be tuned by injecting
charge. Therefore, a graphene split-ring that is based on a 2D
layered material is expected to exhibit a small-sized resonance
compared with a conventional noble metal split-ring. In
addition, metamaterials formed by graphene SRRs inherit the
adjustability of their atomic-scale thin fabrics.

An extensive variety of graphene split-rings are predicted
with rich performance (Figure 8e), such as tunable
metamaterials beyond Au,”**~**" optical extinction and
absorption enhancement,”**”*°" strong magnetic dipole

responses,”*"*>* atomic electromagnetically and plasmon
induced transparency,””>*>* tunable plasmonic filters,””
coherent perfect absorption,”*® and ultrasensitive THz
sensors,”>”>* which are not easily attainable with conventional
noble metals and can be beneficial for the fabrication of
compact, versatile metamaterials to the THz regime. These
results offer a way of developing tunable metamaterials that
enable applications in the THz range of the EM spectrum and
IR detection and modulation for layered 2D materials

photonics and optoelectronics.
3.2. Stack of 2D Materials

Research on the properties of heterostructures based on
layered 2D materials is rapidly developing.”” Heterostructures
and devices are constructed by stacking different 2D materials.
The strong covalent bonds provide the in-plane stability of the
2D materials, while the relatively weak force that is similar to
the vdW forces are sufficient for keeping the stack intact.”’
New heterostructure devices such as tunnel transistors,
resonant tunnel diodes and light-emitting diodes begin to
emerge.”>” Layered 2D material heterostructures also provide
potential approaches for the implementation of metaphotonic
devices.**’
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Figure 9. Layered 2D materials and metal M&M heterostructures. (a) I graphene on split-rings; II split-rings on graphene; III graphene in split-
rings. (b) A single-layer graphene deposited on a layer of hexagonal metallic meta-atoms.®" Reprinted with permission from ref 81. Copyright 2012
Nature Publishing Group. (c) Schematic of MoS,-metasurface structure, where valley-polarized PL of MoS, is tailored with near-field interactions
and excitation of specific circularly polarized light.**> Reprinted with permission from ref 365. Copyright 2018 John Wiley and Sons.

The epitaxial layered 2D materials are restacked to prepare
vertical heterostructures, in which the EM coupling between
layers produces new optical properties beyond the individual
components. Subdiffractional metaphotonics can be achieved
using either SPPs or PhPs. SPPs that originate from layered 2D
materials (graphene and BP) can provide gate-adjustable,
wide-bandwidth responses with relatively high optical loss,
while PhPs in hBN and MoOj have relatively low-loss, crystal-
related optical responses in a narrow spectral range with
limited tunability.

As discussed in Section 2.3.3, when hybridized with PhPs of
polar layered 2D materials, mid-IR SPs in %raphene overcome
the limitations of each individual polariton.”®" Theoretical and
IR transmission experiments reveal the mid-IR optical
properties of graphene—hBN heterostructures, which originate
from their coupled plasmon—phonon modes (refer to Figure
8f).'7929%3% Graphene plasmons couple differently with the
PhPs of the two Reststrahlen bands because they have different
hyperbolic properties. The near-field, highly confined graphene
plasmons hybridizes with the PhPs of the atomic-scale thin
hBN layer to produce two distinctly divided new surface-
plasma phonon-polariton modes.**” The hyperbolic polaritons
that are observed in the graphene—hBN heterostructures
succeed the electrostatic tunability from graphene and the long
propagation length from PhPs in hBN.”***® The surface
plasmon that propagates in high-quality graphene wrapped
between two hBN films was further imaged using s-SNOM.""”
The hBN—graphene—hBN sandwich structure has unprece-
dented low plasmon damping, strong field confinement, and
high uniformity. The observation and understanding of this
low plasmon damping is the key to the development of
graphene nano-optoelectronic and metaphotonics devices.'””

Furthermore, hBN/BP heterostructures were demonstrated
by placing an in-plane anisotropic PhP mode associated with
hBN in layered 2D stacks that were constructed with BP
(similar to Figure 8g).**> Due to the high confinement of the
PhPs in hBN, the optical anisotropy in the hBN/BP
heterostructure exceeds that of pure BP. The heterostructure
that consists of BP/hBN/BP can produce a higher in-plane
optical anisotropy due to the high confinement of the PhPs in
hBN. This strategy can be extended to other heterostructures
by utilizing electrostatic gating to tune in-plane optically
anisotropic substrates such as BP and 2D TMDs,**® which
produces tunable PhPs in polar dielectric materials or
anisotropic plasmon polaritons in graphene.
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Stacking can also change the symmetry of layered 2D
materials to achieve attractive new features. As discussed in
Section 2, odd layers of graphene and TMDs are center-
symmetrical, while even stacking breaks the inversion
symmetry, which significantly affects their nonlinear character-
istics. The interest in stacking vertical heterostructures with
different rotation angles has increased. Variations in the
electronic structure generated from interlayer interactions can
further produce altered polaritonic responses. In rotationally
aligned graphene—hBN stacks, the formation of long-period
Moiré superlattice changes the dispersion and lifetime of
composite plasmon polaritons.*** By positioning 2D materials
layer by layer, the interlayer rotation (6) and polarity can be
rationally controlled to produce the final stackable adjustable
chirality. For example, left- and right-handed bilayer graphene,
which is a two-atom thick chiral film, can be prepared. These
chiral properties are derived from large in-plane magnetic
moments associated with optical transitions between layers.
Recently, stacked magical-angle bilayer graphene exhibited
surprising superconductivity.lm’192 Moiré excitons were
detected in layered 2D TMDs heterostructures such as
MoSe,/MoS,,"* MoSe,/WSe,,"”>'** WSe,/WS,,"”* and
MoSe,/WS,."”° The Moiré exciton bands provide an attractive
platform from which to explore and control excited states of
matter in TMDs. These results suggest the feasibility of
engineering artificial excitonic crystals using layered 2D
heterostructures for nanophotonics and quantum information
applications.

3.3. Stack with Metamaterals and Metasurfaces

3.3.1. Stack 2D Materials with Metallic Metamaterals
and Metasurfaces. Due to the atomic thicknesses, layered
2D materials typically can only modulate light in terms of
frequency, phase, and amplitude by a very narrow tuning range.
One way to overcome this limitation is to structure or pattern
layered 2D materials, as described in Section 3.1. Another
effective solution is to combine layered 2D materials with
metal M&M, which affords enhanced light-mater interaction
from the visible frequency to the THz frequency. The hybrid
structures that consists of layered 2D material/metal M&M
show more fascinating features that are not possible in
individual layered 2D material or metal M&M.

Since the original SRR proposed by Pendry in 1999,
researchers have conducted extensive research on SRRs with
different geometries.9’366’367 Due to the double negative
material properties of SRR, it is considered an indispensable
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Figure 10. Layered 2D materials and dielectric M&M heterostructures. (a) Graphene below (I) or on (II) the grating. (b) Hybrid monolayer

WSe,—PC and electric-field intensity profile.**" (c) Flat graphene into complex 3D pillars. (d) Graphene—dielectric multilayer structure.

402

Reprinted with permission from ref 402. Copyright 2016 Nature Publishing Group.

component and is extensively applied in the design of leaky
wave antennas,’****” compact phase shifters,”’’ and micro-
wave band narrow bandwidth band filters.”*”"*”*

By varying the dimensions of SRRs, the resonant frequency
can be adjusted over an extensive range. The amplitude e/
phase of the SRRs can be modulated by applying a bias voltage
to the n-doped GaAs substrates.”’>””* Compared with
traditional semiconductor materials, graphene is an ideal
candidate for designing new M&M devices because the
light—matter interactions in graphene have strong confinement
and can be rapidly modulated and broadly tuned. Note that the
hybrid M&M structure that consists of a graphene layer that
interacts with upper SRRs enables compact, fast, tunable
optical modulations at RT (Figure 9a 1).””>7*"7 Furthermore,
flexible tunability can be achieved by using more efficient top-
gated architecture voltage modulation and inte§ration with
different frequency independent resonant arrays.””* Graphene/
SRRs composite structures also exhibit cascaded Fano
resonances, which are associated with the strong coupling of
subradiative graphene plasmons with SRRs metasurface modes
and significant enhancement of light absorption and nonlinear
effects.””” Inversely, when 2D materials are overlaid on SRRs
(Figure 9a II), optical coupling and reformation between
polariton resonances and plasmon resonances of SRR array-
based metamaterials are expected. Consequently, the figure of
merits of hybrid SRRs, such as transmission,*”**>**! Raman
enhancement,”®”26%382383 414 modulation,*®** have been
significantly improved. Patterned graphene resonators, which
are strongly coupled with conventional metal SRRs (graphene
ribbons hybridized with SRRs, refer to Figure 9a III), are
electrostatically tunable hybrid metamaterials that exhibit

6216

strong EM responses with high tunability.’”®> Therefore,
these hybrid metamaterials manifest as a fascinating platform
for discovering cavity-enhanced processes, in particular, light—
matter interactions in hybrid 2D materials metamaterial
structures.”*>**® The interaction of structured graphene
plasmons with SRRs is also applied in the design of PIT
metamaterials. These PIT metamaterials exhibit sharp PIT
peaks that are caused by the destructive interference between
the direct-excited plasmon resonance in the graphene patch
and the coupling excited inductive—capacitive resonance in the
SRR with an adjustable PIT window by tuning the Fermi level
in graphene.**”*%

In addition to SRRs with electrical resonances, metallic
resonators can also exhibit strongly enhanced local fields for
modulation by controlling the Fermi level of an adjacent
graphene layer, for example, Au-graphene gratings with
plasmon resonance,”®” a sandwich structure that supports a
magnetic resonance,”” and an asymmetric structure with Fano
resonances.”’**>**" Layered 2D materials can also be
hybridized with other metal M&M. As shown in Figure 9b,
an array of hexagonal metallic meta-atoms, an atomic-thin
graphene layer, and a row of metal wire gate electrodes are
configured to form an ultracompact, thin, flexible, and gate-
controlled active THz graphene metamaterial®' The gate-
controllable light—matter interaction in the graphene layer can
be substantially enhanced by the strong resonance associated
with the metamaterials. Because the thickness of graphene is
more than six orders of magnitude smaller than the wavelength
of THz waves, the combination of graphene and metamaterial
can modulate both the amplitude of the incident THz wave by
47% and its phase by 32.2° at RT. The gate-controlled active
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graphene metamaterial exhibits hysteresis behaviors in the
transmission of THz waves, which indicates a sustained photon
memory effect.”’ By varying the Fermi level, the surface
conductivity and resonant frequency of graphene exhibit a
substantially tunable range.

For layered 2D semiconductor materials, several studies
have realized the enhanced effects of TMDs with different
metal M&M, such as fluorescence emission and nonlinear
effects. The SPP focusing field of the metal spiral-ring
metamaterial is used to amplify the exciton emission of the
MoS, single layer. By changing the incident optical spin states,
the laser power and the spiral geometries can actively control
the MoS, PL enhancement (Figure 9c). The planar LEDs that
are based on the spin—orbit coupling effect were further
realized and flexibly controlled by changing the polarization of
incident light.””* By coupling the resonant EM field of the
chiral metasurfaces with the valley-polarized excitons of single
layer MoS,, the valley-polarized PL of the MoS,-metasurface
can be customized in the regime of the near-field interaction
with circularly polarized light.”*> A new type of nonlinear
hybrid metasurfaces for nonlinear transformation optics
consists of Au-nanohole-based metasurfaces and single-layer
2D material in the visible region. A large SHG susceptibility is
achieved, which is 2—3 orders of magnitude larger than that of
traditional M&M.?”> This new nonlinear optical interface is
employed for the efficient manipulation of nonlinear energy
valley-photons in single-layer WS, through the Au-nanohole-
based metasurfaces with gradient phase information. When the
left (right) circularly polarized light passes through the hybrid
metasurfaces, a right (left) circularly biased fundamental light
with phase information is generated. The SHG photon locked
by the valley can carry gphase information and control various
functions (Figure 2d).*

3.3.2. Stack 2D Materials with Dielectric Metama-
terals and Metasurfaces. In these subsections, we outline
the hybrids of layered 2D materials/metal M&Ms. However, at
the near-IR and optical frequency, nonradiative losses in metal
cause low quality-factor resonances and further limit the
strength of light-mater interaction. The atomic thickness of
layered 2D materials enables them to be naturally integrated
into planar PCs and achieve efficient coupling to the
evanescent fields in these structures.

The interaction of light with graphene can be greatly
enhanced by coupling to a 1D and 2D PC, as shown in refs
211 and 394. In the case of 1D PC (optical grating), the
dielectric diffractive grating effectively excited highly confined
surface plasmon polaritons that propagate at the surface of the
single-layer graphene (as shown in Figure 10a).*?>**>7%%
When incident light is coupled with graphene and form surface
plasmon, the guided-wave resonance of the combined structure
produces a strong absorption.”*”*?*7**”7 A new hybrid
architecture for monolithically integrated photodetector
devices was built by integrating silicon gratings, plasmonic
gratings, and layered 2D materials.*”’ In the case of 2D PCs,
ultralow-power resonant optical bistability, self induced
regenerative oscillations, and coherent FWM were observed
in graphene—silicon hybrid optoelectronic devices, which
recirculate energies in few-femtojoule cavities.”>' Graphene
transferred on a local optical cavity at the wavelength scale not
only enhances thermal nonlinearities but also induces ultrafast
effective Kerr nonlinearity, which provides a new parameter for
chip-level optical physics and ultrafast optics in optical
information processing.221 A monolayer WSe, was directly
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transferred to a planar PC nanocavity to form a laser with an
ultralow threshold that consists of 2D TMD and a PC cavity
(Figure 10b).*" Two effects occur in the layered 2D TMDs
material-PC coupling system: photonic band gap effect and
Purcell effect.'®” Because the exciton resonance energy of the
layered 2D TMDs material resides inside the photonic band
gap of the PC nanocavity, emission to the 2D plane of the PC
is strongly suppressed, and therefore, the PL is redirected in
the out-of-plane direction, which generates stronger PL
emission. The photon density of the PC nanocavity is
considerably higher than that of the free space, and the
Purcell effect enhances the spontaneous emissivity of the
layered 2D TMDs.**!#0%40

In addition to 1D and 2D PCs, 2D materials can also be
integrated with 3D silicon pillars, where strong high-order
plasmon modes were observed (Figure 10¢).** The excitation
efficiency of higher order modes is highly dependent on
graphene wrapping on the sidewalls of silicon pillars, which can
be tuned by changing the geometry of the silicon pillar array
and material parameters (e.g, thickness). The 3D graphene
structure not only retains the advantages of 2D materials but
also introduces a new dimension for controlling light—matter
interactions. Moreover, the manufacturing techniques in this
work can be readily applied to other 2D materials that have
various optical responses.””> The proposed 3D form of 2D
materials will contribute to the design of additional
sophisticated plasmonic devices and metamaterials that are
based on 2D materials and enable new ways of controlling
THz, far IR, and visible radiation.

Layered 2D materials can also be integrated with asymmetric
dielectric M&Ms. Asymmetric dielectric M&Ms originate from
early developed plasmonic M&M for PIT and protein
monolayer sensing.****’” Each unit cell consists of straight
and curved Si nanorods, in which the curved Si nanorod is
responsible for breaking the two mirror inversion symmetries
of the unit cell and coupling the bright (electric dipole) and
dark (electric quadrupole/magnetic dipole) resonances, where
the surface charge density at the air/Si interface is plotted for
the eigenmodes with and without symmetry breaking
curvature. Asymmetric Si-based II and 7z-shaped resonators
had high quality-factor Fano resonances and strongly localized
field enhancement in the gaps. After covering a monolayer
graphene, the strength of the light—matter interaction is
promoted by changing the Fermi level.*****® Similarly, the
asymmetric periodic dielectric encompassed by graphene also
shows behaviors that are identical to the behaviors of the
asymmetric structure,**”*'?

Layered 2D plasmonic materials can be alternately stacked
with the dielectric layer to achieve metaphotonics. Negative
refraction and hyperbolic dispersion were demonstrated using
a structure that consists of metal and dielectric layers.
Numerous hyperbolic metamaterials that consist of different
metal/dielectric pairs have been demonstrated, such as Ag/
ALO;,"" Ag/TiO,,*"? and Ag/Ti;05.*"* Similar to traditional
metal—dielectric multilayers, as shown in Figure 10d,
alternating graphene and Al,O; metamaterials for mid-IR
operation are designed. Metamaterials undergo an optical
topological transition from elliptical dispersion to hyperbolic
dispersion with a wavelength of 4.5 um.**> Graphene is
inserted into the quarter-wave stack of the 1D PCs, and the
synergy of Bragg scattering and graphene conductance opens
the photon gap at the center of the reduced Brillouin zone.
This gap is not present in conventional quarter-wave stacks.
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Figure 11. Lensing application enabled by layered 2D materials. (a) Conceptual design and laser fabrication of the ultrathin GO lens. (b)
Amplitude and phase modulations provided by the difference in the transmission and refractive index between the GO zone and rGO zone,
respectively. (c) Schematic of the focusing effect of the GO lens; lower right, intensity distributions of the 3D focal spot predicted by the analytical
model for a GO lens.” (a—c) Reprinted with permission from ref 75. Copyright 2015 Nature Publishing Group. (d) WS,—Gold nanohole hybrid
metasurfaces for nonlinear metalenses in the visible region.’”® Reprinted with permission from ref 393. Copyright 2018 American Chemical
Society.
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Figure 12. Near-field confinement and far-field imaging. (a) Top, sketch of a two-layered graphene lens under the Au double slit. Bottom, imaging
performance of the two-layered graphene lens.*'” Reprinted with permission from ref 417. Copyright 2012 American Chemical Society. (b) Top,
schematic of the experiment of super-resolution imaging with tunable hyperbolic polaritons. The Au nanodisk is within 0.3 mm diameter and 1.3
mm center-to-center separation. Middle, AFM topography taken at the top surface of the 0.15 mm-thick hBN flake. Bottom, the 2D IR optical
amplitude image.*'® Reprinted with permission from ref 419, Copyright 2015 Nature Publishing Group.

This photonic gap exhibits a large, loss-independent optical techniques for 3D counterparts while maintaining the
state density at a fixed lower gap edge for an even multiple of extraordinary flexibility in efficiently controlling EM
the characteristic frequency of the quarter-wave stack.*'* waves."'>*'® Compared with metasurfaces that are composed
Furthermore, the multilayer BP-metamaterial/dielectric sand- of metal or dielectric unit cells, 2D materials gradually emerge

wich structure and the optical, thick, and Au mirror formed a
Fabry—Perot resonator that is employed for the absorber that
operates in the mid-IR region.288

as a type of powerful composite materials for metasurfaces.
More importantly, their optical properties can be easily tuned,
which enables them to be applied to construct highly

4. PENDING APPLICATIONS integrated and flexible optical systems with ultrathin flat
profiles. For example, conventional optical elements such as a

4.1. Planar Lenses Fresnel zone plate can be devised by 2D materials.”®” As
One of the main advantages of metasurfaces is their planar shown in Figure 1la—c, an flat lens with a 3D diffraction-
features, which release demanding requirements on fabrication limited focusing capability is demonstrated by utilizing the
6218 https://dx.doi.org/10.1021/acs.chemrev.9b00592
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Figure 13. Cloaking with 2D materials. Snapshots of electric field distributions for (a) a cloaked dielectric cylinder and (b) an uncloaked dielectric
cylinder with the patterning monolayer graphene and without the patterning monolayer graphene, respectively.** (a, b) Reprinted with permission
from ref 422, Copyright 2013 IOPscience. (c) THz mantle cloak composed of a graphene-wrapped microtube. The surface conductivity of
graphene and the total cloaking effect may be dynamically tuned and switched.

unique and giant refractive index and absorption modulation of
a sprayable GO thin film.”> With a thickness of approximately
200 nm, the flat lens can focus visible and near IR light into a
3D volume of 4%/5 with an efficiency of 32% for a broad
wavelength range from 400 to 1500 nm. Compared with EBL
and FIB nanofabrication technologies, direct writing using a
femtosecond laser can readily be applied to GO-based
metasurface fabrication.”® In addition, 2D materials can replace
metal and dielectric unit cells as building blocks for planar
optical devices. Unlike the linear metalens, a new type of
nonlinear hybrid metasurface in the visible region is produced
by hybridization of a monolayer WS, with giant intrinsic
nonlinearity and a phase-controlled Au nanohole array, which
can be applied for efficient nonlinear metalenses’”® and
demonstrated with a focal length of 30, 50, and 100 ym and
small focal spots of 1—2 ym in diameter by converting light of
810 nm wavelength into 405 nm (Figure 11d).

4.2. Subdiffraction Near-Field Confinement and Far-Field
Imaging

The highly confined polaritons enable super-resolution
imaging. For example, graphene plasmons are highly confined
evanescent waves that enable near-field imaging considerably
below the diffraction limit. As demonstrated in Figure 12a, a
bilayer graphene lens can probe the subwavelength resolution
of approximately 4/7.*'” Another possibility is the PhPs,
especially the hyperbolic PhPs with extremely large polariton
momentum. A maximum confinement factor of 4,/25 for
hyperbolic PhPs in hBN has been demonstrate, where 4, is the
wavelength of excitation wave.'"” The confinement factor was
further increased to 120 in @-MoOj; nanoflakes with a lifetime
at the picosecond level.***'* Furthermore, 3D confinement
can be realized by patterning hBN as nanoparticles, with which
the EM field can be manipulated at both Reststrahlen bands.'"*

The difference is that graphene plasmon is essentially near-
field confinement, while highly confined PhPs in these
nanoscale vdW materials have a propagation nature, the latter
of which can be explored for far-field imaging considerably
below the diffraction limit. An important example is the
hyperlens.”'" While traditional efforts have been made for
resonance-based multilayered metal and dielectric hyperbolic
metamaterials, natural hyperbolic vdW materials provide a
broadband (from mid-IR to THz) and low-loss solution.*'”
Because the propagation direction of EM wave is adequately
determined by the ratio of the axial permittivity and to the
tangential permittivity (refer to Section 2.1.1.), the fine
structure information, even below the diffraction limits, can
be detected in the far field via tracing the propagation of

hyperbolic PhPs. As shown in Figure 12b, the subwavelength
imaging is restored using a thin layer of hBN with a thickness
of 150 nm. In principle, the subwavelength geometric feature
can be substantially magnified and resolved with normal
optical microscolpy when the thickness of the hyperbolic hBN
is sufficient.'”>*"” The elusive possibilities of nanoimaging via
exploiting the highly confined polaritons in low-dimensional
materials have future potential.

4.3. Cloaking

Another exciting application is the realization of invisibility in
the broadband EM frequency range using different designs. In
addition to utilizing bulk metamaterials with complex designs,
the metasurface-based cloaking has been realized at optical
frequencies with the potential for practical applications.** The
nature, however, provided venues that differed from the
artificial structured materials. As shown in Figure 13a, b, the
thinnest mantle cloak in the far-IR and THz regimes has been
theoretically proposed using a monolayer graphene that covers
the subwavelength cylinder to ensure the scattering cancella-
tion in the far field."”' Compared with the “traditional” cloak
design assisted by transformation optics, the graphene-based
cloak provides the uppermost advantage due to its atomically
thin nature.””' Note that this scattering cancellation can also
be tuned by the Fermi level of via the gating (Figure 13c). The
more elusive but not extensively explored opportunities
include artificially engineering the monolayer graphene into
periodic patches or introducing other 2D materials such as BP,
which may enable dynamically tunable invisibility cloaks and
other switchable meta-devices based on low-dimensional
materials.*”"*** Layered 2D materials have the potential to
realize thin cloaks at THz frequencies, which fills the THz gap
for scattering-cancellation cloaks between mantle cloaks
realized with conducting metasurfaces*” at radio frequency
and plasmonic cloaks in the visible frequency.””*

4.4. Plasmon-Induced Transparency

Electromagnetically induced transparency in atomic systems
has been detected with important applications in slow light,
optical switch and nonlinear optics.””>**® An analogue has
been proposed and demonstrated by mimicking the required
energy levels with EM modes using plasmonic structures,
which is referred to as PIT.*’ PIT can be achieved by 2D
materials. To improve the tunability, graphene was incorpo-
rated to achieve a PIT effect, in which geometrical structures
were designed to show the bright and dark modes.*>>**” This
graphene-based PIT window and strength can be flexibly tuned
by varsyin% the Fermi level of graphene via electrical
gating”**" or even the magnetic biases.”” Similar to PIT
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Figure 14. Plasmon induced transparency. (a) Extinction spectrum measurement scheme for a gate-tunable bilayer graphene nanoribbon array for
parallel and perpendicular light polarization. (b) The spectrum for the perpendicular 8polarization is fitted by the coupled oscillator model, as
represented by the solid curve. The inset depicts the coupled oscillator model scheme.®'® Reprinted with permission from ref 318. Copyright 2014
American Chemical Society. (c) Schematic of the proposed structure, where graphene is sandwiched by PC1 and PC2. An external magnetic field is
perpendicular to the graphene sheet.** Reprinted with permission from ref 424. Copyright 2013 American Physical Society.
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Figure 15. Perfect absorber based on layered 2D materials. (a) MPA integrated with graphene. (b) Schematic of a tunable metasurface absorber
composed of an Al film, aluminum oxide layer, and a tunable metasurface on graphene. (c) Reflection spectra from a fabricated metasurface
absorbers for different gate voltages.**” (b, ¢) Reprinted with permission from ref 432. Copyright 2014 American Chemical Society. (d) Perfection
absorption based on the patterned graphene nanodisk.*** Reprinted with permission from ref 332. Copyright 2012 American Physical Society. (e)
Gate tuning coherent perfection absorption through the graphene SRRs.**® Reprinted with permission from ref 356, Copyright 2015 Optical
Society of America. (f) Perfection absorption based on the hypercrystals, i.e., the Si grating integrated with hBN slab.*** Reprinted with permission
from ref 433. Copyright 2016 American Physical Society.

in AB stacked bilayer graphene nanoribbons, Yan et al
reported a phonon induced transparency, as shown in Figure
14a, b.*'® The physics of this effect is that the EM coupling
with the IR active optical phonon suppresses light absorption
due to plasma excitation in a narrow window; this behavior is
similar to that of the dark plasmon mode in standard PIT.>"®
Furthermore, all-optical tunable transparency was achieved
using a hybrid of layered 2D materials and metamaterials using
a nonlinear optical effect.”**>*"*** The threshold pump
intensity can be controllably reduced with an effective tuning
performance. The transmission light at the PIT window
maintains the polarization state of the incident light. The
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simultaneous control of the polarization state at PIT can be
potentially by exploiting the multilayered graphene struc-
*3% or coupling the optical Tamm modes in PCs and
graphene.*”* Exciting applications of plasmon or phonon
induced transparency in naturally occurring 2D materials are
noted for broadband (from mid-IR to THz) and multifunc-
tional switches™" and modulators.'®*"**

Transmission light at the PIT window maintains the
polarization state of incident light. To achieve polarization
control, the Faraday magnetic-optical effect can be considered.
By sandwiched graphene between two PCs, polarization
rotation was theoretically predicted due to the coupling

tures
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Figure 16. Photodetectors based on 2D materials enhanced by metasurface concepts. (a—c) Graphene photodetectors by using plasmonic
nanostructures at metal—graphene contacts (a),** across the entire channel (b),"° and by using snowflake-shape fractal metasurfaces (c).B (o)
Reprinted with permission from ref 451. Copyright 2017 American Chemical Society. (d) Resonant plasmonic electrodes enhancing MoS,
photodetection.** Reprinted with permission from ref 452. Copyright 2015 American Chemical Society. (e) Plasmonic arrays-enhanced InSe near-
IR photodetectors.*>> Reprinted with permission from ref 453. Copyright 2018 American Chemical Society. (f) Plasmonic grating-enhanced
waveguide-integrated BP photodetectors.””” Reprinted with permission from ref 400. Copyright 2017 American Chemical Society.

between optical Tamm modes and graphene.*”* In particular,
the performance in terms of the rotation angle and
transmittance has been improved with single-layer and
multilayered graphene structures.**

4.5, Perfect Absorbers

The challenges of 2D materials that are based optoelectronic
applications are attributed to the limited light absorption in
these atomically thin materials. As previously discussed, the
absorption of light in weakly coupled N-layer graphene can be
estimated by Nrza, which is quite low for obtaining an
appreciable photoresponse. Thus, M&M that displays strong
light—matter interactions can be a promising platform to
promote the absorption efficiency of 2D materials. Even
perfect absorbers are possible via the judicious integration of
2D materials with M&Ms.

Figure 15 a presents an illustrative case of giant light
absorption (approximately 40%) in a metamaterial perfect
absorber (MPA) integrated with graphene (monolayer
graphene absorbs 2.3% of incident light).*** This absorption
is achieved by embedding the graphene between the MPAs,
which is a device that completely suppresses the scattering of
meta-atoms. The significantly enhanced light absorption in the
hybrid structure is associated with a combination of multiple
factors, including the impedance matching of nanostructured
Au metamaterials, the surface plasmon resonance with near-
field enhancement at the graphene layer and increased light
recycling in the dielectric spacer layers. Moreover, the peak
position of the maximum absorption can be tuned by
engineering the nanostructure. The broadband or multiband
boosted absorption in the near-IR is also demonstrated by
vertically cascading the different metamaterial/graphene layers.
Other metamaterials such as cross-shaped metallic resonators,
ultrathin metasurface absorber (Figure 15 b and c) B2
multilayered MPA,"*® and nanogratings are alternative
approaches to boost the light absorption in graphene.**
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To mimic metamaterials, 2D materials can also be
restructured or patterned to enable enhanced absorption or
even perfect absorption. A pioneering work has reported total
light absorption in a planar periodical array of monolayer
graphene nanodisks with very small areas of unit cells, which
occurs within a finite range of incident angles that fulfills the
critical coupling conditions (Figure 15 d).*** Graphene
microribbons have been extensively investigated due to the
ease of fabrication.*” The nearly all-angle perfect absorption is
demonstrated via patterned graphene nanoribbons on the
dielectric layer that is positioned on top of the mirror (metal
substrate), which is based on the principle of the Salisbury
screen,™® that is, total destructive interference of the reflected
light. A gate-tunable coherent perfect absorber in the THz
regime has also been realized by split-ring graphene (Figure
15¢).”*° Nanostructured 2D materials such as graphene
elliptical disk arrays*” and graphene sidewalls"*”**" have
also been reported.*”” Beyond graphene, the metasurface
perfect absorption within the Reststrahlen bands of hBN has
been reported by integrating Si grating with an hBN slab,
hypercrystals with the Salisbury screen effect (Figure 15 f).**
Similar to metal—dielectric layered hyperbolic metamaterials,
multilayer stacking of monolayer graphene and hBN is also
proposed to achieve perfect absorptions due to the anisotropy
of the stacked materials.**’ Similar approaches inspired by
hyperbolic metamaterials are applicable by multilayer stacking
of graphene™* and could be extended to other anisotropic
layered 2D materials to achieve perfect absorptions.*** With
the demonstrated enhanced absorption, these techniques have
the potential to boost the efficiency of the photodetectors,
increase the light—matter interaction strength and enable other
broadband EM wave harvesting applications.

4.6. Photodetectors
Traditional photodetectors based on Si and narrow bandgap

III-V semiconductor materials have been widely used in many
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areas such as communication, medical diagnostics, process
control, and homeland security.*** Nevertheless, they suffer
from several issues such as low responsivity, the requirement of
operation under cryogenic temperatures (for IR detection),
and lack of flexibility.**” Photodetectors based on ultrathin 2D
materials are intriguing candidates to circumvent these
drawbacks, owing to strong light—matter interactions and
large carrier mobilities in 2D materials as well as excellent
mechanical properties. In particular, high-performance room-
temperature graphene-based flexible photodetectors have been
constructed with a wide detection range from UV to THz
frequencies due to its linear band dispersion and ultrahigh
room-temperature carrier mobility.***~**¢

Generally, 2D materials are too thin (usually the scale of a
few nanometers) to harvest sufficient light with normal
incident to the 2D plane, which hinders the conversion
efficiency from photons to electrons in 2D material
optoelectronics. Various metamaterial concepts have been
implemented in 2D optoelectronic devices and systems.’”'®*
Photodetectors that are based on 2D materials have attracted a
substantial amount of attention in the 2D community because
the atomically thin 2D crystals and heterostructures are perfect
candidates of photoactive media for light detection and sensin:
in future low-energy on-chip integrated circuits.”>>*”*3*~#

One of the intriguing properties of 2D materials with zero or
small bandgaps is their broadband optical responses despite
their low absorption intensity. As explained in Section 2,
graphene, for example, exhibits ultrabroadband photon
absorption that encompasses nearly the entire EM spectrum
from UV waves to radio-waves.*® However, the ultrathin form
factor (thickness of approximately 0.34 nm) and the semimetal
nature (zero bandgap) limit its light absorption (e.g.,
approximately 2.3% from the visible range to the IR
wavelength range).'” To build 2D photodetectors with
broadband response and high efliciency, integration with a
metamaterial design is a promising route because metamaterial
photonic structures can delicately manipulate the optical field
and effectively enhance the interaction between light and 2D
materials.

Plasmonic resonances-enhanced graphene photodetectors
were proposed and fabricated by using arrays of Au
nanostructures.”*”**® To increase the local absorption at
metal—graphene contacts, Au nanostructures with strong
plasmonic oscillations with incident light were introduced
near the contact regions, where the major photocurrent of a
graphene device is assumed to be generated (Figure 16a).**
The considerably enhanced local electric field can directly
transfer the incident EM energy to the area of the metal—
graphene Schottky junction, which generates an efliciency
enhancement of 20 times. In addition to using plasmonic
nanostructures at the metal—graphene contacts, Liu et al
demonstrated multicolor photodetection via direct transfer of
Au disc arrays to entire graphene films (Figure 16b), which was
based on the spectral selective enhancements of plasmonic
resonances by designing different size/period/fill factors of Au
disc arrays.” The resulting plasmonic nanostructure-inte-
grated graphene photodetectors exhibited a high enhancement
factor of 1500% in external quantum efliciency, which is
attributed to the strong coupling between the local plasmonic
near-field and the atomically thin graphene. Subwavelength
metallic metasurfaces have been employed in enhancing the
graphene optoelectronic performance. Specifically, a Au
snowflake-shape fractal metasurface was experimentally fab-
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ricated on a graphene photodetector channel, which caused a
broadband photoresponse across the entire visible spectrum
(Figure 16¢).*" The designed metasurface has a combination
of two orthogonally oriented concentric hexagonal fractal
geometries, which enable a polarization-insensitive plasmonic
enhancement over all polarization angles of incident
illumination.

To fully utilize metal electrodes, metamaterial-integrated Au
nanostructures have been designed to induce the plasmonic
enhancement of 2D photodetectors. For example, resonant Au
nanostructured electrodes with optimal geometric parameters
have been fabricated to boost the photodetection performance
of MoS, (Figure 16d).*** The injection of hot electrons from
the plasmonic antenna array to MoS, contributed to the sub-
bandgap photocurrent generation, which causes a large
photogain (maximum of 10°) in the near IR wavelength
(1070 nm). Similarly, a graphene photodetector by embedding
graphene into an MPA was theoretically proposed.*** The
enhanced light absorption in the graphene—MPA photo-
detector is caused by the near-field enhancement of a surface
plasmon resonance and the light recycling within the
microcavity. By utilizing the intrinsic SPs in graphene, IR
plasmonic devices that use multiple graphene-insulator stacks
were fabricated; they exhibit enhanced and tunable plasmon
resonances with an absorption of 97.5% of EM radiation at
frequencies below 1.2 THz.>*® This method can facilitate
research on efficient mid- and far-IR photonic devices such as
photodetectors and modulators.

In addition to the design of fractal metasurfaces and
resonant electrodes, metallic nanopatterns and gratings have
been introduced to 2D materials photodetectors. In this case, a
high-sensitivity dual-band photodetector that is based on InSe
was realized by applying Au plasmonic nanoparticle arrays on
the surface of InSe (Figure 16e).””’ Compared with the
pristine InSe device, the plasmonic-enhanced InSe photo-
detectors exhibited an additional photodetection ability across
the visible to near-IR range, which is ascribed to the
hybridization of quadrupole plasmonic resonances of Au arrays
to InSe and the wavelength selective enhancement (e.g.,
maximum of 12 times enhancement in responsivity at 685
nm). Similar enhancements can be observed in MoS, or BP
photodetectors.***>> For instance, to selectively enhance the
anisotropic photoresponse of BP, plasmonic Au bowtie
antennas were used to improve the photocurrent along the
armchair direction, while bowtie apertures were employed to
enhance the inherent polarization selectivity of BP; a high
photocurrent ratio of 8.7 (armchair to zigzag) was yielded at
1550 nm.**

To demonstrate the on-chip compatibility, a plasmonic
grating using Au corrugated arrays was employed in a silicon
waveguide-integrated BP photodetector (Figure 16f).**" This
integration enabled a high-performance on-chip photodetect-
ing circuit, which collects the merits of the low propagation
loss of silicon waveguides and high field confinement of
plasmonic nanogaps. Benefiting from the near-field enhance-
ment, the waveguide-based BP photodetector showed an
enhanced responsivity of 10 A W'~ and a 3 dB roll-off
frequency of 150 MHz. Considering the variety of 2D
semiconducting materials with different bandgaps and their
heterostructures of various combinations, as discussed in
Section 2.2, we can envision that metamaterial-integrated 2D
material photodetectors have the potential to achieve high
efficiency, broadband and highly tunable photoresponse for
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Table 2. Performance of Representative 2D Material-Based Photodetectors with Plasmonic Enhancement

2D materials photonic structures detecting wavelength

graphene 1D Au nanograting 514 nm
graphene 2D Au nanoparticle array S14 nm
graphene Au fractal metasurface 476—647 nm
graphene intrinsic nanoribbon superlattice 10.6 um

MoS, Au antenna array 1070 nm

InSe Au triangular nanoparticle arrays 685 nm

BP Au bowtie antennas 1550 nm

photodetector responsivity (mA W'7)

efficiency enhancement factor references
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Figure 17. Optical sensors based on 2D materials. (a) Schematic of graphene biosensor. The EM field is concentrated at the ribbon edge, which
enhances light interaction with the protein molecules adsorbed on graphene. Protein sensing is achieved by detecting a plasmon resonance spectral
shift that is accompanied by narrow dips that correspond to the molecular vibration bands of the protein.’””” Reprinted with permission from ref
327. Copyright 2015 AAAS. (b) Infrared transmission spectra of hBN ribbon arrays with different thicknesses 4,4'-bis(N-carbazolyl)-1,1"-biphenyl
coating, ** Reprinted with permission from ref 104, Copyright 2018 Nature Publishing Group. (c) Square array of Au double-dots on a glass
substrate covered by a weakly hydrogenated graphene crystal.464 (d) Graphene-metallic metasurface with small molecules adsorbed on the
suspended graphene.**> Reprinted with permission from ref 465, Copyright 2018 Nature Publishing Group.

future low-energy consumption electronics. To quantitatively
compare the state-of-the-art of 2D material-based photo-
detectors, we list the performance of a few representative cases
with plasmonic enhancement, as shown in Table 2.

4.7. Sensors

In biosensing applications, 2D materials that possess rich
surface EM modes and high surface-to-volume ratio exhibit
significant potential. Many studies have explored biosensors
based on 2D material.**” A few review articles on biosensors,
in which 2D materials comprised the sensing media, including
graphene, BP, and TMDs, have been published.“sg_460 Most of

those sensor devices are constructed on pristine 2D nanosheets
and operate via a change in their electronic, optical or chemical
responses. We highlight the concept of the integration of
metamaterial with 2D materials, in particular graphene, for
biochemical sensors. The biocompatibility of a 2D material is a
prerequisite for biosensing applications. Graphene has been
verified to be biologically compatible with biomolecules, cells,
and tissues in terms of both its functionalized state and natural
condition.**"*** Considering its surface uniformity and
superior optoelectronic properties, graphene is regarded a
potential high-sensitivity biosensing platform. Additionally,
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Group. (e) Ultrahigh modulation depth by utilizing topological SPs in Bi,Se; microribbons.
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76 Reprinted with permission from ref 476, Copyright

research has shown that large-area high-quality graphene film
can be directly transferred damage-free onto any target
substrate," which is a considerable advancement toward
practical sensing applications.

Figure 17a shows a schematic of a mid-IR plasmonic
biosensor constructed of nanostructured graphene.’”’ As
shown in the inset of Figure 17a, graphene nanoribbons with
a desired width, length, and separation can be readily produced
by the well-developed lithographical method. As discussed in
Section 2.3, graphene supports low-loss plasmon polaritons
with extremely strong IR light confinement that is two orders
of magnitude stronger than metals, which enables ultrasensitive
detection of the refractive index and vibrational fingerprints of
nanometric biomolecules by monitoring the extinction spectra
acquired by Fourier transform infrared spectroscopy. The most
attractive point of this graphene biosensor design is that the
protein can be selectively probed at different frequencies,
which benefits from the dynamically tuned plasmonic
resonance of graphene nanostructures by tuning the Fermi
level in graphene via external electrical gating. Arrays of
graphene nanoribbons that feature highly confined and
extensively tunable plasmon resonances have also afforded
the capability of simultaneous detection of in-plane and out-of-
plane vibrational modes of ultrathin polymer films with high
sensitivity.*® Label-free identification of gas molecules has
been realized by detecting their rotational—vibrational modes
via graphene plasmons,467 in which the high physisorption of
gas molecules on the graphene nanoribbons combined with the
ultraconfined plasmonic near-fields were critical for over-
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coming the extremely weak dielectric responses of gas
molecules and achieving high sensitivity.

A hybrid metasurface composed of Au nanoantennas and
graphene was designed to quantitatively detect monolayers of
subnanometer-sized molecules or particles.”®”*%¥#%%  Ag
shown in Figure 17¢, by using reversible hydrogenation of
graphene and binding of streptavidin—biotin, a level of fgmm™
and detection of individual biomolecules, respectively, are
demonstrated with mass sensitivity, which offers a method
toward simple and scalable single molecule label-free
biosensing technologies. In hybrid metasurface biosensors
(refer to Figure 17d), a combination of molecule induced
carrier doping and plasmon resonance shift of graphene
contributed to the high sensitivity, which enables enhanced
fingerprinting of minute quantities of polymer and glucose
molecules. Hybrid M&M with 2D materials can be employed
for molecular recognition and produces unparalleled sensitivity
at the single molecule level, which provides an alternative to
existing biological and chemical sensing technologies. The
reported hybrid metamaterials sensors are suitable for high
throughput multisensing platforms.

In addition to the extensively investigated graphene
nanopatterns with various geometry features and designed
plasmonic resonance,84’267’26 3304687479 BN nanoresonators
that hold lower-loss IR PhPs recently demonstrated strong
interaction with molecular vibrations in the strong coupling
regime, which were experimentally and numerically confirmed
(Figure 17b)."** We also note that the optical biosensors using
hydrogenated MoS, nanosheets were demonstrated based on
tunable plasmon resonances in the near-IR.*"" The combina-
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tion of 2D materials (graphene, hBN, and MoQO;) with a
metasurface for biosensors affords enhanced sensitivity,
dynamic controllability, and tunable spectral selectivity,
which may highlight future 2D material biosensors based on
low-loss plasmon polaritons, PhPs, and their hybrids.

Additionally, the selectivity of 2D material-based chemical
sensors is advantageous compared with conventional metal-
based plasmonic sensing. Although similar surface functional-
ization strategies can be introduced to 2D materials to enable
the surface selectivity to specific chemical groups. However,
2D sensors endow several unique optical properties (as
discussed in Section 2) to achieve sensing selectivity. First,
2D sensors can be dynamically tuned over a broad spectral
range through electrical gating, for instance, when utilizing SPs
of graphene. Patterning 2D materials with designed geometric
parameters (e.g., size, shape, period, fill factors) also provides a
way to control the photonic resonances and thus spectral
selectivity to molecules. Furthermore, the combination of 2D
materials with conventional metamaterials offers extra merits
toward highly sensitive and selective chemical sensors. We note
that the surface of 2D materials could be an inherently
excellent platform for immobilizing chemical species. For
example, it has been demonstrated that layered material a-
MoOj; support low-loss hyperbolic PhPs in the mid-IR; the
surface of a-MoOj; terminated by O atoms can form hydrogen
bonding with specific molecules, which offer another approach
to tune the polaritonic effect.

4.8. Modulator

2D material modulators can be generally classified into
different types according to the principle of operation (all-
optical, electro-optic, thermo-optic, magneto-optic, acousto-
optic, and mechano-optic), the attribute of light (wavelength,
amplitude, phase, polarization, time, and direction), and the
optical property of the material (absorptive property correlated
with the imaginary part of the refractive index, and refractive
property correlated with the real part).””> To realize high-
performance 2D material modulators, several key figures of
merits, including modulation speed and depth, operation
frequency range, insertion loss, stability, and compatibility,
need to be considered. By the design of metamaterial
structures, enhanced light modulation in 2D materials can be
expected. For example, a high modulation depth to 95% and a
modulation time less than 10 ns in the mid-IR spectral range
were achieved in a graphene-based metasurface perfect
absorber, as discussed in Section 4.5.*” Particularly, the
recently demonstrated hybrid plasmon—phonon polaritons in
graphene/hBN heterostructures exhibited enhanced light—
matter interactions with loss lower than that exhibited by
individual graphene plasmons (refer to Section 2.3 in this
review),'”” which implies their potential in the realization of
highly efficient modulators in the mid-IR or THz region.
Similarly, combining in—glane anisotropic and ultralow-loss
polaritons in @-MoO,,”® ultrahigh-performance IR light
modulation with polarization sensitivity is achievable in
graphene/a-MoQj; heterostructures.

Due to its easy, broad, and dynamic tunability of Fermi
energy via electrical gating, graphene is extensively investigated
in electro-optic modulation, which requires a highly dynamic
reconfiguration of carrier conductivity. The fundamental limit
of the performance of graphene modulators is only associated
with the conductivity tensor of graphene. Figure 18a shows the
device capabilities of graphene amplitude modulators, which
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are classified by the direction (i.e., transmission and reflection)
and framework (i.e., reconfigurability and nonreciprocity).*”
Four types of representative operation mechanisms attract
fundamental interest: amplitude modulation in reflection,
amplitude modulation in transmission, magneto-optical Kerr
rotation, and nonreciprocal isolation based on Faraday
rotation. As discussed by Tamagnone et al,”’” a graphene
film that uniformly covers a metal substrate is a very which the
single equivalent DoF by changing the permittivity, thickness
or number of simple reflection modulator, in layers produces a
1D locus. To obtain a near-optimal modulation performance,
graphene nanopatterning or the introduction of additional
dielectric layers on graphene has been numerically demon-
strated to be an effective alternative (Figure 18b).** The
frontier of the total random performance is similar to the
theoretical upper bound. Graphene modulators that operate in
the transmission mode were also calculated, which exhibits a
suboptimal performance. This finding is attributed to the high
loss in graphene and the mismatch of impedance to the system,
which limits the high-transmission modulation rate compared
with reflection modulators. For an additional DoF, a
polarization twist after transmission can be introduced by an
anisotropic metal—graphene hybrid.474 Therefore, one polar-
ization can be modulated by the designed hybrid metasurface,
while the other polarization was sustained to convey feedback
in the device system. The discussed theory provides a solid
understanding of the operation and basic limits of graphene
modulators and may also serve as a model for achieving high-
performance modulation by other 2D materials.

Based on the optical modulation effect, highly efficient
room-temperature modulation of THz wavelengths was
achieved using graphene with both broadband response and
low intrinsic signal attenuation (Figure 18c)."*’ Experimen-
tally, the THz transmission through graphene was effectively
controlled by gate-tuning the density of states available for
intraband transitions. The resulting graphene modulator
achieved superior modulation performance with a low
insertion loss of 5%, a high intensity modulation depth of
15%, and a modulation frequency of 20 kHz. Furthermore,
optical frequency combs using graphene and photonic
microresonators were demonstrated with gated intracavity
tunability.*”” The devices worked well by coupling the gate-
tunable optical conductivity to a Si;N, microring resonator,
which enabled the effective modulation of the second- and
higher-order chromatic dispersions by tuning the Fermi level.
Through a dual-layer ion-gel gate, the charge-tunable primary
comb lines were produced from 2.3 THz to 7.2 THz with
coherent Kerr frequency combs, controllable Cherenkov
radiation and soliton states in a single graphene microcavity.
Another example is an extensively tunable metasurface that
consists of Au antennas on graphene film that was integrated
into optical nanocavities, which demonstrates superior mid-IR
modulation performance by acting as an electrically tunable
MPA (refer to Figure 15b and c).*** In addition, Gan and
coworkers realized an efficient thermo-optic microring
graphene modulator, in which the electrical and thermal
properties of graphene were utilized by covering a graphene
film on a Si microring resonator.*”® Due to the high electrical
and thermal conductivity, the graphene thermo-optic modu-
lator showed a large modulation depth of 7 dB with a broad
operating wavelength range.

Similar to §raphene, various 2D materials, including
TMDs,*”* BP,*”” TL,*’° and perovskites,480 can be employed
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Table 3. Performance of Representative 2D Material-Based Optical Modulators

2D modulation frequency/ modulation

materials photonic structures mechanism wavelength modulation depth speed references
graphene  stacked pairs electro-optic 570 GHz 15% 20 kHz 183
graphene  microribbon arrays electro-optic ~3 THz 70% 481
graphene  hexagonal Au meta-atoms electro-optic 0.6—1.2 THz 47% 100 kHz 81
graphene  Au antenna and optical cavity  electro-optic 5=7 pm 100% 20 GHz 432
graphene  Au grating electro-optic 1.5 ym 8.3% >1 GHz 482
graphene  Si PC cavity electro-optic 1.593 ym 10 dB 483
graphene  Si waveguide electro-optic 1.35—-1.6 um 4 dB 1.2 GHz 184
graphene Si microring resonator electro-optic 1.8 pm 40% 80 GHz 484
graphene  Si3N, microresonator electro-optic 1.6 ym ~33.3% (extinction change) 600 kHz 477
graphene  Si;N, microresonator electro-optic ~1.57 ym 15 dB 30 GHz 485
graphene Si microring resonator thermo-optic 1.5549 ym 80% (7 dB) 100 GHz 478
graphene  microribbon waveguide thermo-optic 1.5S ym 30 dB ~15 kHz 486
graphene  Au split-ring array all-optical 0.9 THz 84.8% 487
WSe, Au waveguide all-optical ~0.713 pm 4.1% 290 PHz 47§
Bi,Se; microribbon array all-optical 1.5 THz 2400% S THz 476
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Figure 19. Waveguiding based on 2D materials. (a) The graphene-based integrated waveguide platform for an optical modulator.'** (b) Tllustration
of a photodetector. The graphene on top serves as the gate and BP as absorbing photons. The silicon waveguide allowed the measurement of
absorption in BP.*° (c) A rectangular waveguide of hBN with 250 nm width and 65 nm thickness. The left, simulated near-field distribution
(Re(E,)) at 1445 cm™ (top) and 1416 cm™* (bottom). The right, calculated dispersion. The inset shows the waveguide and the near-field
distribution at 1445 cm™.**® Reprinted with permission from ref 488. Copyright 2017 Nature Publishing Group. (d) Nontransparent grating
couples light into the flat (green line), corrugated (blue line), or wedge (red line) plasmon mode. The plasmons were decoupled into light through
the transparent grating (top and lower left). The SEM images of plasmonic waveguide is shown in the lower right corner.*®> Reprinted with
permission from ref 482. Copyright 2015 Nature Publishing Group. (e).The nanoimaging of MoS, (thickness: 110 nm) at 1550 nm. k, is the free-
space wavevector. The lower left is the measured field distribution with the fitting. The lower right is the simulated leaky mode of MoS,."*®
Reprinted with permission from ref 496. Copyright 2019 John Wiley and Sons. (f) The schematics of PC made of suspended membrane of
monolayer WS,, showing the nature of guiding the visible photons within the atomic thickness.*”’

for effective light modulation. Here, an example of utilizing the intriguing topological SPs, an ultrahigh modulation depth
semiconducting WSe, monolayers is shown to realize highly to 2400% in the THz range (approximately 1.5 THz) was
efficient nonlinear plasmonic modulators (Figure 18d)."” In achieved in the microribbon arrays of a Bi,Se; topological
this design, a monolayer WSe, was transferred onto a insulator (Figure 18e).*”’° This unprecedented observation was
lithographically defined metallic waveguide, in which the ascribed to two factors. First, the near-zero extinction spectrum
excitons in WSe, strongly interacted with SPPs and caused a from the Fano-like plasmon—phonon-destructive interference
change in transmission of 73% through the device. An ultrafast contributed a remarkably reduced denominator of the
response time to 290 fs was achieved by controlling the extinction ratio. The second factor is the photoinduced
propagating SPPs via optical and SPP pumps. Benefiting from formation of massive 2DEG below the topological surface
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states, which contributes a substantial increase in the The exotic light matter interactions supported in layered 2D

numerator of the extinction ratio. The performance of
representative 2D material-based optical modulators are
given in Table 3. Therefore, the realization of tunable 2D
material modulators based on photonic nanostructures is a
promising architecture that crosses atomic layer nanoscience,
nanophotonics and ultrafast optoelectronics.

4.9. Waveguide

Their exotic nature renders 2D materials a promising candidate
for building an ultrathin and broadband waveguide platform.
One approach is to coat the dielectric waveguide with 2D
materials, which enables the tunable waveguide response.
Alternatively, the polaritons that are generated from the exotic
interaction of light with layered 2D materials can also be
guided, which forms the polaritonic waveguides.'”'*>*%%4%?
Moreover, the vdW force between layered 2D materials render
the large dielectric refractive index and enable the excellent
light guiding property, which considers the total internal
reflection. Here, we focus on the strategies of the application of
the waveguides that rely on 2D materials.

For the application of the modulator'®* (Figure 19a) or the
photodetector*”’ (Figure 19b), 2D material can be integrated
with the waveguide. The benefits are the enhanced and actively
tunable interaction of 2D material with light in a broad
spectrum of EM frequency, the high speed due to the large
carrier mobility, the high responsibility and the low dark
current.””'~** The waveguide can also be designed for the
highly confined polaritons, especially the SPPs and PhPs.***>***
The hyperbolic PhPs comprise the guided mode in a thin hBN
slab, which can be quantized (equivalent to the high-order
mode) considerin% the constructive interference condition of
the waveguide."">"*>*"? The mode profile and the dispersion
of the phonon polariton in hBN are provided in Figure 19¢;
they manifest the hyperbolic ray nature that bounces back and
forth similar to the mode in a conventional waveguide.*** The
propagation nature of SPPs comprise the guide mode at the
surface between metallic media (such as graphene and BP) and
a dielectric substrate. The structure of these 2D materials can
be further engineered to manipulate the waveguiding effects of
SPPs.*”® The hybridization of graphene and hBN can also be
considered to form a synthetic waveguide on top of corrugated
Au (Figure 19d), which supports the flat SPs, corrugated
plasmons, and wedge plasmons with a large modulation depth
(0.03 dB yum™) and low propagation loss.***

Recent findings have confirmed the high refractive index
nature of stacked 2D materials,"’***® which is particularly
interesting considering the guiding effect for all-dielectric
M&Ms. For example, the waveguiding effects in subwavelength
hBN nanopillars at the visible frequency can be exploited to
obtain the 27 phase change by varying its geometry, which can
enable the design of ultrathin vdW metalens.*”” Moreover, the
waveguide can be simply achieved by the high permittivity of
vdW materials (Figure 19¢). The anisotropic nature of vdW
materials guarantees the different group velocity of the TE and
TM modes, which enables the modal birefringence with
potential applications of phase retarders.*”® The high refractive
index can be observed in the ultimate limit, monolayer or few
layer materials.*””*° The theoretical proposal of visible
photon guiding in the monolayer can be experimentally
demonstrated with the near unitary effective index (Figure
19f)."”7 Photonic crystals can also be achieved by few-layer
materials with a leaky wave.
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materials can provide an exciting platform for guiding photons
in polaritonic form or waveguide mode, which can even be
demonstrated in a thickness of a few atoms. This finding is
extremely important for ultrathin, on-chip, high-capability, and
tunable photonic circuits, optoelectronic devices, and even
quantum applications.

4.10. Emitters

Light emission is an important and interesting property of 2D
semiconductor materials. We note that an increasing amount
of attention has been focused on single-photon sources based
on 2D materials (e.g, hBN and WSe,), with applications in
quantum computing circuits beyond conventional LED
displays.””''>°?" The interesting term is the chirality or
spin/valley polarization of emitted photons from 2D TMDs,
which endows a new DoF to tune the li§ht emission and a
novel design of optoelectronic devices.”””~>** Despite the
ultimate thin form of 2D semiconductors, they can exhibit
strong light emission efficiency, for example, with near-unity
PL quantum vyield and enhanced minority carrier lifetime in
MoS, monolayers treated by an organic superacid®” or
electrostatic doping.**® By utilizing the high emission efficiency
of 2D semiconductor monolayers, high-performance ultrathin
LEDs with graphene—hBN—TMD quantum well structures
showed a high external quantum eficiency to 8.4%,>"” a record
of 2D material-based electroluminescent devices and a large
advancement from the perspective of fundamental research.

Coupling 2D materials with metamaterials is a straightfor-
ward way to improve the light emission efficiency and
manipulate the emission behavior (e.g, polarization and
directionality) to create an efficient emitter. Wang et al.
obtained a giant PL enhancement factor of approximately
20000 from a suspended WSe, monolayer on Au nanostruc-
ture-based plasmonic metasurfaces, which was ascribed to the
concentration of the excitation EM field in the sub-20 nm Au
nanogrooves (refer to Figure 20).°" Tuning of the lateral gap
plasmon resonances by changing the pitch of the structures can
effectively match different wavelengths of the pump laser,
which provides sufficient room for adjustment to enhance the
optical absorption and emission in other 2D crystals and
incident laser systems. Designing doubly resonant nanostruc-
tures with directional control can achieve further PL
enhancements such as the horizontally or vertically cascaded
plasmonic nanostructures in Figure 20. Note that the giant
emission enhancement in the WSe,—Au arrays system was
only caused by the trapping of the pump laser (633 nm)
without careful consideration of the out-coupling of the WSe,
emission spectrum window (700—820 nm). The light emission
efficiency in this coupling regime can be improved. In addition,
many approaches for realizing directional/polarized emission
from 2D materials have been demonstrated by using
subwavelength plasmonic metallic’”**°”*'® or photonic
dielectric structures.”'' ™" The incorporation of metamaterial
design in 2D semiconductors provides an effective platform for
creating novel high-performance multifunctional 2D emitters.
The bandgap (eV), PL quantum yield, EL quantum yield,
photonic structures, and PL enhancement factor of light
emitters based on a few representative TMDs are summarized
in Table 4.

In addition to the enhancement of the exciton emission of
2D materials, coupling with metasurfaces can achieve the
steering of nonlinear photon emission. Optical waveguide
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Figure 20. Top right, schematic of PL emission from a single crystal
monolayer WSe, flake on a patterned Au substrate. Top left presents
the simulation of the electric field distribution of the lateral gap
plasmons with a WSe, monolayer flake suspended over a single trench
and the polarization of the incident laser field. The bottom depicts PL

intensity mappings with polarization angles of 0°, 45°, and 90°.°%

Reprinted with permission from ref 508, Copyright 2016 Nature
Publishing Group.

structures that are based on silicon circular rings have been
proposed to enhance SHG from MoSe, monolayers, which
further enables phase matching of the nonlinear process.”*’
Electrons have two intrinsic degrees of freedom, namely,
charge and spin. Based on these two degrees of freedom,
researchers have developed the extensively applied electronic
technology and the increasingly mature field of spintronics. In
recent years, 2D materials such as single-layer TMDs, have
formed an additional DoF due to their special inversion
symmetry: valley pseudospin (K and K').”"” Valley freedom as
an information carrier enables a variety of new functional
devices. Compared with traditional electronic components, the
new 2D valley electronic devices have the advantages of
information nonvolatility, fast processing speed, low energy
consumption, high integration and long transmission dis-
tance.”®* However, the lifetime of the energy-excited state is
very short at RT, and the thickness of the single-layer 2D
material is only of the order of the atomic layer, which causes a
weak coherence with the external excitation field, which
severely limits the efficiency of the valley degree.’'®*'” T
Therefore, improving the efficiency and valley coefficient of
nonlinear processes in 2D materials is an urgent task to be
solved in the field of electronics/spintronics.

A type of nonlinear optical interface that consists of a noble
metal nanopore array and a single layer of 2D material was

pubs.acs.org/CR
proposed.”” This interface solves the issue of multidimen-

sional control over the conversion efliciency of the SHG on a
nanometer scale. Hu et al. has recently realized a new
nonlinear optical interface for the eficient operation of
nonlgi;lear energy valley-photons in single-layer WS, (Figure
21).

The gradient phase information of the Au nanopore array
was successfully designed and collected. When the left (right)
circularly polarized light passes through the Au nanopore, a
right (left) circularly biased fundamental light with phase
information is generated. According to the SHG selection rule,
the specific energy valley K (K') is excited and produces a left
(right) spin SHG, which is near 100% in the experiment. Due
to the local field enhancement effect of the Au nanopore, the
interaction between the light field and the energy valley is
enhanced, and the SHG conversion efficiency is improved by 3
orders of magnitude. The SHG photons locked by the valley
can carry phase information and realize various functions such
as controlling the angle of emission. The scheme is applicable
to medium superstructure surfaces and other 2D material
systems, which provides a very simple and reliable way for 2D
materials to control, encode and read information. This type of
2D material-metasurface hybrid system stimulates research on
future RT and free-space nonlinear and valleytronic devices.

5. CONCLUDING REMARKS AND OUTLOOK

In this review, we focused on describing research on the
overlap between layered 2D materials and metamaterials and
metasurfaces. We established the potential of 2D materials that
behave as natural born “metamaterials” with exotic properties
that were previously believed to be only attainable in artificially
engineered structured materials. The outstanding properties of
materials with a 2D nature include broadband light—matter
interactions, few losses, flexible tunability, strong non-
linearities, and the emergence of various types of polaritons.
While the traditional plasmonic or all-dielectric M&Ms can be
exploited to manipulate 2D materials, additional functionalities
and novel M&M:s can be obtained by increasing the complexity
of the subwavelength compositions from structured layered 2D
materials. With the disclosure of these optical properties and
construction methods, we understand the microscopic origin
of the interaction between 2D layered materials and
metamaterials. This fundamental knowledge is important in
the search for reliable applications. The first steps in this
direction have also been described in this review, and the
fabrication of several devices, such as planar lenses, cloaks,
photodetectors and sensors, has been demonstrated.

5.1. Outlook

Current research in metaphotonics focuses on theoretical
designs and calculations. Particularly, many theories have been
proposed for traditional metal-based metasurfaces and
metamaterials, for example, regarding thin MPA>*° or

Table 4. Performance of Light Emitters Based on TMDs”

2D materials bandgap (eV) PL quantum yield (%) EL quantum yield (%) photonic structures PL enhancement factor
MoS, 1.8 93P 8.4%7 Si;N, PC°"? 1300
WS, 2.05 90 1.3245%7 photonic hypercrystal®'> 60
WSe, 1.7 8¢ 53 Au trenches®”® 20 000
MoSe, L5 g0 Au rectangular nanoantennas®'’ 3
MoTe, L1 9.5

“All of the parameters were obtained for monolayers at RT except those indicated. *Chemically treated. “Electrostatically doped. At 6 K. °At 83 K.
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Figure 21. (a—c) Experimentally measured intensity of the two chiral components in the first (a), zeroth (b), and first orders (c). (d) The field
distribution at z = 120 um, with three distinct orders; it is measured without quarter-wave plate (QWP)2 and the polarizer. (e) Schematic of the
experimental optical setup. The incident linearly polarized beam has a wavelength of 1240 nm. QWP1 can change the incident polarization to
circularly polarized. QWP2 and the linear polarizer are used to test the chirality of the emitted second-harmonic photons. The horizontal image is
the experimental result from the evolution of the light splitting into three orders. The vertical images depict the field distributions obtained by
rotating the linear polarizer, which changes its optical axis (OA) by y. Inset: a schematic of the function of the Au—WS, metasurface. The inset
SEM image shows one period of the nanohole array.*’ Reprinted with permission from ref 83. Copyright 2019 Nature Publishing Group.

hyperbolic metamaterials.'>> Recently, the concept of meta-
materials has been extended to 2D optical materials as the
interest in graphene and related 2D materials significantly
increases. Some representative 2D metamaterials and their
applications have been summarized in this review. However,
these multilayered architectures that are based on 2D materials
and subwavelength metal nanostructures, require complicated,
multistep nanofabrication and nanolithography techniques,
which may affect or degrade the intrinsic optoelectronic
properties of atomically thin layered 2D materials. In general,
theory in metaphotonics of 2D materials is leading, while the
nanofabrication and practical realization of metaphotonic
structures and devices based on these materials is falling
behind.

5.1.1. 2D Materials. Both theoretical design and nano-
fabrication are expected to extend to an extensive range of 2D
materials, in addition to graphene, TMDs, and phosphorene.
Numerous 2D layered or nonlayered materials have been
recently discovered or synthesized with novel optical and
electronic properties.521 In addition to graphene, some
elemental monolayers such as germanene, silicene, and stanene
have been recently developed,””” which demonstrates the
topological properties of stanene, as an example.””’ These
elemental monolayers generally have high charge mobility and
Dirac cones that act as semimetals such as graphene. 2D
semimetals include TMDs such as PtTe, with type-II Dirac
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Fermions,””* PtSe, with layer-dependent semiconductor-to-
semimetal transition,””> and WTe, with Weyl semimetal
states.”*® 2D atomic crystals have displayed spin and valley
selective carrier dynamics, which can realize atomic thin
spintronic or valleytronic metaphotonics and devices.'®>*%>*7
2D chiral perovskites have been recently reported to exhibit
controllable spin _golarization via molecular design and
magnetic fields.””***” Another set of new members in the
2D materials family consists of 2D magnets,”*******" such as
Crl; and Fe;GeTe,, which exhibit magnetic field-dependent
optical emission and polarization,”** which contributes to 2D
material-based magneto-metaphotonics. 2D metal—organic
frameworks, which are usually utilized for gas separation and
storage media,”>’ have been developed as a new type of
semiconductor with direct bandgap and high carrier mobi-
lity.>***° Therefore, we can anticipate that these new 2D
materials, which possess new optical properties, would
facilitate the research progress of atomically thin metapho-
tonics.

5.1.2. Emerging Polaritons. New mechanisms of light—
matter interaction with low loss require further exploration for
constructing high-performance metaphotonic devices. As we
discussed in Section 2, current low-loss polaritons in vdW
materials primarily contain plasmon polaritons in graphene and
phosphorene and PhPs in hBN and @-MoO3. Note that
phosphorene holds in-plane anisotropic plasmon polaritons,
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while graphene only has isotropic surface plasmon polaritons.
Hyperbolic PhPs are supported in both hBN and a-MoO;,
with in-plane anisotropic polaritons experimentally observed
only in @-MoOj3. Phonon polaritons generally show lower loss
with a longer lifetime than plasmon polaritons, although the
plasmonic resonance can be easily and dynamically tuned by
changing the Fermi level (e.g, electrostatic gating), which
causes a broadband polaritonic response. Conversely, the
responsive band of PhPs is relatively narrow due to the
intrinsic limited Reststrahlen bands in the lattice vibrations of
polar dielectrics. For example, hBN has a polaritonic response
within 6.2—7.3 and 12.2—13.4 ym and @-MoQOj; within 9.9—
10.4 and 10.3—12.2 pm. Thus, searching for PhPs outside this
wavelength range is needed to encompass a wider band
spectrum.

Exciton polaritons in TMDs have also been observed in the
near-field yet remain considerably unexplored.”” In addition,
several other kinds of polaritons in 2D materials have been
theoretically predicted, including cooper pair polaritons and
magnon polaritons.”*® Investigation of the coupling and
hybridization between two polaritonic modes, such as
plasmon—phonon polaritons, are also important in terms of
realizing low-loss dynamically tunable polaritons. An extra
advantage of using polaritons based on 2D materials instead of
metals is that these 2D materials in any form are unlikely to
cause electrical problems when employed in metaphotonic
structures-integrated optoelectronic devices. Thus, we can
foresee a large number of fundamental studies of polaritons
supported by 2D materials and applied research that focuses
on their novel metaphotonic applications in the near future.

5.1.3. Moiré Patterns. 2D materials with atomically thin
forms show intriguing sensitivity due to the stacking angles
between adjacent layers, in which the angle affects the optical
and electronic properties of vdW heterostructures (a type of
metamaterial). The Moiré patterns at small twist angles are
created by the lattice misorientation between the vertical
atomic layers, which causes long-range modulation of the
stacking order.'”" Recent studies of heterostructures composed
of bilayer graphene have demonstrated that a flat electronic
band structure near zero Fermi energy due to strong interlayer
coupling emerges for certain “magic angles” between the two
graphene layers.'”' The correlated insulator behavior at half-
filling in the graphene superlattice is promising in many
aspects, such as studying other 2D quantum phases without a
magnetic field or realizing unconventional superconductors
and quantum spin liquids."”* Stacking angles have exhibited a
crucial role in 2D materials for many other conditions, such as
creating plasmon PCs for nanolight in Moiré graphene
superlattices,””” modifying the SPs in the graphene/hBN
stack,>’ improving the conductivities across MoS,/graphene
heterostructures,” and modulating the phonon dispersions in
twisted bilayer MoS,.”*” Moiré excitons have also been
observed and investigated in 2D twisted stacks, which
manifests as multiple emergent peaks around the original
TMD monolayer exciton resonance with gate dependences, for
example, in MoSe,/WSe, and WSe,/WS, heterojunc-
tions. *>'?>%** A recent report also shows a stacking angle-
tunable PL of interlayer exciton states in twisted bilayer
graphene,”*" which implies a hybrid metal-exciton behavior
with high tunability and potential enhancements. These new
observations of stacking angle control provide a new tool to
manipulate light—matter interactions for 2D materials
metaphotonics.
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The development of novel metaphotonic device applications
should combine both emerging 2D materials with superior
properties and new mechanisms of light—matter interaction.
We present a few examples in the following section to envision
the future scope of 2D material-based metaphotonic devices.

5.1.4. Photonics. Lensing, as an important optical tool, is
traditionally based on metal or dielectric nanostructures but
can also be constructed of 2D materials with atomic thin layers.
Ultrathin flat lenses have been demonstrated using monolayer
and multilayer graphene,’ thin-film reduced GO,”” and
monolayer WSe,. Engineering the phase front of optical beams
that pass through 2D materials also enables the design of few-
layer MoS, optical lenses (by controlling the optical path
length)>** and hBN pillar array-based metalenses (by levering
the high refractive indices).*® To achieve superhigh focusing
efficiency, new lensing mechanisms should be developed by
utilizing low-loss polaritons, as discussed in Section 2 of this
review. The hyperbolic PhPs in hBN crystals have been
demonstrated to show an out-of-plane superlensing eftect with
superior subdiffractional focusing and near-field imaging.'***"
Similarly, in-plane focusing and lensing can also be realized by
taking into account the recently discovered in-plane aniso-
tropic hyperbolic PhPs in @-MoQ; crystals.*® Therefore, a
higher focusing efficiency with multifunctionality is expected
due to the extreme confinement and unique orientation of
these polaritons in 2D materials.

5.1.5. Optoelectronics. The performance of photo-
detectors can be enhanced by utilizing low-loss polaritons or
polaritonic resonances. SPPs induced by metallic nanostruc-
tures have been employed to enhance the light absorption and
carrier generation in 2D material-based photodetec-
tors. """V A few studies also suggest that the photo-
detection efficiency can be enhanced by phonons in the mid-
IR>*7%% Since the real-space observation of polaritons
propagation in graphene and hBN, several attempts of
improving IR detection in graphene have been reported,
such as using the resonances of plasmon polaritons in graphene
nanograting arrays**® or introducing hBN thin layers on
graphene to confine and guide mid-IR nanolight (PhPs).>*’
We anticipate that these low-loss polaritons with high-quality
factors supported in natural 2D materials will provide viable
access to high-efliciency optoelectronic devices such as
photodetectors.

5.1.6. Biosensors. Utilizing low-loss polaritons for
metaphotonic biosensing applications is another important
and promising topic in the field of medical research and clinical
diagnostics. The most crucial figure of merit of an optical
biosensor is its sensitivity, which is the capability to detect a
small number of molecules in highly diluted solutions that
relies on the performance of the underlying optical
structures.”**>*" Although conventional label-free plasmonic
biosensors, which are based on metallic metamaterials, have
shown the possibility of detecting biomolecules, their
sensitivities remain hindered due to their relatively lower
polarizability.”>°~>>* Hyperbolic metamaterials that use 2D Au
diffraction gratings, for instance, were developed to overcome
this issue and demonstrated extreme sensitivity biosensing
ability to detect ultralow-molecular-weight biomolecules at
picomolar (highly diluted) concentrations.”* Thus, 2D vdW
crystals that support lower-loss (hyperbolic) polaritons will
enable the realization of unprecedentedly high-performance
metaphotonic biosensing platforms.
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