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ABSTRACT: Recently, two rich and exciting reseagtids, layered two-dimensional (2D)

materials and metamaterials, have started overlapping. Metamateriaiskengitieered

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. B%@ause,f'%
they are highly tunable and adjustable with the ease of micro- and nanofabrication, %@e Tt
materials exhibit diverse optical properties such as natural negative refraction, naturafss,
anisotropic behavior, and even hyperbolic dispersion. A combination of 2D materials with
conventional metamaterials promises a variety of prospective applications. In this revie.i
illustrate how the concept of metamaterials and their associated metaphotonic capalilii
naturally born in 2D materials. The multifunctionality of 2D materials may enable

terahertz, with particularly low loss, high speed, gated tunability, and miniaturized sizes. ThiS, g vetaphotonic Tree
new area of research links thiels 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 1.0verlapping of metaphotonics and layered 2D materials. (a) The left panel: tHeeleetidt metal shnet structure that is an array

of periodic nanoholes milled on a multilayer nditdéctric stack and operates at optical frequencies. The right panel: a vertical stack of
multilayer graphene or multilayer graphieB8l 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 Tt
magnetic response. The right panel: layered Te cubic metamaterials with electric and magnetic responses in the mid-IR. (c) The left panel: an ar
of nanoscale SRR Au metamaterials for the SHG. The right panel: odd layers of TMDs, hBN, or graphene with strong nonlinear optical respon
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 b
transmits the orthogonal polarization. The left panel: the monolayer TMDs with broken inversion symmetry supporting that the left (right)-handec
circularly polarized light only couples to the band-edge tranditidh)gboints. (e) The right panel: an Ain-based superoscillatory lens with

resolution better tharl6. The left panel: the GO ultrathin lenses with a 3D focusing voluiig. ¢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
the hidden object at microwave frequencies.
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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, daction unlimited optical imaging, and
5.1.3. MoirePatterns 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 Information 6231 for the widespread enthusiasm in metamaterials is their
Corresponding Authors 6231 ynconventional properties and phenomena, which are not
Authors 6231

supported in typical materials observed in nature. The word

Notes hi 6231 “metd means“beyond in GreeK. To di erentiate from
A kBlonga% 1es gggg conventional photonics and optics, we use the words
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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®ifitiexnaterial

The goal of attaining unconventional physical properties thBfesenting a negative refractive index requires a negative value
are not observed in nature has been pursued intensivelydhboth its permittivity and permeability, where the electric
recent years. This goal requires a comprehensive unde®ld, magneticeld, and wavevectors follow a left-handed rule,
standing of fundamental material physics, mature fabricatigAd the group velocity direction is opposite to the phase
techniques, and easily obtainable ingredients. New materiégdocity. Light will be refracted at the side of incident plane
with feasible fabrication and improved properties are sougfe ned by the incident wavevector and the normal direction of
for optical, electric, and mechanical applications. Conventiota¢ interface between a material with a negative refractive
approaches such as chemical synthesis, epitaxial growth, iadgx and a conventional material. However, this topic
chemical vapor deposition (CVD), focus on controlling growtliemained a purely theoretical curiosity for several decades
or synthesis conditions such as temperature, pressure, @edause such extraordinary materials do not exist in nature.
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However, by the end of the twentieth century, researchensetals, and as a consequence, the quantum limit can be more
realized that both negativermitivities and negative easily attainet#>>**
permeabilities can be sustained in the same frequency rangeayered 2D materials that support strong ligatter
after a careful design of the resonance behaviors of theractions can also be employed as building blocks for
composite unit cells that form the metamatefidls a result, ~ designing metamaterials. In conventional metamaterials, a
negative refraction was subsequently achieved in severadative refractive index is displayed in 3D cascaded double-
frequency regimes, from the microwave range to the visiblshnet structures that consist of alternating layers of metal and
range, with exciting applications such geetfiedens® ** In dielectric Ims with a thickness o410 at optical frequencies
2006, several groups further envisioned that EM invisibilifFigure &, left)? In these structures, the negative permittivity
cloaks can also be achieved with metamaterials devised wifkirprovided by the diluted metal part, while the negative
the theoretical framework provided by the concept opermeability is introduced by the strong coupling between EM
transformation opti¢™® In subsequent years, metamaterialswaves and magnetic resonances (usually termed magnetic
ourished and were extended to other disciplines such pelaritonsf* Similar eects can be realized by stacking
acoustics, thermodynamics, and mechanics. alternate layers of graphene and hBNute &, right)>>*°
Metamaterials manifest themselves via n@ats ¢hat are  These multilayered graphene/hBN structures are versatile for
rarely observed in naturally occurring materials, such sspporting various ects, such as perfect absorpfiamd
negative refractionFigure &), optical magnetisntigure polarization selection devi€és atom-thick structures, which

1b), imaging based on enhanced nonlineatsefigure t), were not idented in previous approaches using metal
chirality Figure #), di raction-unlimited resolutiofFigure dielectric multilayers.
le), and invisibility cloaksFigure f).** ' Currently, The magnetic response of materials at terahertz (THz) and

metamaterials provide axible platform to engineer EM optical frequencies is especially important for the implementa-
phenomena in an artial way. The essence of the tion of several devices such as compact cavities, adaptive
metamaterial concept is the functionality of the unit celldenses, tunable mirrors, isolators, and convértsitandard
termed meta-atoms or meta-molecules, which are the buildiagproaches utilize planar structures that are composed of
blocks of the metamaterial. To obtain a desired EM responsmnmagnetic conductive resonant elements (such as double
each unit cell should be carefully designed. These unit cealjglit ring resonators, SRRs), of which the geometry should be
need to be considerably smaller than the operating wavelengthesigned to match with the operating frequency range
to justify the homogenization model but are also expected {&igure b, left)? In particular, these magnetic resonances can
display strong lightnatter interactions. Metamaterials are be tuned over the entire EM frequency range by scaling the
usually designed in a way to work near the resonant EM modize of the meta-atoms and the period of the array. How this
of the unit cell, which inevitably introduces the problem of aagnetic response can be realized by naturally high-refractive-
nite operation bandwidth and considerable losses from boitdex layered Te-based 2D materials in the entire mid-infrared
the composite materials and the associated resonance damgimid-IR) range without requiring any new design has been
Therefore, the composite materials that are utilized to build upcently demonstrateBigure b, right)*%** The advantages
the metamaterial to reduce losses should be carefully chosainthis 2D material, compared with conventional metal
To boost light matter interactions in deep subwavelength unitlielectric metamaterials, are its intrinsic electrical and magnetic
cells, most feasible demonstrations have relied on the useregponses in the mid-IR range and low ohmic losses as well as
plasmonic materials or high-index dielectrics. The addition tife angle-invariant and feasible integration into three-dimen-
judicious mechanisms is usually required to dynamically tusmnal (3D) volumes. Due to these properties, metamaterial-
their properties, to increase their bandwidth, to enable laased devices such as wide-angle lenses and cloaks can be more
nonlinear regime, and if possible, to reduce their size feasily implemented by stacking these naturally occurring 2D
miniaturized multifunctional metadevices. The exploitation @haterials than the use of standard metal/dielectric multilayers.
new advanced materials as the building meta-atoms is criticallonlinear optical @cts possess an essential position in
to ful Il these demanding requirements and fully achieve thmodern photonic/optoelectronic devices such as lasers, optical
promising applications of metamaterials. switches, and single photon sources. In most materials,
The discovery of graphene in 2004 opened a new platfornonlinear eects are usually very weak and several orders of
to explore strong lightnatter interactions due to its reduced magnitude lower than lineareets'” E orts to boost the
dimensionality (2D). Researchers have predicted that mom®nlinearity of metamaterials have been made by constructing
than 600 potential 2D materials can exist in a stable ffannetigh-quality-factor micro/nanocavities that can substantially
In general, layered 2D materials can be elhssio two enhance nonlinear liglmatter interactions; however, these
groups: 2D allotropes of various fundamental elements sucheascts work in a very narrow barféig(re &, left)?>**
graphene, black phosphoréhé’ and silicerié??> and  Alternative solutions can be 2D materials that display naturally
compounds such as transition metal dichalcogenides (TMOsgh nonlinearities, such as grapfieRer instance, third-
with general formula of M)® ?° hexagonal boron nitride order nonlinear signals in graphene are very strong: tunable
(hBN),?%?” and MXenes (layered transition metal carbides anthird-harmonic generation (THG) and four-wave mixing
carbonitrides with the general formulaXAT).?® Graphene ~ (FWM) have been recently demonstratetf. Even more
and other 2D materials have attracted the attention of scieniceeresting is the phenomenon of second-harmonic generation
and engineering research communities since 2004 due to tHEHG), which in principle should be absent in pristine
unigue optical, electronic, mechanical, and thermal propegraphene due to its centro-symmetric crystal structure.
ties?® *' One of the most important features of 2D materials i$lowever, SHG has been observed in trimmed graphene by
their atomic thickness. As a result, EM energy can be higltlybridizing graphene with other matéfidly electrical/
con ned to an even smaller volume than that associated withemical doping or patterning” These intrinsic strong
conventional surface plasmons (SPs) supported by nobienlinearities are essential for the use of graphene as a perfect
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Figure 2.Number of publications per year in tel 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 I1SI Web of
Knowledge, February 2020). Solid lines represent the exponential growth experienced in these areas. Dashed arrows depict the delibe
speculations of future trends. The insets show the representative studies in the evolution of easld.ras®ztrahages: (a) Monolayer

graphene integrated with metamatéfialse addition of graphene greatly enhanced the optical transmission at the resonance frequency linked to
the Fano-type plasmonic mode of the SRRs. Reprinted with permissiorBfio@opsfright 2010 Optical Society of America. (b) Graphene
integrated with a layer of hexagonal metallic meta®asimsiing substantial gate induced persistent switching and linear modulation of THz
waves. Reprinted with permission frorBTe€opyright 2012 Nature Publishing Group. (c) Grapl&RR pair with a cut wifeAn 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 elect
gating. Reprinted with permission fron82e€opyright 2012 American Chemical Society. (d) TMDs that combine with the Au photonic spin-

Hall metasurfaéé exhibiting simultaneous enhancement and manipulation of nonlinear valley-locked chiral emission in manhB&l&yer WS
Reprinted with permission from 8f Copyright 2019 Nature Publishing Group. (e, f, and h) Theoretical and experimental results and
applications of metamaterials made of layered 2D m&af&fiarghe theoretical study (e) demonstrated the transformation optical devices by
spatial modulation of the graphene conductivity. Tunable plasmon excitations in engineered graphene microribbon arrays were experiment
realized via electrostatic doping (f). A 90 nm-thick graplieteetric metamaterial absorber w@&h% absorptivity of unpolarized light ranging

from 300 to 2500 nm could enable the heating toCLBOnatural sunlight, ideal for practical application of solar energy harvesting (h). Reprinted
with permission from r&B. Copyright 2011 AAAS. (g) Tunable layered hyperbolic metaniatetiais the grapheneBN heterostructure

supports hyperbolic plasm@hmonon 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 permissioh3fr6opyeight 2018 AAAS. (j)

Exciton polariton transport in MoSeake$” showing thickness-dependent waveguide exciton polariton (down to the wavelength of 300 nm) and
excitation-energy-dependent propagation length (up m)18k) Natural in-plane hyperbolic layered 2D mat&tiale semiconducting

MoO; could allow the deeply subwavelength phonon polaritons with ultralong polariton lifetimes. Reprinted with permissién from ref
Copyright 2018 Nature Publishing Group.

building block for designing nonlinear and tunable metaand nanophotonicsFigure @, right)®® °° Constructing
materials when combined with either other 2D materials atomically smooth chiral materials for developing novel
subwavelength metastructuégie t, right)>> * nanodevices remains challenging due to the limited fabrication
In a di erent scenario, chirality exists in macrostructures aratcuracy. These limitations and shortcomings can be overcome
microstructures associated with optical polarization rotatiaxsing 2D materials. For example, by stacking graphene layers
and circular dichroism. Thiseet can be used not only to with a slight dierence in the orientation of the lattices, the
detect and analyze secondary structural information amdupling between the incident magnetid and a magnetic
conformation of molecules but also for applications imipole moment in the twisted graphene layers would depend
engineering and modulation of optiedtls>* However, the  on the helicity of the incident light, which causes the
optical chirality of naturally occurring 3D materials is vergmergence of circular dichroi$mi® Similarly, chiral atomi-
weak, and therefore, most current approaches depend cally thin Ims can be achieved with other 2D matéfiis.
metamaterials for devising chirality-based applications in optacidition to the optical responses that are controlled by the
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helicity of incident photons, engineering the electron behavior 00

in 2D materials also produces two novel areas of research: _

spintronics and valleytronics. Spintronics are associated with ~

the spin of electrod8’* whereas valleytronics take advantage 0 1)

of the electronic valley degree of freedom (Diig)i(e d, where the subscrigiend indicate components parallel and

72 74 . . .
Ieft)h _to dstqrﬁ an(_j clarry '”form"’?“f”' which can also beperpendicular, respectively, to the optical axis (choser-as the
synthesized with optical metamaterials. axis). Therefore, the dispersion relation for the EM waves that

By further employing advanced nanofabrication technolgyonagate in the bulk of a nonmagnetic hyperbolic material can
gies, 2D materials can also be patterned to display othgg written as follows®2

interesting and promising EM responses. For example, , ) ) )
ultrathin (/5) lenses that are constructed of graphene oxide K+ K + ﬁ _ i
(GO) can focus a 3D subwavelength spi#b)(in the far I - & )
eld (Figure &, left)’> Making an object electromagnetically

invisible is one of the most exciting achievements usirﬁ%’r‘erekwkyandkZ are the wavevectors alongxeectiony

. 75 78 I . . ection andz direction, respectively; is the angular
metamaterialS. ** By designing the unit cells with SRRs Of.frequency; andis the speed of light in a vacuum. For a metal

di erent sizes to simult.aneouslé sup_poq b,Oth electr|8r any other material with a negative permittivity (< 0),
resonances and magnetic resonanamsjmpinging EM  the medium does not support propagating EM waves in the

(Figure 1, right). However, large intrinsic material l0ssoptained fromeq 2°° For isotropic materials with positive

deteriorates the cloakingeet/® Conversely, due to the low permittivity, i.e., = ;> 0, EM waves can propagate inside

loss and strongeld localization, graphene can be used as athe material but with anite wavevector={gure &), which

excellent building material for designs based on transformation

optics’® The ability of a single layer graphene in either a planar  a) b) c) d)

or cylindrical form to hide an object in a narrow band THz

frequency has been recently demonstratgar¢ 1, left). By

electrically or chemically tuning the Fermi level, the cloaking :
Lk

k.

e ect can be readily shifted from THz frequencies to the far-IR
spectral range.
Research on the potential of 2D materials remains a

. . . . Figure 3.Isofrequency dispersion given fk) = constant in a 3R
prominent area in both fundamental science and practicgly .. ¢ an (a) isotropic medium € | = = ,>0) and a

engineering. The number of scierpapers that are published hyperbolic medium with (b) type | & 0, ;< 0) and (c) type Il
per year to study the photonic properties of 2D materials {s <0, > 0) responses. (d) Elliptical mediug | >0, <
exponentially increasirfgqure 2, in addition to exploration  0).
in other elds such as electronics, mechanics, and chemistry:
With the development in fabricating 2D materials and tuningXplains the diaction-limited imaging in the fad. The

their properties, 2D materials should have exciting applicatiopfgotonic density of states (PDOS) is alsite due to the
in multiple disciplines. nite volume between two isofrequency surfaces in isotropic

ielectric? °* In anisotropic materials, the propagation of

In this review, we introduce the metaoptics/metaphotonic§! itically d d th tion directi |
properties of 2D materials and their fabrication and feasibfg’ /2ves critically depends on the propagation direction. in
e case in which and | have opposite signs, the dispersion

" . ) . t
applications by comparing them with conventional metamat elation follows a hyperbolic behavior, from which the name
hyperbolic materfak coined. According to the signs of these

rials. We illustrate the potential of naturally occurring 2

materials as perfect candidates to build new metamaterials igg permittivities, the hyperbolic dispersion can be categorized
synthetic way. Metamaterials and 2D materials cart bengnto two types: type | with > 0 and 1< 0, and type Il with
each other and enable compound multifunctional devices to < 0 and ;> 0. In principle, for both types of hyperbolic

surpass their individual composites. materials, wavevectors can be extremely large inside the bulk
with an upper limit at the edge of Brillouin zone, which is
2. OPTICAL PROPERTIES OF LAYERED 2D determined by the size of the hyperbolic unitEgllile B,
MATERIALS TO INSPIRE METAMATERIALS c). This implies that deep subwavelength geometrical
information can be recovered in the &ud- of hyperbolic
2.1. Natural Metamaterials metamaterials in principle, which enables the hypgérféns.
2.1.1. Natural Hyperbolic Dispersion in 2D Materials. ~ Recently, we reported a third type of hyperbolic medium, in
Hyperbolic materials have attracted substantial attention hich = y y>0, <0 (Figure 8); itis referred to as an

liptical hyperbolic medium due to this peculiar relation

recent years due to their ability to control the propagation mong the components of the electrical permittivity f&nsor.
EM waves and their interactions with matter, which caugg g hyperbolic media, the extremelynitely large

extreme anisotropy in their electrical respBhsésin  \ayevectors that are supported within the bulk also generate
nonmagnetic and uniaxial hyperbolic matértasmagnetic 5 strong lightmatter interaction that is associated with these
permeability tensor reduces to a unit tensor, while th@ighly conned EM elds*®*° However, this divergent
permittivity tensor can be expressed after diagonalization @shavior cannot occur in reality because large wavevectors
follows: will be eventually cut owhen the wavelength of the
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corresponding propagating EM mode is comparable to the siz) b) o) ,

of the hyperbolic unit cell Therefore, the resultant maximum J \w
wavevector that is attainable in hyperbolic materials is of ti — — | A [ —
order 1. In addition, the propagation of EM waves follows ar?/wp1 @y, | [E=077 Do 7’;:2 £=0 [ @z

angle that is deed as = atan(( / |)*2), which is very

di erent from the isotropic propagation in normal media.
From an applied point of view, the peculiar properties 17) w I7)
dispersion relation associated with hyperbolic media have b

n Lo . .
. - . . %‘lagure 4.Basic mechanisms of the intrinsic hyperbolic medium. (a)
exploited for novel applications such as negative reffdction, Drude type, conductance along all orientations of the crystal in the

. . . . . . 105

light emissioff*° thermal radlatloi'f’,o "% and sensnfgj’.“ . incident plane is metallic but withetient conductive ability; (b)
Due to the extreme anisotropy needed for both dielectrigy,de Lorentz type, the conductances alongrelit orientations

components and metal components to achieve a hyperbodig very dierent from each other; and (c) Lorentz type, conductance

dispersion, hyperbolic media are rare in nature. Thus, pRoperties along all orientations are diele@iiere, ,;and ,in

substantial amount of attention has been focused to structureath dielectric spectrum refer to the twerdit plasma frequencies;

materials (metamaterials) using layered nug¢ddctric  the permittivity tensor in the frequency range betwgemd ,is

structures or metal wire arrays embedded in a dielectric hgggde nite, leading to the negative refraction of the incident light

In these cases, the total response can be described usind'8¥fs: Reprinted with permission froml@&f Copyright 2014

e ective medium theory, which is valid only when the longmerican Chemical Society.

wavelength approximation is satis”® However, the nest

feature achieved using state-of-the-art fabrication technologiegli erent research communilitsA detailed discussion of
is typically 10 nm, which limits the maximum value for thehe capabilities of both SPPs and PhPs to enable high-
attainable wavevectors that can propagate inside the megigformance metamaterials and metasurfaces (M&Ms) is
(refer to previous discussion). provided inSections 2.and 2.3 and interested readers can
The recent discovery of layered 2D materials has beeRplore recent reviews for an in-depth understanding of the
revealed with the hyperbolic response of superior perforxciting possibilities of excitons in 2D matétiais.
ances, such as low loss and broadband operations, comparggexagonal boron nitride, which is a potential optoelectronic
with those displayed by hyperbolic metamatéfidfs For material for light emission and detection in the deep UV
example, a hyperbolic equifrequency dispersion is observedréjuency rangé,lﬂlw can support hyperbolic PhPs at mid-
crystalline graphite in the ultraviolet (UV) range usingR frequencies with low loss. This 2D material presents
eIIipsometrﬁgQWhen the electriceld is polarized along the metallic (negative permittivity) and dielectric (positive
graphene plane, the hybrid resonance ahd -electrons  permittivity) EM responses along orthogonal principal axes
generates a negative permittivity. However, when the electfiggure )3**31419 121 Not only the volume-coned
eld is perpendicularly polarized to the graphene plane, th@lk hyperbolic polaritoé but also sidewall-camed
forbidden bands produce a positive permittivity. Graphite-hyperbolic surface polarittié®” are detected in hBN. The
like materials such as magnesium diboride JJMg8  optical phonon modes of this material present two widely
support hyperbolic dispersion in the blue and UV range @&feparated stopbands that are induced by its light atomic
the EM spectrurt’® Other compounds such as super- masses, strong out-of-plane anisotropy and the polar band
conductor-type cupraté8 and perovskite-like ruthen- between B and N. The out-of-plane crystal vibrations
ates™™*? can also display hyperbolic dispersion according taransverse optical phonon, TO) produce type | hyperbolic
the ratio of the constituent elements, with operationresponses, whereas the in-plane vibrations (longitudinal optical
frequencies that range from UV to THz. In general, the origiphonon, LO) produce type Il hyperbolic behaviors. Due to its
of hyperbolic dispersion in these 2D materials can biherent layered structure, the hyperbolic PhPs modes can
categorized into three groups depending on the combinati@ven be supported by hBMNkes with thicknesses of
between the metal components and the dielectric componermisproximately 1 nm, which implies an unprecedented potential
(Figure 3. For either metals or dielectrics, the sign of thein breaking the fundamental limit of photon mement in
permittivity is opposite at the two sides of the plasmomyperbolic EM modés'*
frequency. Recently, a family of natural electrodes suchdsv@ee
Recently, 2D van der Waals (vdW) materials have emergtitboretically demonstrated to support high-performance
as feasible candidates for hyperbolic EM responses with umyperbolicity with low loss and a broad operation band that
cells reduced to the atomic level. EMis strongly interact ranges from the near IR regime to the mid-IR frequency
with 2D materials, and the resulting hybrid entities are usualiggime. Their hyperbolicity can be tuned by strain and can
referred to agolariton®epending on the type of quasiparticle even be switched between an elliptic response and a hyperbolic
that is coupled to the EMeld, polaritons may be plasmon response for a particular frequency randgeyered TMDs
polaritons, phonon polaritons (PhPs), or exciton polarean support a large variation of controllable hyperbolicity that
itons?%88113 These polaritons can form at the frequencyranges from near IR to UV by stackingrént types of 2D
range of interest, which generally occur in most 2D materialgMDs*2°
Surface plasmon polaritons (SPPs) exhibit low-loss andNote that the hyperbolic response in hBN arises from
broadband performance from THz to IR frequencies, andnisotropic phonon modes, which are produced by the
feasible tunabilities in 2D materials, for example, griphenehybridization of longitudinal phonons with transverse phonons
PhPs have been demonstrated in a few layers of hBN, whimh quasi-static Coulomb interaction mediated by large
exhibit hyperbolic featurés. Excitons, the electrohole momentum photons. In the next section, we introduce the
combinations, are observed in all 2D materials that support propagation characteristics of in-plane anisotropic PhPs in 2D
electronic band gap, which has prompted an increasing interiestered materials.
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Figure 5Optical properties of inspired metamaterials composed by layered 2D materials. (a) Hyperbolic dispersion of BN belaxiesns.
refer to the tangential momentlignthe axial momentuky, and the frequency. The momentumfrequency dispersion surface for the
hyperbolic polaritons of the upper band (ranging from 1370 to 15)5esmmbles “butter y’ composed of individual hyperbolas. Reprinted
with permission from r&23 Copyright 2015 Nature Publishing Group. (b) Energy loss and plasmon dispersidiTbéBdss function was
calculated for monolayer BP with an electron doping’efi®andT = 300 K.q , andq , refer tog along the two crystal axegight) andy

(left), respectively. Shaded regions are the Landau damping regions. The plasmon digpehgetidito their mass anisotropy, where the
smaller mass aloxdpads to higher resonance frequency. Reprinted with permissionil2dnCogfyright 2014 American Physical Society. (c)
lllustration and experimental veation of optical negative refraction in graphite linst> Two pump beanig andk, are focused on atomic
graphene layers (honeycomb lattice) at angles ,, respectively. The incident bdams refracted in the negative direction and detected by a
photodetector. The refracted beam exhibits a resonagee gtthat is, the incident signal beam is refracted in the negative direction.

2.1.2. Natural Anisotropic Polaritons in 2D Materials. damped only for near-IR frequencies. The anisotropic
Propagation of anisotropic polaritons along the surface pfasmonic ects are also expected in Weyl semirétals.
layered 2D materials is caused by an in-plane anisotropiayered transition metal chalcogenides such as kude
structure and electronic and/or optical phonons characte¥WTe, also show anisotropic vibrational and electronic
istics. In these materials, in-plane elliptical and hyperbolitaracteristics, which indicates the potential to be natural
polaritons can be supported, which causes an increased PD¥®&otropic plasmonic materiats.
and ray-like propagation along the surface. Recently, we2.1.3. Natural Negative Refraction in 2D MaterialsIn
reported the experimental observation of anisotropic PhPs thminciple, negative refraction can be supported by any
propagate in-MoQO,, which is a natural layered 2D material anisotropic material but is usually unobservable due to the
(Figure k).2% PhPs in -MoQ;, are highly comed with a  currently small anisotrofi{***>? In contrast to negative
wavelength ofy120 ( o, free-space wavelength of photons);refraction in metamaterials, where both electric and magnetic
its hyperbolic EM response can be tuned by altering theesonances are involved in generating negative permittivities
thickness of the 2Dakes. Furthermore, real-space imagingand permeabilities, nonresonant hyperbolic materials can
with scattering-type scanning netd-optical microscopy (s- support negative refraction, which presents lower loss and
SNOM) has corrmed the long lifetime of hyperbolic PhPs (8 broader operation bandwidth, as previously discussed.
ps), which is ten times longer than the counterpart of graphemegative refraction, for example, can be achieved at the
SPPs at room temperature (RT) and four times longer thaimterface between a vacuum and a type Il hyperbolic material
the best values obtained for PhPs in isotopically engineeregcause the tangential component of the averaged Poynting
hBN'?" In-plane anisotropic-MoO; PhPs add a new vector for the transmitted wave can be expressed as follows:
member to the ever-increasing list of polaritons in 2D layered
material§® §=—LHf<o0

SPPs, which are quasi-particles formed by photon and 2 k, (3)
collective oscillations of electrons, have been observed in
graphene via direct IR nanoimaging, which enables theTherefore, the incident light will be refracted with a negative
exploration of plasmonics in 2D vdW matéffdfS:Recent  angle if | is negative’
theories predict in-plane anisotropic and even hyperbolic SPP3he widespread approaches to achieve negative refraction,
in naturally layered black phosphorus (BP) without the neesuch as the use of plasmonic materials and nonlinear
for nanostructuring due to its inherent in-plane anisotropy inomponents, usually su from strong dispersion with the
their electronic and structural properfiésiue b). Although incident angle, high loss and limited bandwidth. Interestingly,
BP has a relatively isotropic static screening, its barD materials such as graphene exhibit large optical non-
nonparabolicity produces highly anisotropic SPPs witlnearities with extremely low absorption; for example, the
resonance scaling via doping concentration. The calculatiitd-order nonlinear susceptibility of graphene is two orders
dispersion ifrigure b for monolayer BP presents two distinct of magnitude larger than that of gold (Au). Combined with
in-plane loss functions, where the SPP that propagates alohgir low surface scattering due to their atomic smoothness,
they direction is damped at mid-IR frequencies, while the SPRyered 2D materials can act as inherent negative refraction
that runs along persists to the near-IR frequency range. Thanaterials at optical frequencies. Graphitelthsnhave shown
SPP modes that propagate along one of the crystallographiccontrollable negative refraction as demonstrated using
directions of BP are long-lived because they are Landalegenerate FWMr{gure 6).3° The graphite surface enables
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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 thaf:- Zannot be absorbed due to Pauling blocking and lack of electrons available for the interband transition,
respectively. (¢) One-photon (l) and two-photon (II) absorption process and FWM procé&ssafitl). refer to Fermi level and optical

photon energy, respectively.

highly e cient phase conjugation, which can reverse the phaskites, Mxene, layered metal oxides, and metal carbides,
of the EM elds by acting as an analogue of a negative indexcording to their electronic band structures that determine
boundary. The negligible thickness of the layers causes viiy associated optical properties.

low optical loss in this structure, and the linear band structureFor example, graphene, which is the most investigated and
of graphene further enables broadband operation, in principlee rst experimentally demonstrated 2D material, has a zero
from radio frequencies to gamma ray frequencies. Moreoveand gap and linearly supports dispersed massless Dirac
hBN with hyperbolic properties can support negative refractidtfermions near the Dirac point, where the conduction and
in the upper band. However, its highective index causes valence bands meeFigure @). This consequence is
transmissiot'.’ By alternatively stacking graphene and hBN, attributed to the Lhybridization between 2s electron orbitals
negative refraction with improvedtiency can be achievéd.  and two 2p electron orbitals of carbon in the 2D hexagonal
2.2. Optical Transitions in Layered 2D Materials for lattice. For a large range of photon energies, the absorption
Advance Metamaterials ( 2.3%, = 1/137 is the ne structure constant) and

As mentioned in this review, conventional M&M constructegansm'ss'on .(1 ) vlnl‘lezremalr] nearly constan.t, Wh'Ch are
of plasmonic metals (such as Au, silver (Ag), copper, ar?c?lely deter_mlned by=¢7 c(cis thflSlQEEd O.f light in free
aluminum (Al)) and/or dielectric materials (silicon and space, and is the Planck constant). In this case, the
titanium dioxide) usually work in a very narrow band’absorptlc_)n of a weakly coupled fevy-layer graphleyérs)

n be simply estimated by the scalinddaw:The constant

especially in the visible and near IR range; their geometri : ; . X
and EM performances cannot be easily tuned once fabricatigSCrPtion of light in graphene can also be explained by the
ynamic excitation procesSigiire @). Electrons in the

is completé®® 3" The nonlinear properties of M&M depend =SSIN !
P Prop P h alence band can be excited into the conduction band; those

on the intrinsic microscopic nonlinear polarizabilities of t I I th i d L until a hot elediobe
constituent materials, which are usually weak compared witht €'ectrons will thermalize and cool until a hot ele

layered 2D materials and their low damage threshold wiffflullibrium distribution with the electronic temperdiyre

strong pumping intensity. These problems hinder varioﬁt"i‘ﬂe‘j after the §ho_rt excitation process (approxmately 150
applications that require the broadband and tunable nonlinel®- ~ The new distribution of electrdmole pairs blocks
M&M. 238 140 |nspired by the remarkable EM properties in opfurther absorption of light, whose energyTiswithin 1 ps.
materials such as pristine graphene, hBN, BP, and TMD%gbsequently, the.mtraband scattering through. phonons will
which usually display tunable intraband and interban800! the thermalized queesificles, and the interband
transitions and large nonlinearities, we envision that the§tectron hole recombination process will dominate. With
2D materials can be very important for circumventing th@rge excitation intensities, satura_ted absorptlon will oceur,
previously mentioned disadvantages of the metal/dielectMhich produces a transparency window for light at energies
framework for constructing M&Ms. immediately above the band-edge and cause constant

In this section, we illustrate the opportunities that facilitat@Psorption of grapheti€. These schemes of lightatter
the promise of 2D materials as perfect candidates for advan#graction can occur in an amazingly broad band from the
M&M applications. We review the fundamentals of the broa@icrowave band to the THz band and IR frequency regimes
spectrum of lightmatter interaction in 2D materials, which and even to the optical range due to the zero bandgap near
range from the UV range to the IR frequency range and froRirac points. This broadband constant absorption in pristine
the linear regime to the nonlinear regime, in which feasibf@onolayer graphene can be extremely useful in the design of
approaches can be easily applied to tune rigliter ultrabroadband M&Ms, where light modulators, sensors, or
interactions via electrical gating, chemical doping, straiphotodetectors can be realized (reféetetion 4)5
background dielectric environment, and stacking orders. Di erent from semimetal graphene, some other 2D materials

2.2.1. Broadband Spectra of Light Matter Interac- support a moderate electronic band gap, which behaves as a
tions. The past two decades have witnessed the tremendonolayer semiconductor for IR and optical frequencies. For
e orts of searching M&M from the microwave, IR, and visibléastance, BP has a layer-dependent direct band gap that
range to the UV frequency range. To establish the promise mipnotonically increases from 0.3 eV in its bulk form for larger
2D materials as the meta-atoms of M&M, a broadband lightthan 8 layers to 2 eV for a monola§®f:’ This fascinating
matter interaction should be required; this interaction igeature originates from the self-energy correlation in its vdwW
possible by carefully selecting appropriate 2D materials frdyanding, which can enable strong interactions with EM waves
its burgeoning family, such as graphene, TMDs, BP, perand can be used for photodetection or imaging applications
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Figure 7 Light interactions with TMDs at its valleys. (a) Valence band gfddn&uction band of Mg&nd the degree of circular polarization

( and *) of the interband transitiofi5(b) Spin-related absorption and photon generation of valley excitonic photoluminesceft &hsssion.
left (right)-handed circularly polarized ligh{ ) only couples to the band-edge transitio &K ) points due to the angular moment
conservation and time reversal symmetry. (c) SHG selection rule with the spin valley-exciton-locking ph@marefiaircular (right-
circular *) photons at the fundamental frequency denerate a single right-circular(left circular ) photon at the second-harmonic
frequency (2) with near-unity polarization. (d, €) Schematic energy-band structures akdand thealley for (d) MoXand (e) W% (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-d
bands, respectively. The spin-down valence band is not presented bechd@enie\s 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 yelldvpimwTdtetoorrelated
electron hole pairs are enclosed by a yellow (brightxciton), red and orange (momentum-forbidden Kark and K K exciton,
respectively) and purple ovals (spin-forbidderkdaglexciton)->® Reprinted with permission from¥88 Copyright 2018 American Physical
Society.

from the mid-IR range to the visible radfg&'*° Another  conduction and valence bands in the hexagonal Brillouin zone:
interesting property of BP is its in-plane anisotropy that ihe valleysHigure &, b). These two valleys, however, have
derived from the atomic bonding in two inequivalentopposite Berry curvatures, and consequentyemt valley
directions, which renders BP as transparent for light polarizpdeudospins. As a result, each valley can only interact with one
along the zigzag direction and highly absorbing for lighdf the spect spin angular momenta of light and manifests in a
polarized along the armchair directi6t."*>%*>* Aniso-  spin-valley-locked lighhatter interaction that operates for
tropic M&Ms have been searched, and the intrinsic strongoth 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 momentunf multiple spin-split valleys, dark excitonic states that are
vector:?#*46152 which can produce more sophisticatedinaccessible by light (referfigure @, e) can be formed®
applications if its structure is properly designed. As discusdeark exciton states play a formerly unpredicted butaigni
in Section 2,Xthe intrinsic electric permittivity of unstructured role in determining the degree of polarization of the
BP displays dérent signs along the two directions. Thisphotoluminescence (PL) emission from TMDs. Intervalley
property is very appealing because it supports hyperbao$icattering, which is dominated by the elechme exchange
surface waves, which act as a natural hyperbolic metasurfadaeteraction, is active only for bright excitonic states. A dark
and can reduce the demanding fabrication requirements @fciton ground state ers a vigorous reservoir for valley
conventional hyperbolic metasurfaces constructetfobrAg  polarization, which helps to maintain a Boltzmann distribution
graphene nanoribboré. of the bright exciton states in the same valley via intravalley
TMDs usually exhibit a direct electronic band gap in thecattering between bright and dark excitons. Because the spin
visible range (1.2.5 eV), and therefore, are excellentorbit coupling can be positive or negative in the TMDs
candidates for next-generation optoelectronic applicationsaterial, there are potentially twoedént orderings of spin
such as light-emitting devices (LEDs) and photodetectorstates: (1) while in MGXTMDs (X = S, Se), electrons in the
They usually share the chemical formulz wBere A lowest conduction band have the same spin as those in the
represents Mo, W, or Ta and B denotes S, Se, or Te. Similartighest valence band; (2) an opposite spin ordering have the
BP, TMDs also have in-plane anisotropy due their inequivalesame spin in WXIMDs, as shown ifigure @, e*%In WX,
in-plane atomic bonding, and their band gaps depend on tAéMDs, in which the dark exciton is the ground state(20
layer number due to their weak vdW force and interlaygyolarization can be achieved, even without resonant excitation.
hybridizations among drent layers**>> The most interest- By contrast, the MgXTMDs with bright exciton ground states
ing property of TMDs perhaps is its valley 8oF°° The require almost resonant excitation to achieve the same
broken time-reversal symmetry in monolayer TMDs cause twolarization degré&’ Furthermore, the dependence of the
energetically degenerate band gaps at the extrema of tlegree of polarization on the detuning energy of the excitation
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in MoSe suggests that the electrbole exchange interaction doped graphene). For slightly doped graphene,nttiisg
dominates over the mechanism of two longitudinal acoustimplies that only intraband transitions will contribute in the
phonon emission for inter valley scattering in TVfiRast THz range (B> , is the angular frequency), where the

e orts to search M&Ms with spin-dependent applications haveterband transition is forbidden. At higher frequencies such as
focused on stacking nanostructures or building 3D met#he visible and IR range, the intraband and interband channels

molecule$?*®° while natural TMDs with the valley DoF compete with each other and the interband transition usually

enables applications such as circular dichtdigntaking dominates the EM response of graphene. From a physical

advantage of the spin-valley-locking phenomenon. point of view, the contributions of interband and intraband
Interestingly, an indirect quasi-particle gap with thelectronic transitions in graphene can be included in a Kubo-

conduction band minimum located at @point (instead like formula, as derived with the random-phase approximation

of K) was observed in single layer W&eresolved by a as follows:

comprehensive scanning tunneling spectroscopy approach,

albeit the two states are nearly degenéfat@tie optical 8E- i < i § 2E;

properties of TMDs are widely dominated by excitons, = OTT+ of ( S 2E4 —n +725F

Coulomb-bound electrohole pairs. These quasi-particles
. . ) 4)

show huge oscillator strength and give rise to narrow-band,
well-pronounced optical transitibiStudies of strong light where the rst term applies to the contribution of the
matter coupling in layered TMDs demonstrate outstandinghtraband transitions within a Drude model and the second
progress. This strong coupling regime emergeseiendi  term corresponds to the interband transitiori® Here, is
cavity systems such as planar microcavities and structu@s nite relaxation rate of the intraband transition process and
contain metallic componefs. o = €4 | wheree is the electron charge. With photon

In addition to BP and TMDs, 2D metal halide perovskitesnergies approaching.2the loss associated with interband
also own layer-dependent electronic band gaps that encompe@gAsitions becomes dominant in the visible and IR frequency
the entire visible EM range, which are highly promising faegimes, which causes constant absorption in this EM range, as
LEDs and solar cells. An interested reader can explopeeviously discussed. By tuning the Fermi level, a person can
additional details about the optoelectronic properties of 2ldynamically modulate the properties of graphene, and a
metal halide perovskites in other in-depth reviéwe transition from a metal to an insulator character can be
electronic band gap of these 2D materials can be very larggiuced. Ways to change the Fermi level includes gate
which render these materials perfect insulators for deep W¥asing’**’® or chemical doping such as boron and nitro-
light sources. hBN can also support band gaps as large agefi’’® ®*Tunable M&Ms based on graphene that presents a
eVZ%1% Although its bulk form wasst recognized as an dynamical control of the Fermi level can be designed in the
excellent smooth substrate for encapsulating grépfiene, THz frequency range, where intraband transitions domi-
that the use of its 2D form as a gate dielectric and the use @te'® Furthermore, a waveguide platform can be introduced
their defects, while acting as color centers, as quantum singéegraphene by turning on/athe interband transition to
photons sources, were rediscovéred. design an optical modulator in the near-IR frequency fange.

2.2.2. Tunable Properties of 2D Materials.E orts in  This electrical control or chemical doping can also be applied
establishing tunable and regpmable M&Ms for dynamic  to bandgap materials such a$Bi? TMDs ®%'¢” The basic
functionalities are ongoing. EM properties of meta-atomshysics of this procedure is to modify the electron/hole carrier
constructed of noble metals, semiconductors (such as indiufensity and the Fermi level in the system. In this way,
tin oxide, ITO), or dielectrics can be mediby doping, for  polaritonic modes such as SPs or exciton poldtitoms be
examplé®’ However, the doping level cannot be easily tuneguned.
once fabrication is complete. In a few successful examples.ayer dependence is another feasible approach to tune the
tunable M&Ms resort to modation via heat, in the case of EM properties of 2D materials. Vertically stacked atomically
phase changing matertdfschemical reactions such as thin materials are bonded by vdW forces. Therefore, the
hydrogenation or dehydrogenation oflﬁﬂgéo or electro-  bandgap, absorption and dispersion of the EM modes
static doping of ITE" and other materidls: *"* Despite  supported by 2D materials can be changed by altering the
these eorts, the feasibility of tuning material properties tonumber of layers. As previously discussed, the bandgap and
determine the EM response of M&Ms remains weak, especiadltiton binding energies of the 88552 and TMD$°588
when it requires both a broadband frequency range and afso vary as a function of the number of layers. Absorption of
active modication. Therefore, 2D materials are excellenfight is proportional to the number of layers of graphene. More
candidates for building tunable M&Ms because their propeinterestingly, stacking can also change the symmetry of 2D
ties can be easily moelil via many external means such asmaterials. For example, an odd number of layers of graphene
chemical doping, electrical control, thickness or number ahd TMDs produce centrosymmetric structures, while an even
layers, background environment, strain, and temperature. number of layers breaks the inversion symmetry of the system.

As an exemplary case, optoelectronic properties of graphems property signtantly aects their nonlinear properties
can be tuned by chemical doping or electrical bias. The densifycause only noncentrosymmetric materials can support SHG,
of carriersrf) and its Fermi leveEL = /) canthus be  which will be further discussed in the next section. Researchers
modi ed at will Figure 6). Here s (approximately £@n/s) are increasingly interested in stacking monolayers that are
denotes the Fermi velocity of the electron. With excitationonstructed of derent 2D materials to construct vertical
energies less thaE-2 no photon can be absorbed in the heterostructur&® that support hybrid polaritons-like gra-
interband transition because all electron states in thghene hBN layer§%*°°|n addition, recent studies suggest a
conduction band are occupied (for n-doped graphene) aich physics in Moirgtructures, in which superconductivity in
because no electrons are available in the valence band (fobjlayer graphene can emerge at magic angles, depending on the

6206 https://dx.doi.org/10.1021/acs.chemrev.9b00592
Chem. Rew2020, 120, 61976246


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

Chemical Reviews pubs.acs.org/CR

rotation angle between dient monolayets+*°?and suggest broadband range and are lgasiinable, as previously
that Moire excitons with unconventional properties arediscussed. We also review receptte to combine 2D
supported®3+93 196 materials and plasmonic or dielectric M&Ms to build versatile
The properties of materials that surround 2D materials arnlinear platforms in photonics.
also responsible for the EM performances of the resultingThe microscopic origin of nonlinearity is the breakdown of
structures. Among these properties, we highlight the inheraht linear dependence of electroestoring force on their
smoothnes$°’ the dielectric screenifif,”® and the  displacement from the equilibrium positions when a strong EM
possibility of polariton dispersion engineétiig: Graphene eld interacts with atoms. With the electric dipole approx-
deposited on a SjGubstrate sers from a reduced quality imation, the net polarizatioreld can be written a8 =
because the substrate impurities and the large surfagg YE + @FE + ©OF + ). When the electrield is
roughness introduce the unwanted doping of graphene. ThEgong, high-order terms such as quadratic and cubic terms
problem, however, has been solved by transferring graphenédenome signtant. While the linear susceptibilit&”l{
high-quality hBN, which is insulating and shares a compatitiletermines the refractive index and loss/gain of a material,
hexagonal atomic latti¢& Thus, the carrier mobility can be other terms such as the second harmoffy &nd third
substantially faster, and the damping of graphene plasmons kkarmonic (®) control nonlinear processes in lighatter
be signicantly reduced. The same philosophy of reducingteraction, such as three-wave mixing (for example, SHG) and
losses also applies to the suspension of 2D matevkits) FWM (such as THG). Those nonlinear susceptibilities are
will be discussed 8ection 2.3urthermore, the dispersion of highly dependent on the symmetry of the atomic lattices of a
these highly coned polaritons in 2D materials also critically material. For example, SHG can only occur in noncentrosym-
depends on the dielectric permittivity of the substfaté.  metric materials, while THG can exist in all materials. This
The substrate can be designed to tune the EM properties afiding implies that monolayer graphene or monolayer BP,
the 2D material that is placed on top. which are characterized by an inversion-symmetric honeycomb
Other ways to tune the properties of 2D materials exist, sutdttice, do not show SHG due to cancellation of the second-
as through temperature and strain. The temperature is a criticatler polarization with the inversion symmétnyhile 2D
factor in determining the carrier mobility and scattering oTMDs and hBN, in which inversion symmetry is broken, can
electrons with phonons. An ultimate fundamental limit for thelisplay SHGE! Using the same argument, SHG can be
propagation loss of the polaritons when light interacts with 2Betected in layered graphene or BP with an even layer number
materials is usually establisiéd? Strain can also be and layered TMDs or hBN with an odd layer number. This
exploited for band gap engineering in higbkible 2D interesting layer dependence guarantees the approach to tune
material$?**°> Monolayer graphene, which is idestias ~ SHG by the number of layers, or vice versa, by probing the
one of the strongest 2D materigig;an support a band gap symmetry and crystal orientation of a layered 2D material by
when the strain is sgiently large. In a similar way, hBN SHG studie%:**?
bilayers with a specipattern can exhibit the transition from  Specically, we discuss the second-harmonic and third-
the insulator to the semiconduétBrThis strain induced harmonic properties of graphene. Note that the discussion of
insulator-semiconductor transition or band gap engineerigntrosymmetric-forbidden SHG is only derived with the
can also occur in most TMDs, as shown in bothltheitio electric dipole approximation, and the electric quadrupole and
calculations and experimental demonstrati&iis. For magnetic dipole (although very weak) can be employed to
example, unstrained monolayer JWSactually an indirect induce SHG in graphehé. Other approaches can take
gap material, as manifested in the observed PL intensitpdvantage of strain engineering,® asymmetric interfaces
energy correlation. By imaging the direct exciton populationgth a substraf@?*’ and chemical functionalizafithto
in monolayer W$eMoS, and MoSg WSe lateral hetero-  break the inversion symmetry of monolayer graphene to
junctions, it was found that the strain was generated frommduce SHG. Dielectric-graphene layered metamaterials with
inherent strain inhomogenéit) These various methods for double resonant features have been exploited to excite the
tuning 2D material properties have rendered them as aecond-harmonield?*® SHG can be tuned by an in-plane
advanced and perfect candidate for tunable andgecdre electrical current due to a quantum-enhanced two-photon
M&Ms. process in bilayer graphéffeThe third-harmonic suscepti-
2.2.3. Extraordinary and Tunable Optical Nonlinear- bility in monolayer graphene that is associated with many
ities. Controlling nonlinear lighmatter interactions has nonlinear processes, such as the EWRF, THG,??%%?* and
fundamental sigmiance in optics and photonics. In the Kerr eect?®3*?® are expected, on which most nonlinear
framework of M&Ms, nonlinearities can be derived from thapplications of graphene are based. Although atomically thin,
meta-atoms, the substrate, the superstrate, or the constitugrdphene has an impressively large third-harmonic suscepti-
materials shaped with speajeometries. One of the main bility (approximately 10esu)>?’ several orders of magnitude
challenges that hinder the full exploration of nonlinear M&Mkarger than traditional nonlinear matefiaighich enables the
is the low intrinsic nonlinear susceptibilities of conventionglotential to optically tune the nonlinear refractive index of
metals or dielectrics. As a solution, EM-resonant meta-atometamaterials with very low pot&r?*! The third-harmonic
are usually involved to boost nonlinear ligtatter susceptibility of graphene is dispersionless in the visible and
interactions. However, the strong dispersion associated witbar-IR frequency rarfgéwhich renders graphene aé)erfect
these resonant structures considerably limits the bandwidtandidate for building broadband nonlinear metamatérials.
operation of enhanced nonlinearities in M&Ms. Ehibility Associated third-harmonic phenomena can be easily tuned by
to dynamically tune the EM nonlinear response of meta-atorapplying a gate voltdger varying the inputeld intensity to
remains a critical issue. In this section, we attempt to establidange the refractive index of graphene, which creates
the potential of 2D materials as building blocks of nonlinegrossibilities for tunable metadevices. For example, nonlinear
M&Ms, because 2D materials support large nonlinearities ingaaphenedielectric layered metamaterials can be exploited to
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reshape the light puld& and achieve ultralow-power all-  Although they present a giant nonlinearity, 2D materials
optical active manipulation of metamaterial induced transvith a subnanometer thickness have a weak nonlinear light
parency regardless of the polariz&tior; to demonstrate  matter interaction strength. Therefore, novel approaches
all-optical switch'n% of optical bistability or multistability should be devised to enhance nonlinear processes. One
and other eects>**’ The behaviors of Dirac points in solution is to take advantage of plasmonic resonances, in
monolayer graphene can be mimicked with nonlinear negativehich deeply coned plasmonic mode can be used to excite
zero-positive index metamaterials to obtain tunable bandg&®i3 materials. In this scenario, the plasmonic M&M that
via self-focusing and self-defocusing of nonlinear surfemgoports a high-quality resonance can be an excellent platform
waves®39and large bistable Godtanchen shifts'° to enhance nonlinearities of 2D matéftaf§ An impressive

In 2D TMDs such as MgS$'*** MoSg,**° WSeg,">****  approximately 7000-fold SHG enhancement in NsS&een
and W$?* inversion symmetry is broken and can supporachieved in Au trenches due to the extreme plasmonic near-
SHG. Their second-harmonic susceptibilities can be as large all localization in the regions among Au trefthikre
approximately nm/V, which is substantially larger than those infterestingly, the plasmonic metasurface, when simultaneously
traditional nonlinear photonic crystals (PCs). This I&ge  synthesized with 2D materials to boost plasmon-enhanced
can account for the resonant enhancement due to th®HG of monolayer TMDs and address the interesting valley
interband transitions andé'gint PDOS, as revealed by densihoF via the manifulation of the spin angular momentum of
functional theory calculaticfisMoreover, the excitoniceet light (Figure ©).2° An alternative solution is to use all-
can also contribute to SHG enhancement when an excitondglectric resonant M&M$? where the nearld enhance-
involved in the nonlinear proce¥$?® This exciton can be ment can boost the nonlinear lighatter interaction. For
tuned by an electriceld and generated via spin electron example, silicon gratings that support hybrid waveguide modes
injectiom;®” which enables potential mechanisms to dynamwith a large overlap between the fundamental propagating
ically modify SHG in 2D TMDs for tunable M&M mode and the nonlinear mode show a nearly approximately
applications. Interestingly, the second-harmonic intensity 280-fold enhancement of SHG from monolayer M
monolayer 2D TMDs exhibits a sixfold rotation symmetry dupromising opportunity can be the integration of 2D materials
to their uni(iue threefold rotation-symmetric atomic latwith all-dielectric M&Ms that support Mie resonance and
tice>"1°72442%5 This property supports the previously collective Mie resonances esible platforms to enhance the
mentioned application of probing the symmetry and cryst@bnlinearity of 2D materials and design multifunctional
orientation of materials using SHG. As previously commentesiinthesized meta-devices.
the qust interesting property Qf 2D TMDs is their Vf"‘"eyz.s. Low-Loss Polaritons in 2D Materials
DoF="" In the scenario, of the interaction among nonlinear
light-TMDs, a spin-valley-exciton locked nonlinear selectidrpr several decades, addressing losses in noble metals such as
rule is associated. In this process, a complex interplay A, Ag, Cu, and Al has been a continuous goal in the
various angular momenta occurs: lattice angular momentupfasmonic and metamaterial communftiés:*>* Although
photon spin angular momentum, valley angular momentuf and Ag, which have relatively high DC conductivity and
and excitonic angular momentdf.Only left-handed low ohmic loss, have been employed as suitable plasmonic
circularly polarized fundama-frequency light can be materials for building M&Ms, their interband electrote
absorbed at th¢ valley, while the generated second-harmonigransitions introduce sigoant losses in the visible frequency
photons have opposite spifsg(re €).*°***® These spin-  regime. In the IR and THz frequency range, where the
valley-exciton-related nonlinear processes may provide iaterband transition is absent, intraband transitions that
exotic new ingredient to design nonlinear M&Ms. originated from electroelectron scattering events dominate

In general, the SHG spectrum resembles a pump puldbe material properties, which causes a high loss of metals.
However, Lin et al. recently reported a unique quanturfther mechanisms of losses in metals also hinder various
interference phenomenon observed in the SHG spectra applications of plasmonic M&Ms, such as the surface
single-layer WS&’ A strong splitting that resembles the roughness and inevitable existence of grain boundaries in
phenomenon of electromagnetically induced transparencybigky metals in the nanofabrication pr6t&ss and their
observed in the SHG spectrum. This experimewlialg has  lack of tunability and poor compatibility with silicon-based
been theoretically elucidated using a three-level model systefctronic device$:*>*In the current stage, to circumvent the
which is a standard approach to treat an atomic gas systemlfigses in plasmonic metals, several methods have been
slow light. With an increase in the Rabi cycles included in thgoposed, which range from engineering the electronic band
driven interference process, a single-dip SHG spectrum cstructure of metdfs and heavy doping of semiconductors for
intriguingly evolve into a double-dip spectrum. A nonphase change$ “°° to reducing the carrier density in
perturbative character was further manifested by a Fano-liketal$®* which either are not practicalor display poor
dependence of the SHG power-law dependence on thperformances!
excitation and emission wavelengths, which strongly deviatén this section, we focus on reviewing the recent progress in
from the typical value of 2. This type of destructiveexploring the potential of low-loss M&M enabled by 2D
interference seems to share the same physical origin as tiaterials such as graphene and hBN. As previously discussed,
proposed for the phenomenon of graphene plasmon inducgthphene exhibits the feature of dominant intraband transitions
transparency (PIT) in metamateridl®i erent from the  and forbidden interbands transition for excitation energies less
states built by the plasmonic EM modes in metamaferialsthan the Fermi energy, which provides a small loss for
this three-level model system seems to be intrinsic gfaphene plasmons and highly ced EM volume and
monolayer TMDs, which can create opportunities in solidrenders graphene a promising alternative candidate for low-loss
state quantum nonlinear optics for various applications iplasmonic M&M>¥4252 264 Ag 3 representative example of a
M&M research. polar dielectric, hBN shows a negative permittivity in the
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Reststrahlen band that presents a long optical phonon lifetime, 2 )

which supports low-loss deep-subwavelength PhP ksp= ZE ol 1+ 2 ( +1) .
modes; 114123265 and may be an alternative choice in the ©)
design of lossless M&M. Furthermore, it is shown that 4

plasmonphonon interaction helps to further reduce the _SP— A

damping of these polaritonic modes by hybridizing a o 1t 2 (7)

monolayer graphene with BN to form graphBhe

heterostructuré&°” Thus, we review lossless SPPs in 2pWhere is the ne structure constant ang = 2 /Re(ksp is
materials, study low-loss PhPs, and explore plasrooon the graphene plasmon wavelength. Note that the graphene

coupling for creating ultralow-loss 2D materials plasmon is very sensitive to the environment dielectric
231 Low-Loss Surface Plasmon Polaritoﬁs in 2D  condition because the wavenumber is proportional #o

Materials. A plasmon polariton is the quantized quasi-particlez While the wavenumber in a standard metal is proportional
of collectively oscillated electrons and photons in materidis |—t™% . This nding indicates that carefully designed

with free electron gases. For example, light-metal interactign LY me . . .
excites the charge densitgtuation on the surface of metal, graphene plasmonic devices can act as very good sensors with a

which comprise SPPs. Due to the strong subwavelendrflf'gh.gure of merit. From another perspectiys, 6and 7 .
con nement that exceeds therdction limit and the strong ighlight the_capablllty qf graphene plasr_nons to. be easily
eld enhancement for increased ligttter interaction tuned by a dielectric environment. In addition to this way of

plasmonic EM elds have been extensively employed fanOdifying their praperties, graphene plasmons can also be

. ' ily tuned by changing the Fermi féviéiese features are
several §6henomena and techniques such as sg%?;;?soluﬁé%}f\ approaches toward tunable graphene ME&K,

imaging?’® surface-enhanced Raman scattéri ; L . ,
monic sensof<® and building blocks of M&fifgzg’l In To obtain ‘a quantitative analysis of the plasmonic
performance in graphene, its performance must be compared

articular, plasmonic M&Ms have enabled applications such’a .
I%nsincj” cgoakin(j” negative refracti&ﬁm”%pnd optical \{ith that of r_non_olayerAu. Assume that monolaye_r graphe_ne is
magnet'isrﬁ?4 As p;reviously commented, the main short-SUSPended in air(= , =1). For graphene, the thickness is

coming in the use of plasmonic structures in practicd).33 nm and $ ii , where = 2 x 10 s%; for

applications is their mh_erent loss. Although plasmonic lo onolayer Au, the thickness Lis= 0.24 nm and the
may be preferable only in a few scenarios due to the heat due - 2 41

to ohmic loss, loss is detrimental for most metamaterial-base@nductivity is = —-=—~, where = 10 s’ At the

applications. A continuous endeavor to reduce losses in singé#mal doping level wit = 0.5 eV, gp= 36 nm for

crystal fabrication is underway by doping the semiconductgiaphene, with the decay length ned as
and/or reducing the carrier density in méfaldaterials with _ :
a 2D nature-like graphene are potential candidates for low-I688"(Ksp = (T) s Which is approximately 6§ In Au,
plasmonics with an even strongdd connement and more  however, spa, = 240 nm, and the decay length is only
exibility for tuning, which can be synthesized for atomically.2 o, ,, Thus, although graphene plasmons are substantially
thin tunable and lossless M&M. In this section, we reviewiore conned with a smaller SPP wavelength, they can
graphene and analyze other 2D materials, such as TMDs, f®opagate even longer than those on a Au surface, which
low-loss plasmonics. exhibits low-loss features due to the forbidden interband
As shown ineq 1 when the carrier density in doped transition loss channel. This reason explains why graphene
graphene is swiently large to satisffg2> , intraband ~ M&Ms usually work more eiently than conventional
transitions dominate, and interband transitions are forbiddeplasmonic metamaterials in the mid-IR and THz frequency
With a surface conductivity of = O‘LEF L range. With a larger doping level, graphene plasmon can
h o *i operate at near IR and visible frequency régfoimsthis
%ge, tunable and eent SPs were theoretically studied in

graphene becomes inductive (metal-like) with) Im(Q at
the IR and THz frequency range. For highly doped graphene
low temperatures, plasmonic modes are supported not only
transverse magnetic (TM) polarization (0 4E < 1.667)

mically thin Au nanodisks, in which the working
guencies can beeetively modulated by doping charge
X density. While the 2D metals support SPs with large cross
but also for transverse electric (TE) modes (1.667 & < sections, it is technically challenging to fabricate these metal

2) due to its linear dispersidhithe latter of which cannot nanosirictures with high crystallinity and large lateral area.

exist in conventional metals with parabolic dispersion. Wﬁternatively, one can implement feasible patterning techni-

focus on the TM mode on which graphene-based M&Ms rel}ﬁ'ues on large size single-crystal monolayer grafshetoe

The dispersion of the TM mode can be obtained via thechieve a variety of plasmonic structures that support relatively

following: low-loss SPs in the visible and near IR spectral range. To
; further reduce graphene plasmon losses, in principle, the
1 2 | . . )
— = +—=0 damping constant)(can also be decreased by increasing the
\/kspS 1K§ \/léPS zké 0 (5) carrier mobility in graphene with fewer charged impurities or

fewer atom defects, for instance. Another way to reduce the
where graphene is sandwiched between two nonmagndtisses of graphene plasmons is to work at lower temper-
dielectric layers with the relative permittivitiesid ,.2"" In atures’
eq 5 ky and kgp denote the free-space wavevector and the Not only graphene but also other naturally born 2D
graphene plasmon wavevector, respectively. Within a nonaterials with 2D electron gas (2DEG), such as MufS
retarded approximation, SPP of highly doped grapheBe withBP, can also support 2D SPs. Monolayer, Ma$S been
> can be simpled as follows: expected to have a feature of dielectric functions that is similar
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to graphene and 2DEG, which can support plasmounnbounded carriers (electrons or holes) in these materials
resonances? Recently, Scholz et al. have shown that 2D(approximately 10 fs), which always exists regardless of
SPs can exist in n- and p-doped monolayeyiMtt far-IR whether the interband transition or the intraband transition
and THz frequency range. Graphene has the same provides a negative permittivity, or equivalently, a positive
dispersion regardless of the carrier dopant because thaue of the imaginary part of the surface conductivity in the
electron hole symmetry and graphene plasmon energy i#equency of interest. This situation will establish the
proportional ton** (n is the carrier density) due to the fundamental bounds of the minimum value of the plasmonic
relativistic massless Dirac Fermions. However, n- and p-doginping and the lowest threshold of loss. However, to identify
MoS have dierent plasmon dispersions, and the plasmomlternative materials to achieve plasmonic functions, such as
energy is proportional td? similar to 2DEGs constructed of subdiractive eld connement with the same, preferably
inorganic doped semiconductors. Similar to graphene, intfaetter, gure of merit, the negative permittivity (at least one
band transitions instead of interband transitions contribute te&nsor component in anisotropic materials), is always required.
the damping of plasmon in 2D Ma the large momenta. This process stimulates the search for low-loss PhPs, which are
Moreover, the large absorption of monolayer, M@Brox-  coherent oscillations of the EMId and optical phonons
imately 510%, indicates stronger ligitter interactions (vibration of the bounded electron on the atomic lattice),
than 2D grapherféwhich demonstrates the potential for the because the lifetime of PhPs (approximately 1 ps) is several
application of 2D TMDs in low-loss plasmonic applicationgirders of magnitude longer than a plasmon, which suggests a
However, challenges are the low carrier densitytd 110+ low-loss feature.
cm ) in intrinsic Mo$ and the restriction on the operating  In the Reststrahlen band, which isdd between the TO
frequency range from the far-IR regime to the THz frequendyequency and the LO phonon frequency, polar dielectric
regime'®® This problem can be solved by doping MMt materials, which span silicon carbide (SiC), silicon dioxide
Li, for example. Ultradoped MoBano akes with L (SiG,) to 2D or bulk vdW materials (for example, hBN),
(Li,MoS) can exhibit a plasmon resonance in the visiblglisplay a negative (in-plane) permittivity that can be
and near UV range by increasing the dopingievéh the  approximated by a Lorentz function as follows:
application of an intercalation voltage, the 2H to 1T phase s % 2
conversion of MgScan be achieved to facilitate the ()= oS 7o ;
modulation of plasmon frequency, and the doping level can TZO s 28 ®)
be controlled with 0.5 x < 0.8 at 10 V, where the light
emission is nearly perfectly quenched. To take advantagew@fere | and ;o are the LO frequency and TO frequency,
these monolayer semiconductors gVd&5, and WSg for respectively; is the high-frequency permittivity; ansithe
practical low-loss plasmonics M&Ms, futucet®in highly  damping rate of the PhPs. Thus, the evanescent wave in the
e cient doping and the modulation of the carrier mobility ardorm of PhPs can be supported in these materials, which
needed. overcomes the daction limit. The Reststrahlen band usually

BP with orthorhombic crystal structures are another notablgcates in the mid-IR range (hBN and SiC) and THzjCaF
plasmonic 2D material. BP possesses a thickness-depen@iejuency range, and the fundamental loss channel is the
direct bandgap that ranges from 2 eV (monolayer) to 0.3 eMtrinsic phonon scattering in the material with a lifetime
(approximately 8 layers), which bridges the bandgap betweenger than that of SPPs, which renders polar dielectrics as
gapless graphene and 2D TMDs (1.5 to 2.57&Vh perfect candidates for lossless mid-IR and THz nanophotonics.
addition, a large carrier mobility of 50 008/cts * has been  However, the large momentum mismatch between the free-
observed in bulk BP at 360'®>* The bandgap of BP can also space photon and PhPs poses a challenge regarding the
be tuned with chemical doping and/or sff&inUnlike excitation of these surface EM waves. To this regard, special
TMDs, the bandgap in BP is always direct from mondlayer techniques and nanoarchitecture designs should be delicately
to thicker thin Im (approximately 20 nm), which may be considered. In particular, SiC nanopillar antenna arrays are
preferable for electronic applications. As discussed, a largeuied for excitation and sulvdctional comement (>5000
plane anisotropy of BP exists due to thereint eective ) of lossless PhPs with an exceptional quality factorl&s10
carrier mass along the zigzag and armchair dirEtti61s. The cavity quantum electrodynamics of such nanostructure
By examining its dynamic dielectric functitn) BP is can be manipulated so as to provide a high local density of
predicted to support SPPs with the plasmon frequenay photonic states for enhanced emission, and such enhancement
( = 0.5 for a monolayer and < 0.5 for thicker  phenomenon is named as the Purcetitg’” 2°* The above-
samples)?*“® The surface plasmon in monolayer BP is alsenentioned SiC nanopillar arrays support a small mode volume
intrinsically anisotropic, i.e., plasmon polariton that propagatémt enables a Purceleet factor (the ratio of the enhanced
along they direction is damping at the mid-IR frequenciesspontaneous emission rate over the free-space one, propor-
while a polariton that runs along xfdirection is damping at tionally to the mode quality factor divided by the mode
near-IR frequencies. This phenomenon can be further tunedvolumé®) as large as approximately, Which exceeds the
achieve various hyperbolic plasmonic applicafiofike previous plasmonic demonstratfoisAnother special
major loss channel in this frequency range is Landau dampieghnique is the use of s-SNOM, where an AFM tip integrated
of the intraband transitit?t rather than the interband with SNOM simultaneously enables both the excitation and
transition due to its large bandgap (approximately 2 eV)eal-space imaging of PAPS)’
which undereins the potential for low-loss plasmonics devicehBN is a natural anisotropic vdW maté&fighat supports
and M&Ms227 29 low-loss highly coned hyperbolic Ph#s;* whose dielec-

2.3.2. Low-Loss Phonon Polaritons in 2D Materials.  tric responses perpendicular to and along the crystallographic
For SPPs in metals, doped semiconductors, graphene, TMigection dier within the Reststrahlen band. With s-SNOM,
or BP, a common problem is the fast scattering rate of frethhese PhPs can be launched, detected, and imaged in real
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space**?®These hyperbolic PhPs can exist in atomically thitigher electron density, a longer lifetime and less damping for
layers and can be tuned by changing the thickness of the hBMNphene plasmon polaritdtisin layered systems such as
layer, which has been demonstrated in three and four atonhiBN graphenehBN, the surface PhPs sustained in the
layer$® The structure of bulk hBN can be engineered to formsubstrate or superstrate can couple to graphene plasmons
for example, nanocoh®$’® and one-dimensional nano- and form a hybrid quasi-particle, i.e., a plagshonon
tubes®® to achieve the subdaction connement/focus-  polariton, which shows considerably less damping and a longer
ing?#*°> anomalous internal extion and high ective  propagation lengfi*°’ In this part, we review the recent
refractive indexnf; > 70) of hyperbolic volume PhPs. More progress in the study of plasmpimonon polaritons and their
recently, research has demonstrated that hyperbolic surfgacemising characteristics.
PhPs can also emerge at the edge of bul%?%‘f\and an The 2D surface plasmon and optical phonon frequency of
hyperbolic metasurface that operates at THz frequencies qaolar dielectrics usually locate at the IR and THz frequencies,
be achieved in nanostructured hBNjire #.**We envision ~ which can facilitate the plasmphonon coupIin% in
that hyperbolic PhPs can inspire interest in the study of M&Mtructures that combine graphene with*$i€’ Si0,,*%°
based on hBN or similar polar materials for both nanophotonfiBN;9%393308 310 anq other materials: *** Theoretical
applications and thermal applications in the IR and THzesults indicate that plasm@honon coupling is strong in
frequency rangé* monolayer graphene with a weak dependence on electron
To further reduce the loss in PhPs, understanding the Iosiensit%/, which can be very appealing in practical applica-
mechanism in these materials is important. The fundamentans®°The system that has received the most attention is the
limit that restricts the fundamental phonon lifetime is thehBN graphene heterostructure. As a polar dielectric with two
phonon phonon scattering that is derived from the Reststrahlen bands in the mid-IR frequency range, hBN can
anharmonic oscillations of the lattice. An important sourcgupport two branches of hyperbolic PhPs (type | and type II),
to minimize this scattering is the isotope enrichment. Fowhere doped graphene can have the plasmon mode. The
example, natural BN contains 2@nd 80%'B. The small  dispersion relation of the EM modes supported by a graphene
di erence in the ratio of B isotopes causes a large variancexafholayer with a Fermi level of 0.37 eV placed on top of a 58
the mass of hBN, and therefore, changes the homogeneitynaf-thick hBN substrate has been repdttéul.the type |
the underlying crystal lattice where the bound electrorisand ( > 0, < 0), the hybridized EM mode becomes
coherently oscillate, i.e., optical phonon. The lifetime of Phpfionon-like due to the predominance of Akephonon
in materials that present a higher purity of the isotopes may bede, where the interplay between the graphene plasmon
longer, which represents a feasible approach to reducing thede and the hBN PhP mode pushes the latter toward higher
losses of PhPs. As ved in an experiment, a threeold frequencies due to mode repulsion. Conversely, in the type |
improvement of phonon lifetime with ultralow-loss characteband ( <0, > 0), signicant coupling of the zeroth-order
istics in isotropically enriched hBN has been obséfved. PhP mode occurs in hBN with the graphphesmon modes,
Consequently, the increased propagation length of the Ph#asd the hybrid plasmopolariton mode can cross the
and pronounced higher-order oscillation modes can Hengitudinal optical phonon frequency. However, the higher-
observed. The other sigrant loss channel of PhPs occurs order phonon modes cannot couple to the graphene plasmon
via imperfections during the nanofabrication process, includidge to eld symmetry mismatchifig.The di erent hyper-
atomic defects, surface roughness, and impurities, whisblic character of hBN ects the ow of energy along tlze
critically depends on the fabrication conditions. For instancdirection (sign of Poynting vector comporghtand the
ion implantation of B&into SiC can introduce sigoant wavevector along tlzedirection, which causes a sicamt
damping when focused ion beam implantation is utifized. distinct dispersion and coupling behaviors in two Reststrahlen
This process tends to broaden the PhP resonance and ewmmds of hBN. Regarding roughness, as revealed by scanning
diminish the quality factor of the resonance. Moreover, recefunneling microscopy, graphene shows a roughness that
ndings of high-qualityMoG; have shown the potential of displays a Gaussian distribution with a standard derivation of
low-loss PhP with a reported lifetime of 22 ps due to th@24.5+ 0.9 pm on top of SiCand a standard derivation of
ultranarrow line widths of the Raman peaks. Less loss can3ie2+ 0.2 pm on top of hBN. In addition, the Mdatice
expected if the isotopic purity of the sample is incféased. pattern of graphenaBN can be more clearly resolved than
2.3.3. Low-Loss PlasmonPhonon Polaritons. The that on top of SiQ*** This atter surface of hBN, in addition
high quality of 2D materials is very important to improve théo fewer charged impurities by polymer-free assembly
performance of 2D nanodevices and minimize the plasmdabricatiori’®can provide a substantially cleaner environment,
loss. For example, thest experimental technique used to which enables the graphene plasmon to propagate due to an
create graphene monolayers was CVD, in which graphenesigeptional large mobility and minimizes defect scattering.
placed on top of a SjOsubstrate. However, the large Moreover, the loss channel associated with surface plasmon
roughness of the substrate ruins #tecarbon atomic plane phonon polaritons depends on two mechanisms:rshe
of graphene, and the large amount of charged impurities of threechanism is scattering with acoustic phonons in graphene
SiG, can induce electrorlectron/holes scattering at $iO  and optical phonons in hBN, and the second mechanism is
graphene interfat® Driven by the idea of constructirgter dominant due to the larger damping of graphene acoustic
substrates, subsequemdings have cormed that this  phonong?39331¢
problem can be solved by transferring the graphene to aThis hybridized plasmophonon polariton has many
high-quality hBN, because the surface roughness of hBN darportant applications in metaphotonics due to its extreme
be reduced to the atomic std&* and the atomic distance  eld connement and strong lighhatter interaction. The
between the B and N atoms in hBN is similar to th€C  PDOS near the graphene layer encapsulated with hBN can be
bond length in graphene. To encapsulate graphene by an hBNreased, which can further enhance the Purcell factor and
layer is the best way to achieve an exceptional mobility rates@ontaneous 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

Review

polaritons ( m) con nement ratio quality factor lifetime (fs) references
de nition 0 Jd v a/4d, =29,/q, or
q=q +iq =ky x=Liv
Ad? (T =10 K) plasmon visible 1 36 14 202
Au? plasmon 0.486 1 9.6 5 321
cu® plasmon 0.365 1 115 4.5 321
graphene (exmRT) plasmon 9.7 40 90 934 128
graphene (exmRT) plasmon 11.2 51 7.4 88 129
gr}%phene (experimenthl= 60 plasmon 11.286 66 130 1600 202
graphene (intrinsi@, = 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
-MoO;© in-plane hyperbolic 11.198 9 1900 88
phonon
-MoG,® in-plane elliptical phonon 9.98 10 22000 88

3Evaluated where rea) € 2 and the ambient environment is&ihickness <10 nffThickness is 250 nifiThickness is 45 nm.

proximity:®® The interaction of the plasmon and phonon 3.1. Micro- and Nanostructured 2D Materials for
modes can attain the strong coupling regime due to the smaletaphotonics

mode volume that is associated with the highlp@drEM  Rapid advancements in micro- and nanofabrication technolo-
eld and large quality factor of the resonances provided lgies have enabled researchers to miniaturize layered 2D
their low-loss featur&§>'5*'” Analogous to the phenomenon materials to resemble real-world metaphotonic applications.
of EM induced transparency in metamatétisie strong Nanofabrication is commonly employed to produce systems
coupling of phonon and plasmon modes also exhibit &ith reduced dimensionality, including ribbons, disks, and
transparency dip in the characteristic spectrum by the detuningnes of layered 2D materials. Conventional periodic metal
of two mode frequencies, which are usually referred to as t#i&ips and holes are considered metamatétiafsand
phonon induced transparef&y:**!® This eect can be therefore, similar strategies for layered 2D materials, including
employed for sensing applicatioh&his hybrid plasmon grating, ribbon resonators, polaritonic crystals and SRRs, are

phonon mode can be utilized in tunable metamaterigfiscussed in this section.
designd?9312319320 \yhich have led to an experimental 3.1.1. Grating or Ribbon Resonators.One of the key

demonstration of all-angle negative refrdéfion. actors of optical metamaterials research is SPs, which are

As a brief summary of this sectitable 1summarizes the collective oscillations of electrons. As descriligetiion 2
polaritons kinds, excitation wavelengiim) con nement SPs that originate from massless electrons in graphene can

ratio, quality factor, and lifetime (fs) for traditional plasmonicenable new tunable plasmon metamaterials and may have

metals and layered 2D materials. The SPPs and PhPs in foelectronic applicati® in the THz and/or mid-IR

; ) . guency range. To constrigraphene metamaterials,
materials are much more coed, while the propagation | oqearchers have analyzed the experience of previous tradi-

) &dhal metamaterials to construct graphene metasurfaces such
waves in metals. The lower temperature can lead to 10ng&f ribbons rings, SRRs, and discs.

polaritonic lifetime. The lifetime of PhPs are usually higher o5 shown inFigure &, graphene ribbon arrays can be
than the SPPs in 2D materials, while the further iSOtOpiﬁrepared from graphene sheets using standard photo“thog_
enrichment of the polar dielectrics can produce better low-loggphy and oxygen plasma etci{iiig.In this way, plasmon
features. resonances in graphene can be controlled in graphene
microstrip arrays with dirent sizes, which represent the
3. REALIZATION OF METAPHOTONICS INSPIRED BYsimplest graphene metamaterials. The spectral location of the
LAYERED 2D MATERIALS graphene plasmon resonance can be adjusted over an extensive
In th . i lored th . i range of THz frequencies by varying the width of the graphene
n the previous section, we explore € promising optic icrostrip or the doping level in graphene. As the plasmon line
propertles of 2D materials and the|r _|nteract|on with I|g_ht. T_Q/vidth decreases, the peak absorption at resonance can become
improve and expand the application of 2D materials i8yonger, which is currently limited by the scattering rate
metaphotonics, strategies such as micro- and nanofabricai@@ociated with its Drude conductivity (refer to discussion in
of layered 2D materials, by stacking with 2D materials @fection p The bandwidth of the plasmon frequency of the
metamaterials, are usually adopted. By combining traditiogghphene ribbon and the carrier doping dependence not only
metamaterials with 2D materials such as graphene, TMQgove the power law behavior of the 2D massless Dirac
hBN, and BP, optically and electrically tunable metasurfaggiectrons but also have a very large oscillation strength, which
can be realized. demonstrates a prominent room-temperature optical absorp-
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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 di erent 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-
eld connement, 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

Figure 8. Micro- and nanostructured of 2D materials for chemical sensingat and hyperlens, and neeld heat
metamaterials. (a) Grating/nanoribbon, topological insulator grating.gnsfer manipulation.

graphenehBN grating. (b) Photonic crystal based on nanodisks. (c) 3.1.2. Polaritonic Crystals Made of Layered 2D

Nanorings. (d) Lens. (e) SRRs. (f) A combination of hBN and . . :

graphene. (g) A combination of BP and graphene or hBN. Materials. Polanto_n resonances of layered 2D materials
feature technologically sigmint advantages such as sub-
wavelength conement and adjustability. Therefore, tke

tion peak. These results demonstrated the photoplasm@gservations of plasmon resonances in graphiénehe
coupling in graphene and highlighted potential graphene-bagegonance of PhPs in hBN with far-IR exciteti@nd the
THz metamaterials. By combining state-of-the-art s-SNORKciton polariton in TMDs fueledoets to engineer polariton
techniques with rigorous simulations, nano-IR imaging studiggsonances in layered 2D .matéﬁaTEhese eorts have
of the localized surface E)Iasmon modes in graphene nanoffipcused on localized polariton resonances in gratings or
bons were performétd. *2° Furthermore, the combination of ribbons of layered 2D materials, as previously mentioned.
enhanced sensitivity of graphene ribbons and tunable specf#ner geometries, such as discs, rings, or holes, have been
selectivity creates exciting prospects for mid-IR bioséhsingfabricated to tune the polariton frequency of the layered 2D
Alternative Dirac plasmon excitation was also observed material due to their distinct boundary conditions.
patterned topological insulator (TI,38j) ribbons, and the Ashkan et al. theoretically predicted that graphene disks, if
plasmons are associated with Dirac quasiparticles of tReoperly designed, can be employed as 2D versions of
conducting 2D edge staté. metamaterials that are formed by collecting subwavelength
Another outstanding 2D natural metamaterial is hBN, whichetal nanoparticles, whichay exhibit backward wave
is a layered polar vdW crystal with a uniaxial dielectric constaepagation in certain conditidiavhen the cross-section
that demonstrates exotic properties such as hyperbolt each graphene disk is comparable to the area of the lattice
dispersions. Rainer et al. developed hBN sheets with Uit a closely packed graphene disk array that is located above
thickness of a few hundred nanometers, which were prepatbg metal plane can be used to achieve complete optical
by mechanical exfoliation to construct nanogratings usirﬂi@)SOfptiOﬁ-32
electron beam lithography and reactive ion efchimglane Theoretical predictions have been experimentallynesh
anisotropic hBN mid-IR hyperbolic metasurfaces weréespite some challenges and limitations in terms of sample
obtained in this way. The hBN metasurface supports Phipgeparation and measurement. Xia et al. experimentally
with a deep subwavelengthalsc which have in-plane investigated the coupling of graphene disks on the same
hyperbolic dispersion. Visualizing the concave (anomaloug/pne (refer td-igure 8), the vertical coupling of graphene
wavefront of a diverging polariton beam by the s-SNOMIisks, the plasmon hybridization in graphene rings (refer to
technique Figure B, which represents a milestone feature ofFigure 8;, and the plasmon coupling of surface-polarized
hyperbolic polaritons, demonstrates that highly variable apéionons:* Due to the density-dependent plasmon quality
compact hyperbolic IR metasurfaces devices can be céactor, the vertical coupling of graphene disks produces
structed based on nanostructured vdW matétfdls. nonintuitive consequences compared with a single layer disk.
The desired multilayer structures can be fabricated Wy the case of coupling to surface polar phonons, the intensity
stacking graphene and/or hBN with multiple transfeis very hi%h due to the thickness of one atomic layer of
processes, in which graphene and hBN are prepared by graphené>® With a tightly arranged array of graphene
CVD method or mechanical exfoliation. Subsequently, nanaanodisks, optical absorption can be increased to more than
ribbons or microdisks in heterostructures can be patternét)% at the resonant frequency of IR light, which is
using electron beam lithography and reactive ion etching opnsiderably stronger than the 2.3% absorption exhibited by
oxygen plasma etéfi*?%2% |n graphene and hBN hetero- a single undoped graphene monolayer. The optical absorption
structures, not only the classical EM strong coupling of thef a graphene nanodisk array can be determined by its size and
highly conned near-eld but also the phonon hybridization the Fermi level caused by electrostatic ddpinghe
with the atomic thin hBN layer enables the production of twdybridization of SPs in graphene nanodisks was further
new surfacephonons plasmon polariton modes. Moreover, investigated. By varying the nanoring size, its EM response
the plasmonphonon hybridization and the total plasmonto light wavelengths as short as 31w is achieved. By
oscillation intensity in the graphehBN multilayer hetero- electrically doping a patterned graphene array with an applied
structure can be simultaneously contrdiféd, and the gate voltage, a fundamental change in plasmon energy and
phonon induced transparency in the heterostructure devigatensity is observed, which further demonstrates an
a ords strong spectral selectivity that can be used for optiaaexpected increase in plasmon lifetime as energy ifcteases.
ltering®3* Similarly, a series of graphene/hBN vertically stacked micron
Fabrication of micro- or nanoscale patterns in 2D materiassized discs were prepared by photolithography and transfer
by advanced lithography and etching techniques has maturethniques. As the layer thickness of the (G/hBildk
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increases, the plasmon resonance can be tuned to higheyered 2D materials can be employed as polaritonic
frequencie¥’® By constructing rings and disks in a layered 2Chypercrystals with high PDOS. In addition, the combination
material and utilizing the coupling in each part of the structuref hBN polaritonic crystals/hypercrystals with other low-
not only can Fresnel zone plate lenséguile &) be dimensional materials (e.g., BP-encapsulated hBN; refer to the
superimposed but also polaritonic crystals can be réalized. next section) can promote the use of hybrid metamaterials

While patterning a layered 2D sheet of material into avith unique optoelectronic properties at the nanoscale. These
periodic array, the array serves only as a structural repeat antlies enabled the application of layered 2D materials in
enhances the total polarization exciter absorption by sup&ensing, IR light detection, light modulation, and IR-THz
imposing each individual locak&. Notice that electrostatic metamaterials.
coupling between adjacent nanodisks provides an additionaB.1.3. Split-Ring Resonators Predicted in Layered 2D
mechanism for controlling the local plasmon resonanddaterials. In many metamaterials/metasurface studies, SRRs
frequency in each diSK.Despite the polariton localization, have become core elemérits*>**> They exhibit an artial
this result proposes a global method for designing theegative permeability that can be adjusted from the microwave
dynamics of a polariton resonance array using its periodicitginge to the visible frequency range by varying the size of the
Engineering polariton wave dynamics by medium periodicity 8RR. Moreover, with the negative dielectric constant, they
a hallmark paradigm for creating polariton-based devices.digplay a negative phase velocity for light even at optical
contrast to ref333 this principle can be applied to the frequencieS’ In addition, they are capable of supporting
delocalized plasmons in continuous graphene media wikrong induced currents, which produce a resonant magnetic
periodic structural perturbations. Thus, the design of theesponse to the near iR.SRRs can be driven by plasmon
valence band of the polariton metamaterials is performed iregcitation that propagates along the circumference of the ring,
manner that is similar to a P€. especially when the length of the size SRR is half the plasmon

Graphene plasmonic calst have been created by wavelength. This situation causes the formation of standing
introducing a hexagonal hole array in monolayer graphengaves that are similar to those by dipole antennas.

The periodic interaction between a local graphene plasmonThe performance of metamaterials is hindered by optical
and the medium (air) forms a plasmonic optical band. Thisses and the lack of a rapid means of regulating the spectral
formation introduces a new way for creating a large numberefsponse. Layered 2D materials have csighiadvantages.
subwavelength components via band engineering, suchGihsidering graphene as an example, as previously discussed,
bandgaplters, modulators, switches and metamaterials. As tgeaphene is considered a promising plasmonic material due to
mobility of large-area CVD graphene continues to increase, @ important properties that are bei to metamaterial

area of high-mobility stripped graphene also increases, and dlegign: (a) high-conement surface plasmon, and (b)
emergence of higher-quality factor devices are expected in §igphene plasmon frequencies can be tuned by injecting
near future. The theory predicts the band topology of 2D SR#arge. Therefore, a graphene split-ring that is based on a 2D
in periodically patterned aghene with time-reversed |ayered material is expected to exhibit a small-sized resonance
symmetry breaking, which is caused by static magfdgic compared with a conventional noble metal split-ring. In
This e ect can promote the creation of a 2D topologicallyaddition, metamaterials formed by graphene SRRs inherit the
protected plasmonic crystar." adjustability of their atomic-scale thin fabrics.

The periodic structure of doped semiconductors and An extensive variety of graphene split-rings are predicted
graphene-supporting plasmon polaritons and polar dielegith rich performanceF{gure &), such as tunable
trics-supporting PhPs (such as,St® ALO;) can be  metamaterials beyond %3,347 optical extinction and
consideredpolaritonic crystdlsHowever, the inherent loss absorption enhanceméfit,*** strong magnetic dipole

of these materials is relatively high (quality factor <30). IResponse¥**>? atomic electromagnetically and plasmon
addition to SiC, in which PhPs have a Iong lifetime, |argﬁ|duced transparenﬁ?’54 tunable p|asm0nic|ters?55
practical diculties are encountered in its manufacture. Mangoherent perfect absorptitfi, and ultrasensitive THz
layered 2D materials that support polaritons with diversiforensors>“**®which are not easily attainable with conventional
properties for IR polaritonic crystals, such as largereeon noble metals and can be bemm for the fabrication of
ment, adjustability, and negative phase velocity, contai@mpact, versatile metamaterials to the THz regime. These
promising alternative materials. In particular, hBN crystajgsults oer a way of developing tunable metamaterials that
exhibit anisotropic phonons in the mid-IR frequency range, @fable applications in the THz range of the EM spectrum and

previously described. In the structured layered 2D materig® detection and modulation for layered 2D materials
hBN, deep subwavelength polaritonic crystal based Qhotonics and optoelectronics.

hyperbolic PhPs was realiZedn the simplest case of square .

symmetry, the hBN-based polaritonic crystal supports a hig%-z' Stack of 2D Materials

con ned Bloch mode with at band, which also produces a Research on the properties of heterostructures based on

geometrically tunable resonance that is independent of antgered 2D materials is rapidly develGfiHgterostructures

and polarization. hBN polaritonic crystals can be used not ordyd devices are constructed by stackiagedi 2D materials.

for subwavelength omnidirectional IR absorbers, couplers afkie strong covalent bonds provide the in-plane stability of the

re ectors but also for suppressing spontaneous emission, whH2€h materials, while the relatively weak force that is similar to

can be achieved by adjusting the parameters of the polaritotie vdW forces are scient for keeping the stack infdct.

crystal, such as symmetry, to activate the fully polaritonic baNeéw heterostructure devices such as tunnel transistors,

gap. resonant tunnel diodes and light-emitting diodes begin to
The layered structure of 2D materials facilitates the simpenergé>® Layered 2D material heterostructures also provide

manufacture of a high-quality thin layer by exfoliationpotential approaches for the implementation of metaphotonic

Polaritonic crystals based on graphene and hBN or othdevices®®
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Figure 9.Layered 2D materials and metal M&M heterostructurégyrgghene on split-rinds;split-rings on grapheri#; graphene in split-
rings. (b) A single-layer graphene deposited on a layer of hexagonal metallic fiieRamtiotesl with permission from&&fCopyright 2012
Nature Publishing Group. (c) Schematic of MaS&asurface structure, where valley-polarized PL,0$ kdSred with neaeld interactions
and excitation of specicircularly polarized lighif Reprinted with permission from 366 Copyright 2018 John Wiley and Sons.

The epitaxial layered 2D materials are restacked to preparé&tacking can also change the symmetry of layered 2D
vertical heterostructures, in which the EM coupling betweeanaterials to achieve attractive new features. As discussed in
layers produces new optical properties beyond the individua¢ction 2 odd layers of graphene and TMDs are center-
components. Subdactional metaphotonics can be achievedsymmetrical, while even stagk breaks the inversion
using either SPPs or PhPs. SPPs that originate from layeredyinmetry, which signantly aects their nonlinear character-
materials (graphene and BP) can provide gate-adjustabiics. The interest in stacking vertical heterostructures with
wide-bandwidth responses with relatively high optical log#, erent rotation angles has increased. Variations in the
while PhPs in hBN and Mg®ave relatively low-loss, crystal- electronic structure generated from interlayer interactions can
related optical responses in a narrow spectral range wfthither produce altered polaritonic responses. In rotationally
limited tunability. aligned graphenBBN stacks, the formation of long-period

As discussed Bection 2.3,3vhen hybridized with PhPs of Moire superlattice changes the dispersion and lifetime of
polar layered 2D materials, mid-IR SPs in graphene overcof@nposite plasmon polaritdfisBy positioning 2D materials
the limitations of each individual polarifditheoretical and  layer by layer, the interlayer rotationand polarity can be
IR transmission experimenteveal the mid-IR optical rationally controlled to produce theal stackable adjustable
properties of grapherteBN heterostructures, which originate chirality. For example, left- and right-handed bilayer graphene,
from their coupled plasmaphonon modes (refer eigure  Which is a two-atom thick chiréh, can be prepared. These
8f). 194308309 Graphene plasmons coupleeténtly with the chiral properties are dgrlved .from Iargg in-plane magnetic
PhPs of the two Reststrahlen bands because they biare di Moments associated with optical transitions between layers.
hyperbolic properties. The neeld, highly comed graphene ~ Recently, stacked maglc.al_—aqgie bilayer graphene exhibited
plasmons hybridizes with the PhPs of the atomic-scale tHi§TPrising superconductivity.™ Moire excitons were
hBN layer to produce two distinctly divided new surfacedetected in layered 2D TMDs heterostructures such as
plasma phonon-polariton motfésThe hyperbolic polaritons MOS&/MoS,, "~ MoSe/WSe, WSe/WS,, ™ and
that are observed in the graphe®N heterostructures MOS&/WS, “"The Moireexciton bands provide an attractive
succeed the electrostatic tunability from graphene and the lopgtform from which to explore and control excited states of
propagation length from PhPs in ﬁxg%_e The surface Matter in TMDs. These results suggest the feasibility of

plasmon that propagates in high-quality graphene wrappg@gineering arial excitonic crystals using layered 2D
between two hBNIms was further imaged using s-SN&M. heterostructures for nanophotonics and quantum information
The hBN graphenehBN sandwich structure has unprece—appl'cat'ons_'

dented low plasmon damping, stroelgl connement, and  3.3. Stack with Metamaterals and Metasurfaces

high uniformity. The observation and understanding of this 3.3.1. Stack 2D Materials with Metallic Metamaterals
low plasmon damping is the key to the development gind Metasurfaces. Due to the atomic thicknesses, layered
graphene nano-optoelectronic and metaphotonics dévices. 2p materials typically can only modulate light in terms of
Furthermore, hBN/BP heterostructures were demonstratégequency, phase, and amplitude by a very narrow tuning range.
by placing an in-plane anisotropic PhP mode associated Withe way to overcome this limitation is to structure or pattern
hBN in layered 2D stacks that were constructed with BRyered 2D materials, as describeSeittion 3.1Another
(similar toFigure §).%°° Due to the high comement of the e ective solution is to combine layered 2D materials with
PhPs in hBN, the optical anisotropy in the hBN/BP metal M&M, which ards enhanced light-mater interaction
heterostructure exceeds that of pure BP. The heterostructdrem the visible frequency to the THz frequency. The hybrid
that consists of BP/hnBN/BP can produce a higher in-planetructures that consists of layered 2D material/metal M&M
optical anisotropy due to the high cwment of the PhPs in  show more fascinating features that are not possible in
hBN. This strategy can be extended to other heterostructurieslividual layered 2D material or metal M&M.
by utilizing electrostatic gating to tune in-plane optically Since the original SRR proposed by Pendry in®1999,
anisotropic substrates such as BP and 2D ¥mBsich researchers have conducted extensive research on SRRs with
produces tunable PhPs in polar dielectric materials ali erent geometri€s®%*®*’ Due to the double negative
anisotropic plasmon polaritons in graphene. material properties of SRR, it is considered an indispensable
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Figure 10.Layered 2D materials and dielectric M&M heterostructures. (a) Graphené)lwlon (/1) the grating. (b) Hybrid monolayer

WSeg PC and electriceld intensity prde?°* (c) Flat graphene into complex 3D pillars. (d) Graphekectric multilayer structdfé.

Reprinted with permission from 462 Copyright 2016 Nature Publishing Group.

component and is extensively applied in the design of leakiyong EM responses with high tunaBfiftyTherefore,
wave antenna$r°° compact phase shiftéfSand micro-  these hybrid metamaterials manifest as a fascinating platform
wave band narrow bandwidth balers®>"*3"2 for discovering cavity-enhanced processes, in particular, light
By varying the dimensions of SRRs, the resonant frequemogtter interactions in hybrid 2D materials metamaterial
can be adjusted over an extensive range. The amplitude stfucture$®3*®® The interaction of structured graphene
phase of the SRRs can be modulated by applying a bias voltalgemons with SRRs is also applied in the design of PIT
to the n-doped GaAs substraté3’® Compared with metamaterials. These PIT metamaterials exhibit sharp PIT
traditional semiconductor materials, graphene is an idgataks that are caused by the destructive interference between
candidate for designing new M&M devices because thhe direct-excited plasmon resonance in the graphene patch
light matter interactions in graphene have strongeorent and the coupling excited inductigapacitive resonance in the
and can be rapidly modulated and broadly tuned. Note that tf&#RR with an adgustable PIT window by tuning the Fermi level
hybrid M&M structure that consists of a graphene layer thah graphend?’®
interacts with upper SRRs enables compact, fast, tunablén addition to SRRs with electrical resonances, metallic
optical modulations at RFifure @ )" 2’ Furthermore,  resonators can also exhibit strongly enhanced dttsafor
exible tunability can be achieved by using maierg top- modulation by controlling the Fermi level of an adjacent
gated architecture voltage modulation and integration withraphene layer, for example, Au-graphene gratings with
di erent frequency independent resonant &ffaysaphene/ plasmon resonanté,a sandwich structure that supports a
SRRs composite structures also exhibit cascaded Famagnetic resonant@and an asymmetric structure with Fano
resonances, which are associated with the strong couplinge$onance<$®*%°! |ayered 2D materials can also be
subradiative graphene plasmons with SRRs metasurface mbgésidized with other metal M&M. As showrrigure 9,
and signicant enhancement of light absorption and nonlineaan array of hexagonal metallic meta-atoms, an atomic-thin
e ects:’? Inversely, when 2D materials are overlaid on SRRgaphene layer, and a row of metal wire gate electrodes are
(Figure @ II), optical coupling and reformation betweencon gured to form an ultracompact, thiexible, and gate-
polariton resonances and plasmon resonances of SRR arcayirolled active THz graphene metamafériethe gate-
based metamaterials are expected. Consequentyréhef controllable lightmatter interaction in the graphene layer can
merits of hybrid SRRs, such as transmiSsidi®* Raman  be substantially enhanced by the strong resonance associated
enhancement,?68382383 and modulatio®* have been  with the metamaterials. Because the thickness of graphene is
signi cantly improved. Patterned graphene resonators, whiafore than six orders of magnitude smaller than the wavelength
are strongly coupled with conventional metal SRRs (grapheoeTHz waves, the combination of graphene and metamaterial
ribbons hybridized with SRRs, refef~igure @ Ill), are can modulate both the amplitude of the incident THz wave by
electrostatically tunable hybrid metamaterials that exhibd7% and its phase by 32a2 RT. The gate-controlled active
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graphene metamaterial exhibits hysteresis behaviors in trensferred to a planar PC nanocavity to form a laser with an
transmission of THz waves, which indicates a sustained photdtralow threshold that consists of 2D TMD and a PC cavity
memory eect®* By varying the Fermi level, the surface(Figure 1B).*°* Two e ects occur in the layered 2D TMDs
conductivity and resonant frequency of graphene exhibitnaaterial-PC coupling system: photonic band gaqt and
substantially tunable range. Purcell eect'®? Because the exciton resonance energy of the
For layered 2D semiconductor materials, several studieyered 2D TMDs material resides inside the photonic band
have realized the enhancedces of TMDs with derent gap of the PC nanocavity, emission to the 2D plane of the PC
metal M&M, such asuorescence emission and nonlinearis strongly suppressed, and therefore, the PL is redirected in
e ects. The SPP focusingld of the metal spiral-ring the out-of-plane direction, which generates stronger PL
metamaterial is used to amplify the exciton emission of thamission. The photon density of the PC nanocavity is
MoS single layer. By changing the incident optical spin stataynsiderably higher than that of the free space, and the
the laser power and the spiral geometries can actively contifalrcell eect enhances the spontaneous emissivity of the
the Mo$ PL enhancemenFigure 8). The planar LEDs that layered 2D TMD&*03404
are based on the spuwrbit coupling eect were further In addition to 1D and 2D PCs, 2D materials can also be
realized andexibly controlled by changing the polarization ofintegrated with 3D silicon pillars, where strong high-order
incident light® By coupling the resonant EMId of the  plasmon modes were obsenfédife 16).*°° The excitation
chiral metasurfaces with the valley-polarized excitons of singleciency of higher order modes is highly dependent on
layer Mog the valley-polarized PL of the Mofetasurface graphene wrapping on the sidewalls of silicon pillars, which can
can be customized in the regime of the rddrinteraction  be tuned by changing the geometry of the silicon pillar array
with circularly polarized Ii@ﬁ% A new type of nonlinear and material parameters (e.g., thickness). The 3D graphene
hybrid metasurfaces for noshr transformation optics structure not only retains the advantages of 2D materials but
consists of Au-nanohole-based metasurfaces and single-lajser introduces a new dimension for controlling figdtter
2D material in the visible region. A large SHG susceptibility isteractions. Moreover, the manufacturing techniques in this
achieved, which is 2 orders of magnitude larger than that of work can be readily applied to other 2D materials that have
traditional M&M?® This new nonlinear optical interface is various optical respon$&sThe proposed 3D form of 2D
employed for the ecient manipulation of nonlinear energy materials will contribute to the design of additional
valley-photons in single-layer,\Wgough the Au-nanohole- sophisticated plasmonic devices and metamaterials that are
based metasurfaces with gradient phase information. When izsed on 2D materials and enable new ways of controlling
left (right) circularly polarized light passes through the hybri@Hz, far IR, and visible radiation.
metasurfaces, a right (left) circularly biased fundamental lightLayered 2D materials can also be integrated with asymmetric
with phase information is generated. The SHG photon lockatielectric M&Ms. Asymmetric dielectric M&Ms originate from
by the valley can carry phase information and control varioearly developed plasmonic M&M for PIT and protein
functions Eigure @).%° monolayer sensifigi*®’ Each unit cell consists of straight
3.3.2. Stack 2D Materials with Dielectric Metama- and curved Si nanorods, in which the curved Si nanorod is
terals and Metasurfaces.In these subsections, we outline responsible for breaking the two mirror inversion symmetries
the hybrids of layered 2D materials/metal M&Ms. However, aif the unit cell and coupling the bright (electric dipole) and
the near-IR and optical frequency, nonradiative losses in matatk (electric quadrupole/magnetic dipole) resonances, where
cause low quality-factor resonances and further limit thbe surface charge density at the air/Si interface is plotted for
strength of light-mater interaction. The atomic thickness dhe eigenmodes with and without symmetry breaking
layered 2D materials enables them to be naturally integratedrvature. Asymmetric Si-based Il asthaped resonators
into planar PCs and achievecient coupling to the had high quality-factor Fano resonances and strongly localized
evanescenelds in these structures. eld enhancement in the gaps. After covering a monolayer
The interaction of light with graphene can be greathgraphene, the strength of the lighatter interaction is
enhanced by coupling to a 1D and 2D PC, as shown in refsomoted by changing the Fermi [&V&P® Similarly, the
211 and 394 In the case of 1D PC (optical grating), the asymmetric periodic dielectric encompassed by graphene also
dielectric diractive grating ectively excited highly coed shows behaviors that are identical to the behaviors of the
surface plasmon polaritons that propagate at the surface of #symmetric structuf&**'°
single-layer graphene (as showrFijure 1@)23339° 399 Layered 2D plasmonic materials can be alternately stacked
When incident light is coupled with graphene and form surfaedth the dielectric layer to achieve metaphotonics. Negative
plasmon, the guided-wave resonance of the combined structtgiaction and hyperbolic dispersion were demonstrated using
produces a strong absorptioft’® 3° A new hybrid a structure that consists of metal and dielectric layers.
architecture for monolithically integrated photodetectoNumerous hyperbolic metamaterials that consistevérti
devices was built by integrating silicon gratings, plasmonmiwetal/dielectric pairs have been demonstrated, such as Ag/
gratings, and layered 2D matetidl the case of 2D PCs, AlLO,,*** Ag/TiO,,**?and Ag/TiOs.**® Similar to traditional
ultralow-power resonant optical bistability, self inducedhetal dielectric multilayers, as shown Figure 14,
regenerative oscillations, and coherent FWM were obsenadternating graphene and,3l metamaterials for mid-IR
in graphenesilicon hybrid optoelectronic devices, whichoperation are designed. Metamaterials undergo an optical
recirculate energies in few-femtojoule caviti@aphene topological transition from elliptical dispersion to hyperbolic
transferred on a local optical cavity at the wavelength scale digpersion with a wavelength of 4r6*°> Graphene is
only enhances thermal nonlinearities but also induces ultrafasterted into the quarter-wave stack of the 1D PCs, and the
e ective Kerr nonlinearity, which provides a new parameter feynergy of Bragg scattering and graphene conductance opens
chip-level optical physics and ultrafast optics in opticdhe photon gap at the center of the reduced Brillouin zone.
information processing. A monolayer WSewas directly  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 tkeeedte in the transmission and refractive index between the GO zone and rGO zone,
respectively. (¢) Schematic of the focusimgt ef the GO lens; lower right, intensity distributions of the 3D focal spot predicted by the analytical
model for a GO lerfS.(a c) Reprinted with permission from#&fCopyright 2015 Nature Publishing Group. (d) V@8ld nanohole hybrid
metasurfaces for nonlinear metalenses in the visibleeBieprinted with permission from 882 Copyright 2018 American Chemical

Society.

Figure 12 Near-eld connement and fareld imaging. (a) Top, sketch of a two-layered graphene lens under the Au double slit. Bottom, imaging
performance of the two-layered graphené&'fedReprinted with permission from4&f. 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
mm center-to-center separation. Middle, AFM topography taken at the top surface of the 0.15 mmatkéckBloBbim, the 2D IR optical

amplitude imadé® Reprinted with permission from 4&f Copyright 2015 Nature Publishing Group.

This photonic gap exhibits a large, loss-independent optidachniques for 3D counterparts while maintaining the
state density at aed lower gap edge for an even multiple ofextraordinary exibility in e ciently controlling EM
the characteristic frequency of the quarter-wave''stack.waveé!%**® Compared with metasurfaces that are composed
Furthermore, the multilayer BP-metamaterial/dielectric san@f metal or dielectric unit cells, 2D materials gradually emerge
wich structure and the optical, thick, and Au mirror formed @s a type of powerful composite materials for metasurfaces.
Fabry Perot resonator that is employed for the absorber thafiore importantly, their optical properties can be easily tuned,
operates in the mid-IR regfg. which enables them to be applied to construct highly
4. PENDING APPLICATIONS integrated and exible optical_systems_ with ultrathiat

pro les. For example, conventional optical elements such as a
4.1. Planar Lenses Fresnel zone plate can be devised by 2D matEriats.
One of the main advantages of metasurfaces is their plashpwn inFigure 1& c, an at lens with a 3D diaction-
features, which release demanding requirements on fabricationited focusing capability is demonstrated by utilizing the
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Figure 13 Cloaking with 2D materials. Snapshots of elegitlidistributions for (a) a cloaked dielectric cylinder and (b) an uncloaked dielectric
cylinder with the patterning monolayer graphene and without the patterning monolayer graphene? dntRejyinted with permission

from ref422 Copyright 2013 IOPscience. (c) THz mantle cloak composed of a graphene-wrapped microtube. The surface conductivity of
graphene and the total cloakingot may be dynamically tuned and switched.

unigue and giant refractive index and absorption modulation lofperbolic PhPs. As showrFigure 1B, the subwavelength

a sprayable GO thihm.”® With a thickness of approximately imaging is restored using a thin layer of hBN with a thickness
200 nm, the at lens can focus visible and near IR light into af 150 nm. In principle, the subwavelength geometric feature
3D volume of ¥5 with an e ciency of 32% for a broad can be substantially magei and resolved with normal
wavelength range from 400 to 1500 nm. Compared with EBptical microscopy when the thickness of the hyperbolic hBN
and FIB nanofabrication technologies, direct writing usingia su cient.“***° The elusive possibilities of nanoimaging via
femtosecond laser can readily be applied to GO-basedploiting the highly comed polaritons in low-dimensional
metasurface fabricatiGin addition, 2D materials can replace materials have future potential.

metal and dielectric unit cells as building blocks for planar3. cloaking

optical devices. Unlike the linear metalens, a new type Rf

nonlinear hybrid metasurface in the visible region is produc%ﬁmther exciting application is the realization of invisibility in

s : L e broadband EM frequency range usirgetit designs. In
by hybrld_lzanon of a monolayer MW&@th giant intrinsic .addition to utilizing bulk metamaterials with complex designs,
nonllrtl)earlty "’ll.n% afphasg-controlllgd Au nanolh%géarraé/, whi metasurface-based cloaking has been realized at optical
can be applied for eient nonlinear metalensésan : : . . ;
demonstrated with a focal length of 30, 50, andraQind frequencies with the potential for practical applicatiorse

small focal spots of 2 m in diameter by converting light of nature, however, provided venues thatrafl from the
810 nm wavelength into 405 nfigure 1d). arti cial structured materials. As showhignire 138, b, the

thinnest mantle cloak in the far-IR and THz regimes has been
4.2. Subdi raction Near-Field Con nement and Far-Field theoretically proposed using a monolayer graphene that covers
Imaging the subwavelength cylinder to ensure the scattering cancella-

imaging. For example, graphene plasmons are highdcon design assisted by transformation optics, the graphene-based

evanescent waves that enable eddiimaging considerably cloak provides the uppermost advantage due to its atomically

; 421 ; ; ;
below the diraction limit. As demonstratedFigure 14, a thin nature’=™ Note that this scattering cancellation can also

bilayer graphene lens can probe the subwavelength resolufi§rfuned by the Fermi level of via the gafingi(e 18). The
of approximately/7.**” Another possibility is the PhPs, More elusive but not extensively explored opportunities

especially the hyperbolic PhPs with extremely large polaritig!ude articially engineering the monolayer graphene into

momentum. A maximum coement factor of /25 for periodic patches or introducing other 2D materials such as BP,
hyperbolic I5hPs in hBN has been demonstrate, yketiee which may enable dynamically tunable invisibility cloaks and

wavelength of excitation Whi%eThe connement factor was other switchable meta-devices based on low-dimensional

further increased to 120 iAMoO; nano akes with a lifetime materials”'*** Layered 2D materials have the potential to
at the picosecond led&® Furthermore, 3D conement realize thin cloaks at THz frequencies, whgthe THz gap

; ; : : for scattering-cancellatialoaks between mantle cloaks
can be realized by patterning hBN as nanoparticles, with Wh'r(%illized with conducting metasurfites radio frequency

the EM eld can be manipulated at both Reststrahlen'fands. 4 ol ic cloaks in the visible freqdéh

The di erence is that graphene plasmon is essentially nefRd plasmonic cloaks in the visible frequency.

eld connement, while highly camed PhPs in these 4.4. Plasmon-Induced Transparency
nanoscale vdW materials have a propagation nature, the latsctromagnetically induced transparency in atomic systems
of which can be explored for fald imaging considerably has been detected with important applications in slow light,
below the diraction limit. An important example is the optical switch and nonlinear opticé“® An analogue has
hyperlen§™* While traditional eorts have been made for been proposed and demonstrated by mimicking the required
resonance-based multilayered metal and dielectric hyperbelitergy levels with EM modes using plasmonic structures,
metamaterials, natural hyperbolic vdW materials é)rOVidevmiCh is referred to as PITPIT can be achieved by 2D
broadband (from mid-IR to THz) and low-loss soldtibn. materials. To improve the tunability, graphene was incorpo-
Because the propagation direction of EM wave is adequatedyed to achieve a PIText, in which geometrical structures
determined by the ratio of the axial permittivity and to thewvere designed to show the bright and dark mod@sThis
tangential permittivity (refer t8ection 2.1)l.the ne graphene-based PIT window and strength caxibéy tuned
structure information, even below theadiion limits, can by var%/in7g the Fermi level of graphene via electrical
be detected in the faeld via tracing the propagation of gating”***’ or even the magnetic biaSésSimilar to PIT
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Figure 14 Plasmon induced transparency. (a) Extinction spectrum measurement scheme for a gate-tunable bilayer graphene nanoribbon array
parallel and perpendicular light polarization. (b) The spectrum for the perpendicular polarididay ihe coupled oscillator model, as
represented by the solid curve. The inset depicts the coupled oscillator modeéf &em@imeed with permission from3&8 Copyright 2014

American Chemical Society. (c) Schematic of the proposed structure, where graphene is sandwiched by PC1 and PC2. An exltéimal magnetic
perpendicular to the graphene stié@eprinted with permission from 48 Copyright 2013 American Physical Society.

Figure 15.Perfect absorber based on layered 2D materials. (a) MPA integrated with graphene. (b) Schematic of a tunable metasurface absort
composed of an Alm, aluminum oxide layer, and a tunable metasurface on graphenec{nRapectra from a fabricated metasurface
absorbers for dérent gate voltag&.(b, c) Reprinted with permission from4@® Copyright 2014 American Chemical Society. (d) Perfection
absorption based on the patterned graphene natioRiekrinted with permission from382 Copyright 2012 American Physical Society. (e)

Gate tuning coherent perfection absorption through the grapher?GREBBnted with permission from 8&ff Copyright 2015 Optical

Society of America. (f) Perfection absorption based on the hypercrystals, i.e., the Si grating integrated #itRéyBMtsldlwvith permission

from ref433 Copyright 2016 American Physical Society.

in AB stacked bilayer graphene nanoribbons, Yan et almultaneous control of the polarization state at PIT can be
reported a phonon induced transparency, as shéwguia potentially by exploiting the multilayered graphene struc-
14a, b*'® The physics of this ect is that the EM coupling ture$®° or coupling the optical Tamm modes in PCs and
with the IR active optical phonon suppresses light absorptigmaphen&>* Exciting applications of plasmon or phonon
due to plasma excitation in a narrow window; this behavior isduced transparency in naturally occurring 2D materials are
similar to that of the dark plasmon mode in standartPIT. noted for broadband (from mid-IR to THz) and multifunc-
Furthermore, all-optical tunable transparency was achievéshal switchés® and modulator$384

using a hybrid of layered 2D materials and metamaterials usingransmission light at the PIT window maintains the

a nonlinear optical ect®>9%*242° The threshold pump polarization state of incident light. To achieve polarization
intensity can be controllably reduced with antiwe tuning  control, the Faraday magnetic-opticattecan be considered.
performance. The transmission light at the PIT windovBy sandwiched graphene between two PCs, polarization
maintains the polarization state of the incident light. Theotation was theoretically predicted due to the coupling
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Figure 16.Photodetectors based on 2D materials enhanced by metasurface come@saptene photodetectors by using plasmonic
nanostructures at metgtaphene contacts (4f,across the entire channel {B)and by using snoake-shape fractal metasurfaces (@)

Reprinted with fermission from #é&fl Copyright 2017 American Chemical Society. (d) Resonant plasmonic electrodes enhancing MoS
photodetectiof? Reprinted with permission from48£ Copyright 2015 American Chemical Society. (€) Plasmonic arrays-enhanced InSe near-
IR photodetectofS2 Reprinted with permission from #&R Copyright 2018 American Chemical Society. (f) Plasmonic grating-enhanced
waveguide-integrated BP photodetet¥bReprinted with permission from 46f) Copyright 2017 American Chemical Society.

between optical Tamm modes and gragfiéieparticular, To mimic metamaterials, 2D materials can also be
the performance in terms of the rotation angle andestructured or patterned to enable enhanced absorption or
transmittance has been improved with single-layer areven perfect absorption. A pioneering work has reported total
multilayered graphene structﬁ?@s. light absorption in a planar periodical array of monolayer
4.5. Perfect Absorbers graphene nanodisks with very small areas of unit cells, which

i occurs within anite range of incident angles thatligithe
The challenges of 2D materials that are based optoelectropigical coupling conditionsFigure 15d).3%? Graphene

applications are attributed to the limited light absorption inyicroribbons have been extensively investigated due to the
these atomically thin materials. As previously discussed, Hi&e of fabricatié®. The nearly all-angle perfect absorption is
absorption of light in weakly coupieayer graphene can be gemonstrated via patterned graphene nanoribbons on the
estimated byN , which is quite low for obtaining an gielectric layer that is positioned on top of the mirror (metal
appreciable photoresponse. Thus, M&M that displays strougpsirate), which is based on the principle of the Salisbury
light matter interactions can be a promising platform tQ;creed38that is, total destructive interference of thected
promote the absorption eiency of 2D materials. Even |ight A gate-tunable coherent perfect absorber in the THz
perfect absorbers are possible via the judicious integration, &ime has also been realized by split-ring graptignes (
2D materials with M&Ms. _ . 1%)%%® Nanostructured 2D materials such as graphene
Figure 15a presents an |IIustrat|ve case of giant "ghblliptical disk arra{d and graphene sidewHf4*’ have
absorption (approx'lmately 40%)_ in a metamaterial perfegisq peen reportéd Beyond graphene, the metasurface
absorber (MPA) mteograte_d with ﬁ;rﬁph'ene (mor_“)'ayeberfect absorption within the Reststrahlen bands of hBN has
graphene absorbs 2.3% of incident lighfihis absorption  peen reported by integrating Si grating with an hBN slab,
is z_ichl_eved by_ embedding the graphene between the Mp'ﬁ§percrystals with the Salisbury screert Eigure 15).4%3
which is a device that completely suppresses the scatteringsphijar to metaldielectric layered hyperbolic metamaterials,
meta-atoms. The sigoantly enhanced light absorption in the iiilayer stacking of monolayer graphene and hBN is also
hybrid structure is associated with a combination of multiplg.oposed to achieve perfect absorptions due to the anisotropy
factors, including the impedance matching of nanostructurggl the stacked materi&ls.Similar approaches inspired by
Au metamaterials, the surface plasmon resonance with ”ﬁ%l'erbolic metamaterials are applicable by multilayer stacking
eld enhancement at the graphene layer and increased lightgranherfé* and could be extended to other anisotropic
recycling in the dielectric spacer layers. Moreover, the pe1%l§/ered 2D materials to achieve perfect absofffiokih
position of the maximum absorption can be tuned bynhe gemonstrated enhanced absorption, these techniques have
engineering the nanostructure. The broadband or multibange potential to boost the eiency of the photodetectors,
boosted absorption in the near-IR is also demonstrated Bycrease the lightmatter interaction strength and enable other

vertically cascading theatent metamaterial/graphene layers. proadband EM wave harvesting applications.
Other metamaterials such as cross-shaped metallic resonators,

ultrathin metasurface absorb&ig(re 15b and c)®?  4.6. Photodetectors
multilayered MPA®® and nanogratings are alternative Traditional photodetectors based on Si and narrow bandgap
approaches to boost the light absorption in graptiene. Il V semiconductor materials have been widely used in many
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areas such as communication, medical diagnostics, proaéssted on a graphene photodetector channel, which caused a
control, and homeland secuft{fyNevertheless, they su broadband Ehotoresponse across the entire visible spectrum
from several issues such as low responsivity, the requiremer(tagure 16).*>* The designed metasurface has a combination
operation under cryogenic temperatures (for IR detectionpf two orthogonally oriented concentric hexagonal fractal
and lack ofexibility’*’ Photodetectors based on ultrathin 2D geometries, which enable a polarization-insensitive plasmonic
materials are intriguing candidates to circumvent thesmhancement over all polarization angles of incident
drawbacks, owing to strong lighttter interactions and illumination.
large carrier mobilities in 2D materials as well as excellenfTo fully utilize metal electrodes, metamaterial-integrated Au
mechanical properties. In particular, high-performance roomanostructures have been designed to induce the plasmonic
temperature graphene-basedble photodetectors have been enhancement of 2D photodetectors. For example, resonant Au
constructed with a wide detection range from UV to THzanostructured electrodes with optimal geometric parameters
frequencies due to its linear band dispersion and ultrahidgtave been fabricated to boost the photodetection performance
room-temperature carrier mobfliy .4 of MoS (Figure 16).*>2 The injection of hot electrons from
Generally, 2D materials are too thin (usually the scale ofthe plasmonic antenna array to Mashtributed to the sub-
few nanometers) to harvest sient light with normal bandgap photocurrent generation, which causes a large
incident to the 2D plane, which hinders the conversiophotogain (maximum of 30in the near IR wavelength
e ciency from photons to electrons in 2D material(1070 nm). Similarly, a graphene photodetector by embedding
optoelectronics. Various metamaterial concepts have begmaphene into an MPA was theoretically profdsatie
implemented in 2D optoelectronic devices and sy&téms. enhanced light absorption in the graphki®A photo-
Photodetectors that are based on 2D materials have attractedegector is caused by the nedd enhancement of a surface
substantial amount of attention in the 2D community becaugdasmon resonance and thghtli recycling within the
the atomically thin 2D crystals and heterostructures are perfesicrocavity. By utilizing the intrinsic SPs in graphene, IR
candidates of photoactive media for light detection and sensipigsmonic devices that use multiple graphene-insulator stacks
in future low-energy on-chip integrated cirtaiits?>® +4° were fabricated; they exhibit enhanced and tunable plasmon
One of the intriguing properties of 2D materials with zero oresonances with an absorption of 97.5% of EM radiation at
small bandgaps is their broadband optical responses desfigguencies below 1.2 THZ2.This method can facilitate
their low absorption intensity. As explaineddntion 2 research on eient mid- and far-IR photonic devices such as
graphene, for example, exhibits ultrabroadband photgrhotodetectors and modulators.
absorption that encompasses nearly the entire EM spectrumin addition to the design of fractal metasurfaces and
from UV waves to radio-waveslowever, the ultrathin form  resonant electrodes, metallic nanopatterns and gratings have
factor (thickness of approximately 0.34 nm) and the semimetagen introduced to 2D materials photodetectors. In this case, a
nature (zero bandgap) limit its light absorption (e.g.high-sensitivity dual-band photodetector that is based on InSe
approximately 2.3% fronmet visible range to the IR was realized by applying Au plasmonic nanoparticle arrays on
wavelength rang&)® To build 2D photodetectors with the surface of InSeFiure 16)*°** Compared with the
broadband response and higttiency, integration with a pristine InSe device, the plasmonic-enhanced InSe photo-
metamaterial design is a promising route because metamatat@éctors exhibited an additional photodetection ability across
photonic structures can delicately manipulate the optital the visible to near-IR range, which is ascribed to the
and eectively enhance the interaction between light and 2Bybridization of quadrupole plasmonic resonances of Au arrays
materials. to InSe and the wavelength selective enhancement (e.g.,
Plasmonic resonances-enhanced graphene photodetectneximum of 12 times enhancement in responsivity at 685
were proposed and fabricated by using arrays of Aaum). Similar enhancements can be observed indvi&P
nanostructuréé**° To increase the local absorption at photodetector§**°° For instance, to selectively enhance the
metal graphene contacts, Au nanostructures with strongnisotropic photoresponse of BP, plasmonic Au bowtie
plasmonic oscillations with incident light were introduceé@ntennas were used to improve the photocurrent along the
near the contact regions, where the major photocurrent ofaamchair direction, while bowtie apertures were employed to
graphene device is assumed to be genefatede(16)*° enhance the inherent polarization selectivity of BP; a high
The considerably enhanced local eleotlit can directly  photocurrent ratio of 8.7 (armchair to zigzag) was yielded at
transfer the incident EM energy to the area of the metal 1550 nn{>*
graphene Schottky junction, which generates @rney To demonstrate the on-chip compatibility, a plasmonic
enhancement of 20 times. In addition to using plasmonigrating using Au corrugated arrays was employed in a silicon
nanostructures at the mewgiaphene contacts, Liu et al. waveguide-integrated BP photodeteéigute 1f).*°° This
demonstrated multicolor photodetection via direct transfer afitegration enabled a high-performance on-chip photodetect-
Au disc arrays to entire graphdmes (Figure 1B), which was  ing circuit, which collects the merits of the low propagation
based on the spectral selective enhancements of plasmdags of silicon waveguides and higld connement of
resonances by designingént size/periodll factors of Au ~ plasmonic nanogaps. Beimg from the neareld enhance-
disc array§’ The resulting plasmonic nanostructure-inte-ment, the waveguide-based BP photodetector showed an
grated graphene photodetectors exhibited a high enhancemenhanced responsivity of 10 A Wind a 3 dB roll-o
factor of 1500% in external quantunctiency, which is frequency of 150 MHz. Considering the variety of 2D
attributed to the strong coupling between the local plasmongemiconducting materials withedént bandgaps and their
near-eld and the atomically thin graphene. Subwavelengtieterostructures of various combinations, as discussed in
metallic metasurfaces have been employed in enhancing $extion 2,2we can envision that metamaterial-integrated 2D
graphene optoelectronic performance. Spdgi a Au material photodetectors have the potential to achieve high
snow ake-shape fractal metasurface was experimentally fabeiency, 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  photodetector responsivity (neA adncy enhancement factor references
graphene 1D Au nanograting 514 nm 10 20 449
graphene 2D Au nanoparticle array 514 nm 6.1 15 450
graphene Au fractal metasurface @46 nm 813 451
graphene intrinsic nanoribbon superlattice 9.6 0.0075 10 456
MoS Au antenna array 1070 nm 5200 105 452
InSe Au triangular nanoparticle arrays 685 nm 244 12 453
BP Au bowtie antennas 1550 nm 14.2 17 454

Figure 17 Optical sensors based on 2D materials. (a) Schematic of graphene biosensoeld e &vicentrated at the ribbon edge, which
enhances light interaction with the protein molecules adsorbed on graphene. Protein sensing is achieved by detecting a plasmon resonance sp
shift that is accompanied by narrow dips that correspond to the molecular vibration bands ofti&pptetad with permission from ref

327 Copyright 2015 AAAS. (b) Infrared transmission spectra of hBN ribbon arraysneithtticknesses 4bs(N-carbazolyl)-1biphenyl

coating’”* Reprinted with permission from 1€f, Copyright 2018 Nature Publishing Group. (c) Square array of Au double-dots on a glass
substrate covered by a weakly hydrogenated graphen&c(g$t@raphene-metallic metasurface with small molecules adsorbed on the
suspended graphéfieReprinted with permission from 465 Copyright 2018 Nature Publishing Group.

future low-energy consumption electronics. To quantitativetiiose sensor devices are constructed on pristine 2D nanosheets
compare the state-of-the-art of 2D material-based photand operate via a change in their electronic, optical or chemical
detectors, we list the performance of a few representative casgponses. We highlight the concept of the integration of
with plasmonic enhancement, as showalife 2 metamaterial with 2D materials, in particular graphene, for
4.7. Sensors biochemical sensors. The biocompatibility of a 2D material is a

In biosensing applications, 2D materials that possess rigffrequisite for biosensing applications. Graphene has been
surface EM modes and high surface-to-volume ratio exhilff €d to be biologically compatible with biomolecules, cells,
signi cant potential. Many studies have explored biosenscgd tissues in terms of both its functionalized state and natural
based on 2D materfal. A few review articles on biosensors, condition®**°* Considering its surface uniformity and

in which 2D materials comprised the sensing media, includisgperior optoelectronic properties, graphene is regarded a
graphene, BP, and TMDs, have been pubfi$h&fMost of potential high-sensitivity biosensing platform. Additionally,
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Figure 18.Modulators based on 2D materials and metasurfaces. (a) Graphene-based device capabiliti¢saecerdassio the direction
(re ection or transmission) and framework (nonreciprocity or gecahility)!”* (b) Simulations of randomly generate@ction modulators
(top) and simulations of dirent device topologies for transmission modulation (b8ffofa).b) Reprinted with permission from4@8
Copyright 2014 Nature Publishing Group. (c) Device structure of a gate-tunable low-loss graphene THZ rftjdRilasononic modulator
device based on monolayer Y{i8&) and an optical image (rightf.Reprinted with permission from4@§ Copyright 2019 Nature Publishing
Group. (e) Ultrahigh modulation depth by utilizing topological SRSémiitroribboné’® Reprinted with permission from4&§ Copyright
2015 Nature Publishing Group.

research has shown that large-area high-quality graphene coming the extremely weak dielectric responses of gas
can be directly transferred damage-free onto any targaplecules and achieving high sensitivity.
substraté®® which is a considerable advancement toward A hybrid metasurface composed of Au nanoantennas and
practical sensing applications. graphene was designed to quantitativelgﬁdetect monolayers of
Figure 1@ shows a schematic of a mid-IR plasmonicubnanometer-sized molecules or paffi¢iési®**> As
biosensor constructed of nanostructured grapHeAs.  shown inFigure 1€, by using reversible hydrogenation of
shown in the inset &figure 1, graphene nanoribbons with graphene and binding of streptavitliatin, a level of fgmrh
a desired width, length, and separation can be readily produ@ll detection of individual biomolecules, respectively, are
by the well-developed lithographical method. As discussedd@monstrated with mass sensitivity, whieisoa method
Section 2,3graphene supports low-loss plasmon polariton@ward simple and scalable single molecule label-free
with extremely strong IR light caement that is two orders blosensmg_ technologies. In _hyl:_Jrld metasurface_ biosensors
of magnitude stronger than metals, which enables ultrasensififge! t Figure 1d), a combination of molecule induced
detection of the refractive index and vibratiomgirprints of ~ c@/ier doping and plasmon resonance shift of graphene
nanometric biomolecules by monitoring the extinction spectFer'bu.tefjl to tfhe .h'gh sensitivity, V‘;h'Chl enablesdenlhanced
acquired by Fourier transform infrared spectroscopy. The mor#gerprmtmg of minute quantities of polymer and glucose

attractive point of this graphene biosensor design is that t olecules. Hybrid M&M with 2D materials can be employed
. P grap ) 9 . tﬁc?r molecular recognition and produces unparalleled sensitivity
protein can be selectively probed aerdnt frequencies,

hich bends f the d icallv tuned bl ._at the single molecule level, which provides an alternative to
which benés from the dynamically tuned plaSmonic gyiqting hiological and chemical sensing technologies. The

resonance of graphene nanostructures by tuning the Ferghoreq hybrid metamaterials sensors are suitable for high
level in graphene via external electrical gating. Arrays f oughput multisensing platforms.

graphene nanoribbons that feature highly nean and In addition to the extensively investigated graphene
extensively tunable plasmon resonances have atfeda panopatterns with various geometry features and designed
the capability of simultaneous detection of in-plane and out-Gftasmonic resonarfég®+268339468 470 hBN nanoresonators
plane vibrational modes of ultrathin polynhes with high  that hold lower-loss IR PhPs recently demonstrated strong
sensitivity>® Label-free identation of gas molecules has interaction with molecular vibrations in the strong coupling
been realized by detecting their rotationltational modes regime, which were experimentally and numericaltyneoh

via graphene plasmdhsin which the high physisorption of (Figure 1B).*°*We also note that the optical biosensors using
gas molecules on the graphene nanoribbons combined with thelrogenated Mg®anosheets were demonstrated based on
ultraconned plasmonic neaelds were critical for over- tunable plasmon resonances in the néar-TRe combina-
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tion of 2D materials (graphene, hBN, and Mo@th a are classed by the direction (i.e., transmission amsbt'ﬂan)g
metasurface for biosensorords enhanced sensitivity, and framework (i.e., recgarability and nonreciprocityy.
dynamic controllability, and tunable spectral selectivitfsour types of representative operation mechanisms attract
which may highlight future 2D material biosensors based dnndamental interest: amplitude modulation irect®n,
low-loss plasmon polaritons, PhPs, and their hybrids. amplitude modulation in transmission, magneto-optical Kerr
Additionally, the selectivity of 2D material-based chemicabtation, and nonreciprocal isolation based on Faraday
sensors is advantageous compared with conventional metatation. As discussed by Tamagnone &t a@.graphene
based plasmonic sensing. Although similar surface functiondiir that uniformly covers a metal substrate is a very which the
ization strategies can be introduced to 2D materials to enalslimgle equivalent DoF by changing the permittivity, thickness
the surface selectivity to speahemical groups. However, or number of simple rection modulator, in layers produces a
2D sensors endow several unique optical properties (&® locus. To obtain a near-optimal modulation performance,
discussed iBection P to achieve sensing selectivity. First, graphene nanopatterning or the introduction of additional
2D sensors can be dynamically tuned over a broad spectlalectric layers on graphene has been numerically demon-
range through electrical gating, for instance, when utilizing Sf¥ated to be an ective alternativeFigure 1B).*”° The
of graphene. Patterning 2D materials with designed geomefrientier of the total random performance is similar to the
parameters (e.g., size, shape, peliitattors) also provides a theoretical upper bound. Graphene modulators that operate in
way to control the photonic resonances and thus spectitiie transmission mode were also calculated, which exhibits a
selectivity to molecules. Furthermore, the combination of 2Buboptimal performance. Thigling is attributed to the high
materials with conventional metamateriasscextra merits  loss in graphene and the mismatch of impedance to the system,
toward highly sensitive and selective chemical sensors. We wdtéch limits the high-transmission modulation rate compared
that the surface of 2D materials could be an inherentlyith re ection modulators. For an additional DoF, a
excellent platform for immobilizing chemical species. F@olarization twist after transmission can be introduced by an
example, it has been demonstrated that layered material anisotropic metagraphene hybrid” Therefore, one polar-
MoO; support low-loss hyperbolic PhPs in the mid-IR; thézation can be modulated by the designed hybrid metasurface,
surface of-MoQ; terminated by O atoms can form hydrogen while the other polarization was sustained to convey feedback
bonding with spea molecules, which er another approach in the device system. The discussed theory provides a solid

to tune the polaritonic ect. understanding of the operation and basic limits of graphene

4.8. Modulator modulators and may also serve as a model for achieving high-
g performance modulation by other 2D materials.

2D material modulators can be generally @dssnto Based on the optical modulatiorea, highly ecient

di erent types according to the principle of operation (allroom-temperature modutati of THz wavelengths was
optical, electro-optic, thermo-optic, magneto-optic, acoustachieved using graphene with both broadband response and
optic, and mechano-optic), the attribute of light (wavelengthow intrinsic signal attenuatiofiqure 18).}% Experimen-
amplitude, phase, polarization, time, and direction), and thelly, the THz transmission through graphene veatively
optical property of the material (absorptive property correlatesbntrolled by gate-tuning the density of states available for
with the imaginary part of the refractive index, and refractivatraband transitions. The resulting graphene modulator
property correlated with the real p&if)To realize high-  achieved superior modulation performance with a low
performance 2D material modulators, severalgkegs of insertion loss of 5%, a high intensity modulation depth of
merits, including modulation speed and depth, operation5%, and a modulation frequency of 20 kHz. Furthermore,
frequency range, insertion loss, stability, and compatibilityptical frequency combs ngsigraphene and photonic
need to be considered. By the design of metamaterialicroresonators were demonstrated with gated intracavity
structures, enhanced light modulation in 2D materials can lenability’’” The devices worked well by coupling the gate-
expected. For example, a high modulation depth to 95% andumable optical conductivity to aNgimicroring resonator,
modulation time less than 10 ns in the mid-IR spectral rangghich enabled the ective modulation of the second- and
were achieved in a graphene-based metasurface perfégher-order chromatic dispersions by tuning the Fermi level.
absorber, as discussedSiection 4.5%* Particularly, the  Through a dual-layer ion-gel gate, the charge-tunable primary
recently demonstrated hybrid plasnpdronon polaritons in -~ comb lines were produced from 2.3 THz to 7.2 THz with
graphene/hBN heterostructures exhibited enhanced lightcoherent Kerr frequency combs, controllable Cherenkov
matter interactions with loss lower than that exhibited byadiation and soliton states in a single graphene microcavity.
individual graphene plasmons (refeSéation 2.3n this Another example is an extensively tunable metasurface that
review),®” which implies their potential in the realization of consists of Au antennas on graphémethat was integrated
highly e cient modulators in the mid-IR or THz region. into optical nanocavities, which demonstrates superior mid-IR
Similarly, combining in-plane anisotropic and ultralow-logaodulation performance by acting as an electrically tunable
polaritons in -Mo0Q,;,%® ultrahigh-performance IR light MPA (refer toFigure 16 and c)* In addition, Gan and
modulation with polarization sensitivity is achievable igoworkers realized an @&ent thermo-optic microring
graphene/-MoO; heterostructures. graphene modulator, in which the electrical and thermal
Due to its easy, broad, and dynamic tunability of Fernproperties of graphene were utilized by covering a graphene
energy via electrical gating, graphene is extensively investigabedon a Si microring resonat6tDue to the high electrical
in electro-optic modulation, which requires a highly dynamiand thermal conductivity, the graphene thermo-optic modu-
reconguration of carrier conductivity. The fundamental limitlator showed a large modulation depth of 7 dB with a broad
of the performance of graphene modulators is only associatggerating wavelength range.
with the conductivity tensor of graphé&igure 18 shows the Similar to graphene, various 2D materials, including

device capabilities of graphene amplitude modulators, whitMDs;*"> BP?"” T1,*’® and perovskité€® 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 1.20T#1z A47% 100 kHz 81
graphene  Au antenna and optical cavity electro-optic 7 nb 100% 20 GHz 432
graphene  Au grating electro-optic 5 8.3% >1 GHz 482
graphene Si PC cavity electro-optic 1.693 10 dB 483
graphene Si waveguide electro-optic 1.85m 4 dB 1.2 GHz 184
graphene  Si microring resonator electro-optic h55 40% 80 GHz 484
graphene  $N, microresonator electro-optic 16 33.3% (extinction change) 600 kHz 477
graphene  §, microresonator electro-optic 157 m 15 dB 30 GHz 485
graphene Si microring resonator thermo-optic 1.5549 80% (7 dB) 100 GHz 478
graphene  microribbon waveguide thermo-optic th55 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 m 4.1% 290 PHz 475
Bi,Se microribbon array all-optical 1.5 THz 2400% 5 THz 476

Figure 19Waveguiding based on 2D materials. (a) The graphene-based integrated waveguide platform for an optféqbinididstaation

of a photodetector. The graphene on top serves as the gate and BP as absorbing photons. The silicon waveguide allowed the measureme
absorption in BF° (c) A rectangular waveguide of hBN with 250 nm width and 65 nm thickness. The left, simulatediisé@ution

(Re(E)) at 1445 cm? (togg) and 1416 cnt (bottom). The right, calculated dispersion. The inset shows the waveguide and élte near-
distribution at 1445 crh**® Reprinted with permission from 468 Copyright 2017 Nature Publishing Group. (d) Nontransparent grating
couples light into theat (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 loweffigtepcioteer with

permission from réB2 Copyright 2015 Nature Publishing Group. (e).The nanoimaging,dfiNtik®ess: 110 nm) at 1550 rigis the free-

space wavevector. The lower left is the measidedistribution with thetting. The lower right is the simulated leaky mode of.MbS

Reprinted with permission from 466 Copyright 2019 John Wiley and Sons. (f) The schematics of PC made of suspended membrane of
monolayer WSshowing the nature of guiding the visible photons within the atomic thickness.

for e ective light modulation. Here, an example of utilizinghe intriguing topological SPs, an ultrahigh modulation depth
semiconducting WsSmonolayers is shown to realize highly to 2400% in the THz range (approximately 1.5 THz) was
e cient nonlinear plasmonic modulatétigre 18).*"> In achieved in the microribbon arrays of ,8eBtopological

this design, a monolayer WSeas transferred onto a insulator Figure 18).*’®This unprecedented observation was
lithographically deed metallic waveguide, in which the ascribed to two factors. First, the near-zero extinction spectrum
excitons in WS3estrongly interacted with SPPs and caused &om the Fano-like plasmgrhonon-destructive interference
change in transmission of 73% through the device. An ultrafasintributed a remarkablydueed denominator of the
response time to 290 fs was achieved by controlling thextinction ratio. The second factor is the photoinduced
propagating SPPs via optical and SPP pumpstirgefrem formation of massive 2DEG below the topological surface

6226 https://dx.doi.org/10.1021/acs.chemrev.9b00592
Chem. Rew2020, 120, 61976246


https://pubs.acs.org/doi/10.1021/acs.chemrev.9b00592?fig=fig19&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.9b00592?fig=fig19&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.9b00592?fig=fig19&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.9b00592?fig=fig19&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

states, which contributes a substantial increase in theThe exotic light matter interactions supported in layered 2D
numerator of the extinction ratio. The performance ommaterials can provide an exciting platform for guiding photons
representative 2D material-based optical modulators are polaritonic form or waveguide mode, which can even be
given inTable 3 Therefore, the realization of tunable 2D demonstrated in a thickness of a few atoms. fidliisg is
material modulators based on photonic nanostructures iseatremely important for ultrathin, on-chip, high-capability, and
promising architecture that crosses atomic layer nanoscierta@able photonic circuits, optoelectronic devices, and even
nanophotonics and ultrafast optoelectronics. guantum applications.

4.9. Waveguide 4.10. Emitters

Their exotic nature renders 2D materials a promising candidatight emission is an important and interesting property of 2D
for building an ultrathin and broadband waveguide platfornsemiconductor materials. We note that an increasing amount
One approach is to coat the dielectric waveguide with 2Df attention has been focused on single-photon sources based
materials, which enables the tunable waveguide resporme.2D materials (e.g., hBN and Yy Seith applications in
Alternatively, the polaritons that are generated from the exotjtantum computing circuits beyond conventional LED
interaction of light with layered 2D materials can also bdisplay$>''*°°* The interesting term is the chirality or
guided, which forms the polaritonic wavegtiitle§?#445° spin/valley polarization of emitted photons from 2D TMDs,
Moreover, the vdW force between layered 2D materials rendenich endows a new DoF to tune the light emission and a
the large dielectric refractive index and enable the excellemvel design of optoelectronic devies’* Despite the
light guiding property, which considers the total internalltimate thin form of 2D semiconductors, they can exhibit
re ection. Here, we focus on the strategies of the applicationstfong light emission eiency, for example, with near-unity
the waveguides that rely on 2D materials. PL quantum yield and enhanced minority carrier lifetime in
For the application of the modulafé¢Figure 18) orthe ~ MoS, monolayers treated by an organic supé&taaid
photodetectdr® (Figure 1B), 2D material can be integrated electrostatic dopirig® By utilizing the high emissionaency
with the waveguide. The betsaare the enhanced and actively of 2D semiconductor monolayers, high-performance ultrathin
tunable interaction of 2D material with light in a broadLEDs with graphen&BN TMD quantum well structures
spectrum of EM frequency, the high speed due to the larglowed a high external quanturiency to 8.49, a record
carrier mobility, the high responsibility and the low darlof 2D material-based electroluminescent devices and a large
current'®* 94 The waveguide can also be designed for thadvancement from the perspective of fundamental research.
highly conned polaritons, especially the SPPs and #Ps. Coupling 2D materials with metamaterials is a straightfor-
The hyperbolic PhPs comprise the guided mode in a thin hBiNard way to improve the light emissiorciency and
slab, which can be quantized (equivalent to the high-ordemanipulate the emission behavior (e.g., polarization and
mode) considering the constructive interference condition afirectionality) to create an eent emitter. Wang et al.
the waveguidé®?+**° The mode prde and the dispersion obtained a giant PL enhancement factor of approximately

of the phonon polariton in hBN are providedigure 16; 20000 from a suspended Wi®enolayer on Au nanostruc-
they manifest the hyperbolic ray nature that bounces back atule-based plasmonic metasurfaces, which was ascribed to the
forth similar to the mode in a conventional wave{iiidiee concentration of the excitation EMd in the sub-20 nm Au

propagation nature of SPPs comprise the guide mode at thanogrooves (refer Eigure 20°°® Tuning of the lateral gap
surface between metallic media (such as graphene and BP) pladmon resonances by changing the pitch of the structures can
a dielectric substrate. The structure of these 2D materials carectively match derent wavelengths of the pump laser,
be further engineered to manipulate the waveguidirtg ef which provides sicient room for adjustment to enhance the
SPP$?° The hybridization of graphene and hBN can also beptical absorption and emission in other 2D crystals and
considered to form a synthetic waveguide on top of corrugatettident laser systems. Designing doubly resonant nanostruc-
Au (Figure 16), which supports theat SPs, corrugated tures with directional control can achieve further PL
plasmons, and wedge plasmons with a large modulation deptihancements such as the horizontally or vertically cascaded
(0.03 dB m %) and low propagation |088. plasmonic nanostructuresHigure 20 Note that the giant
Recent ndings have cormed the high refractive index emission enhancement in the W3e arrays system was
nature of stacked 2D materid#€’® which is particularly only caused by the trapping of the pump laser (633 nm)
interesting considering the guidingce for all-dielectric  without careful consideration of the out-coupling of the WSe
M&Ms. For example, the waveguidiregts in subwavelength  emission spectrum window (7820 nm). The light emission
hBN nanopillars at the visible frequency can be exploited & ciency in this coupling regime can be improved. In addition,
obtain the 2 phase change by varying its geometry, which camany approaches for realizing directional/polarized emission
enable the design of ultrathin vdW metdféhdoreover, the  from 2D materials have been demonstrated by using
waveguide can be simply achieved by the high permittivity sibwavelength plasmonic mefafli€%>'° or photonic
vdW materialsRigure 18). The anisotropic nature of vdW dielectric structuré§® >**The incorporation of metamaterial
materials guarantees thesdent group velocity of the TE and design in 2D semiconductors provides ectige platform for
TM modes, which enables the modal birefringence withreating novel high-performance multifunctional 2D emitters.
potential applications of phase retafdefe high refractive  The bandgap (eV), PL quantum yield, EL quantum yield,
index can be observed in the ultimate limit, monolayer or fephotonic structures, and PL enhancement factor of light
layer materiafS’>°° The theoretical proposal of visible emitters based on a few representative TMDs are summarized
photon guiding in the monolayer can be experimentallin Table 4

demonstrated with the near unitargative index Kigure In addition to the enhancement of the exciton emission of
19).%97 Photonic crystals can also be achieved by few-lay2b materials, coupling with metasurfaces can achieve the
materials with a leaky wave. steering of nonlinear photon emission. Optical waveguide
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proposed?® This interface solves the issue of multidimen-
sional control over the conversiortiency of the SHG on a
nanometer scale. Hu et al. has recently realized a new
nonlinear optical interface for thecent operation of
nonéigear energy valley-photons in single-layg( FMSre
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 specic energy vallgy (K ) is excited and produces a left
(right) spin SHG, which is near 100% in the experiment. Due
to the local eld enhancementect of the Au nanopore, the
interaction between the lightld and the energy valley is
enhanced, and the SHG conversiariency 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
Figure 20.Top right, schematic of PL emission from a single crystalo medium superstructure surfaces and other 2D material
monolayer WSeake on a patterned Au substrate. Top left presentgystems, which provides a very simple and reliable way for 2D
the simulation of the electrield distribution of the lateral gap materials to control, encode and read information. This type of
g'r?dsrtﬂznso‘;‘gth Zt'\/cilnﬁg?&oelazgrdaeknet f;;ﬁe_?ﬂzdbg‘t’timj'engg trg[‘Ch 2D material-metasurface hybrid system stimulates research on
intensitypmagzinlgs with pglalrization ar{gleg, oA and 8'0_538 future RT and free-space nonlinear and valleytronic devices.
Reprinted with permission from B8 Copyright 2016 Nature 5. CONCLUDING REMARKS AND OUTLOOK

Publishing Group.

In this review, we focused on describing research on the
e%\ﬁerlap between layered 2D materials and metamaterials and
metasurfaces. We established the potential of 2D materials that
behave as natural bdmetamateridlavith exotic properties

at were previously believed to be only attainable aiedliti
I1;\gineered structured materials. The outstanding properties of
mﬁzerials with a 2D nature include broadband igdtter
Interactions, few lossesxible tunability, strong non-
arities, and the emergence of various types of polaritons.
ile the traditional plasmonic or all-dielectric M&Ms can be
exploited to manipulate 2D materials, additional functionalities

d novel M&Ms can be obtained by increasing the complexity

an information carrier enables a variety of new funCtiongEthe subwavelength compositions from structured layered 2D
devices. Compared with traditional electronic components, R ; ; gth P X Y€
terials. With the disclosure of these optical properties and

new 2D valley electronic devices have the advantages”b?struction methods, we understand the microscopic origin

. . .. . n
information nonvolatility, fast processing speed, low energg the interaction between 2D layered materials and

consumption, high integration and long transmission dis- . ) S ;
tance® However, the lifetime of the energy-excited state i etamaterials. This fundamental knowledge is important in
: ! e search for reliable applications. Tisé steps in this

very short at RT, and the thickness of the single-layer 2 irection have also been described in this review, and the
material is only of the order of the atomic layer, which cause C . '
abrication of several devices, such as planar lenses, cloaks,

weak coherence with the external excitatdeh, which hotod d has b d d
severely limits the eiency of the valley degré€'® T photodetectors and sensors, has been demonstrated.

Therefore, improving the eiency and valley coeient of ~ 5-1. Outlook

nonlinear processes in 2D materials is an urgent task to Beirrent research in metaphotonics focuses on theoretical

solved in theeld of electronics/spintronics. designs and calculations. Particularly, many theories have been
A type of nonlinear optical interface that consists of a noblgroposed for traditional metal-based metasurfaces and

metal nanopore array and a single layer of 2D material waretamaterials, for example, regarding thin>#iPok

structures that are based on silicon circular rings have b
proposed to enhance SHG from Mo®enolayers, which
further enables phase matching of the nonlinear précess.
Electrons have two intrinsic degrees of freedom, name
charge and spin. Based on these two degrees of freed
researchers have developed the extensively applied electr
technology and the increasingly mateie of spintronics. In .
recent years, 2D materials such as single-layer TMDs, h§9§
formed an additional DoF due to their special inversio
symmetry: valley pseudospirafdK ).>*’ Valley freedom as

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 9505 8.44507 SN, PCO13 1300
WS 2.05 96°%® 1324507 photonic hypercrystaf 60
WSe 1.7 goe 514 Au trenche$® 20000
MoSeg 15 &°06 Au rectangular nanoanterihas 3
MoTe, 1.1 9.5°16

3l of the parameters were obtained for monolayers at RT except those fictieanéchlly treate@Electrostatically dop&tht 6 K. %At 83 K.
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Figure 21.(a c) Experimentally measured intensity of the two chiral componentst thg zeroth (b), andrst orders (c). (d) Theeld

distribution az = 120 m, 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. QWPL1 can change the incident polarization
circularly polarized. QWP2 and the linear polarizer are used to test the chirality of the emitted second-harmonic photons. The horizontal image
the experimental result from the evolution of the light splitting into three orders. The vertical imageseldpdttimitions obtained by

rotating the linear polarizer, which changes its optical axis (OAhbgt: a schematic of the function of theW8 metasurface. The inset

SEM image shows one period of the nanoholé"aRaprinted with permission from 8&f Copyright 2019 Nature Publishing Group.

hyperbolic metamateridis.Recently, the concept of meta- Fermions?* PtSe with layer-dependent semiconductor-to-
materials has been extended to 2D optical materials as $@mimetal transitioh; and WTe with Weyl semimetal
interest in graphene and related 2D materials csigthy states?® 2D atomic crystals have displayed spin and valley
increases. Some representative 2D metamaterials and tkeiective carrier dynamics, which can realize atomic thin
applications have been summarized in this review. Howevapintronic or valleytronic metaphotonics and dévic&s?’
these multilayered architectures that are based on 2D materils chiral perovskites have been recently reported to exhibit
and subwavelength metal nanostructures, require complicatsohtrollable spin polarizati via molecular design and
multistep nanofabrication and nanolithography techniquesiagnetic elds:?%?° Another set of new members in the
which may aect or degrade the intrinsic optoelectronic 2D materials family consists of 2D magdfiet&>** such as
properties of atomically thin layered 2D materials. In gener&rl; and FgGeTe, which exhibit magnetield-dependent
theory in metaphotonics of 2D materials is leading, while theptical emission and polarizatitnyhich contributes to 2D
nanofabrication and practical realization of metaphotonimaterial-based magneto-metaphotonics. 2D oprefahic
structures and devices based on these materials is fallirgneworks, which are usually utilized for gas separation and
behind. storage medf4> have been developed as a new type of
5.1.1. 2D Materials.Both theoretical design and nano- semiconductor with direct bandgap and high carrier mobi-
fabrication are expected to extend to an extensive range of B>>**3> Therefore, we can anticipate that these new 2D
materials, in addition to graphene, TMDs, and phosphorenmaterials, which possess new optical properties, would
Numerous 2D layered or nonlayered materials have beéacilitate the research progress of atomically thin metapho-
recently discovered or synthesized with novel optical ardnics.
electronic properti@s' In addition to graphene, some  5.1.2. Emerging Polaritons.New mechanisms of light
elemental monolayers such as germanene, silicene, and stametter interaction with low loss require further exploration for
have been recently developédwhich demonstrates the constructing high-performance metaphotonic devices. As we
topological properties of stanene, as an exampleese discussed irsection 2 current low-loss polaritons in vdW
elemental monolayers generally have high charge mobility andterials primarily contain plasmon polaritons in graphene and
Dirac cones that act as semimetals such as graphene. giwsphorene and PhPs in hBN antfloO3. Note that
semimetals include TMDs such as Pwith type-Il Dirac phosphorene holds in-plane anisotropic plasmon polaritons,
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while graphene only has isotropic surface plasmon polaritonsThe development of novel metaphotonic device applications
Hyperbolic PhPs are supported in both hBN aMbO;, should combine both emerging 2D materials with superior
with in-plane anisotropic polaritons experimentally observguoperties and new mechanisms of lightter interaction.

only in -MoGs. Phonon polaritons generally show lower lossVe present a few examples in the following section to envision
with a longer lifetime than plasmon polaritons, although théhe future scope of 2D material-based metaphotonic devices.
plasmonic resonance can be easily and dynamically tuned bg.1.4. Photonics.Lensing, as an important optical tool, is
changing the Fermi level (e.g., electrostatic gating), whigkaditionally based on metal or dielectric nanostructures but
causes a broadband polaritonic response. Conversely, #a@ also be constructed of 2D materials with atomic thin layers.
responsive band of PhPs is relatively narrow due to thgitrathin at lenses have been demonstrated using monolayer
intrinsic limited Reststrahlen bands in the lattice vibrations @hd multilayer graphe??é,thin- Im reduced GO and

polar dielectrics. For example, hBN has a polaritonic respongiénolayer WSeEngineering the phase front of optical beams
within 6.2 7.3 and 12.213.4 m and -MoGO; within 9.9 that pass through 2D materials also enables the design of few-
10.4 and 10.312.2 m. Thus, searching for PhPs outs?de thiS|ayer Mo$ optical lenses (by controlling the optical path
wavelength range is needed to encompass a wider bagflgthf*?and hBN pillar array-based metalenses (by levering

spectrum. _ _ _the high refractive indicé8y.To achieve superhigh focusing
Exciton polaritons in TMDs have also been observed in the ciency, new lensing mechanisms should be developed by
near-eld yet remain considerably unexpfdréd.addition, gilizing low-loss polaritons, as discuss&edtion 2of this

several other kinds of polaritons in 2D materials have beggfjiew. The hyperbolic PhPs in hBN crystals have been
theoretically predicted, including cooper pair polaritons angemonstrated to show an out-of-plane superlensiriguith
magnon polariton‘@? Investigation of the coupling and gyperior subdiactional focusing and neatd imaging>+**°
hybridization betwee_n two polarlto_nlc mode_s, such 88imilarly, in-plane focusing and lensing can also be realized by
plasmonphonon polaritons, are also important in terms of,ying into account the recently discovered in-plane aniso-
realizing low-loss dynamically tunable polaritons. An extfa i< hyperbolic PhPs inMoO; crystal€® Therefore, a

Jher focusing eiency with multifunctionality is expected
Hie to the extreme carement and unigue orientation of

cause electrical problems when employed in metaphotorm:ese polaritons in 2D materials

structures-integrated optoelectronic devices. Thus, we carg ¢ g Optoelectronics. The performance of photo-

foresee a large number of fundamental studies of pOIar'totﬁ‘étectors can be enhanced by utilizing low-loss polaritons or

supported by 2D materials and applied research that focu?)%?aritonic resonances. SPPs induced by metallic nanostruc-

on their novel metaphotonic applications in the near future. : ;
. ; ; . - ~'tures have been employed to enhance the light absorption and
5.1.3. Moire Patterns. 2D materials with atomically thin . "o generation in 2D material-based photodetec-

forms show intriguing sensitivity due to the stacking a”9|?8r545045l543 A few studies also suggest that the photo-

between adjacent layers, in which the anggésahe optical . . X )
and electronic properties of vdW heterostructures (a type E;‘ZS“&Q eciency can be enhanced by phonons in the mid-

metamaterial). The Moimgatterns at small twist angles are - Since the real-space observation of polaritons

created by the lattice misorientation between the verticQIrOpagat'oTRmd gt;ra?hen_e and thN’ hsevergl attemptst gf
atomic layers, which causes long-range modulation of tfjBproving etection in graphene have been reported,
stacking ordéf’ Recent studies of heterostructures composegtch @s using the resonances of plasmon polaritons in graphene

; ; nanograting arrdy$ or introducing hBN thin layers on
of bilayer graphene have demonstrated that @ectronic thene to cone and guide mid-IR nanolight (PHB%).

band structure near zero Fermi energy due to strong interla L ; : : .
coupling emerges for certaimagic angledetween the two e anticipate that these low-loss polaritons with high-quality

graphene layers The correlated insulator behavior at half- factors suppo_rted !n natural 2D mater_ials wiI.I provide viable
ling in the graphene superlattice is promising in man@ccess to high-eiency optoelectronic devices such as

aspects, such as studying other 2D quantum phases witholth@todetectors. o _

magnetic eld or realizing unconventional superconductors °-1.6. Biosensors. Utilizing low-loss polaritons for
and quantum spin liquitfé. Stacking angles have exhibited ametaphotonic biosensing applications is another important
crucial role in 2D materials for many other conditions, such &§d promising topic in theld of medical research and clinical
creating plasmon PCs for nanolight in Magjraphene  diagnostics. The most cruciglre of merit of an optical
superlattice¥® modifying the SPs in the graphene/hBN biosensor is its sensitivity, which is the capability to detect a
stack®” improving the conductivities across Mp&phene  small number of molecules in highly diluted solutions that

heterostructurés;and modulating the phonon dispersions infélies on the performance of the underlying optical
twisted bilayer M@S*° Moire excitons have also been structures?®*° Although conventional label-free plasmonic

observed and investigated in 2D twisted stacks, whidhosensors, which are based on metallic metamaterials, have
manifests as multiple emergent peaks around the origirsdlown the possibility of detiag biomolecules, their
TMD monolayer exciton resonance with gate dependences, f&nsitivities remain hindered due to their relatively lower
example, in MoS&Se, and WSgWS, heterojunc-  polarizability™® °>°Hyperbolic metamaterials that use 2D Au
tions:“3195%40 A recent report also shows a stacking angledi raction gratings, for instance, were developed to overcome
tunable PL of interlayer exciton states in twisted bilayghis issue and demonstrated extreme sensitivity biosensing
grapheng’* which implies a hybrid metal-exciton behaviorability to detect ultralow-molecular-weight biomolecules at
with high tunability and potential enhancements. These nepicomolar (highly diluted) concentratiotisThus, 2D vdW
observations of stacking angle control provide a new tool twystals that support lower-loss (hyperbolic) polaritons will
manipulate lightmatter interactions for 2D materials enable the realization of unprecedentedly high-performance
metaphotonics. metaphotonic biosensing platforms.
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