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Two-dimensional (2D) materials like transition metal dichalcogenides and Xenes are expected to bring exciting
advancements in many fields of nanotechnology. The wealth of their electronic properties makes them appealing
for a broad range of applications. In particular, in the framework of optics and photonics, three emerging routes
where the key role of 2D materials will push forward the current state-of-the-art will be here outlined and
discussed. Exerting control over the light-driven generation of spin-polarized dissipationless currents, enhancing
the photon harvesting, and engineering the light-matter interaction are three challenges for 2D materials-based

1. Introduction

The isolation of graphene by mechanical means set a milestone in
condensed matter physics [1]. Today, graphene is no longer alone and a
broad family of two-dimensional (2D) materials is currently the matter
of investigation of many research groups around the world. Among the
2D materials, transition metal dichalcogenides (TMDs) and mono-
elemental graphene-like lattices, coined Xenes, are particularly attrac-
tive for their optical and photonic properties [2,3].

The booming interest in the Xenes started when the long-sought
silicene was eventually synthesized on the Ag(111) surface using mo-
lecular beam epitaxy [4]. After that, going down along the IVA column
of the periodic table, germanene, stanene, and plumbene were all found
to exist being the closest relatives of graphene [2,5]. Surprisingly, out of
the elements isoelectronic with carbon, the Xenes family expanded
through the nearest columns, and hitherto we can list borophene and
gallenene for the column IITA, phosphorene, arsenene, antimonene, and
bismuthene for the column VA, and finally selenene and tellurene for the
column VIA [2,6]. The optical properties of the Xenes were initially
investigated by theoretical methods, mostly on silicene, germanene, and
stanene [7], and subsequently even experimentally by optical spec-
troscopy tools, including Raman [8-11] and ultrafast [12] spectroscopy
as well as transmittance and reflectance measurements [13-16]. The
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wealth of the Xenes electronic properties is of course reflected in the
broad range of applications where, for instance, plasmonics applications
might be conceived using metallic Xenes, like borophene and gallenene
[171, topological applications might exploit heavy Xenes, like stanene or
bismuthene [5], and optoelectronics might be devised using semi-
conductive Xenes like selenene and tellurene [18,19].

In addition to Xenes, TMDs specialize their optoelectronic properties
based on the details of the crystal structure with a key role played by the
coordination environment of the transition metal and the occupancy of
its d-orbital [20]. As a result, TMDs endowed with semiconductive to
metallic character are available. Furthermore, for metal and chalcogen
belonging to column VIB and A respectively, non-trivial band topology is
expected when arranged in a distorted 1T’ crystal phase [21]. Notably, a
thickness-dependent modification of the electronic band structure oc-
curs thinning the bulk TMDs down to the monolayer limit [20]. In
semiconductor monolayer TMDs, this modification is complemented by
the indirect-to-direct transformation of the optical transitions along with
the appearance of strong exciton effects, because of the reduced elec-
trostatic screening potential, and valley degeneracy at the K and K’
corners of the Brillouin zone because of the breaking of the inversion
symmetry [22].

On the whole, the above-mentioned arguments make Xenes and
TMDs appealing for photonic applications since they offer several
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options to meet the requirements of a variety of target functionalities.

Here, three emerging routes where TMDs and Xenes might constitute
an advance for photonic applications will be outlined and corroborated
by already reported findings in this framework. In the first one, we
propose the exploitation of the topological state of matter in 2D for the
realization of dissipationless optically controlled magnetic devices. In
the second section, we will review how the optical properties of Xenes
and TMDs change when compared to their bulk three-dimensional (3D)
counterpart (if any) and how is possible to tune the absorption of light,
and hence the light harvesting, in a broad range of the electromagnetic
spectrum. Finally, in the third part, we discuss the impact on the light-
matter interaction arising from the manipulation of the 2D materials
at the nanoscale, including the effects related to strain engineering.
Fig. 1 schematically resumes the three emerging routes described in
detail in the next sections.

2. Section 1: optical control of the Quantum Spin Hall effect

The possible connection of topological insulators (TIs) and the 2D
world appears as a promising option that could seed the rise of a dis-
sipationless technology based on pure spin current. In some 2D mate-
rials, the non-trivial topological order gives rise to a new exotic state of
matter known as the quantum spin Hall insulator (QSHI) state [23,24].
This exotic phase is a 2D bulk insulator with symmetry-protected
conductive edge states lying in the bulk band gap and spatially
located at the edges of the 2D lattice. Conductive states in QSHI are
helical i.e., up and down spins propagate in opposite directions along
with one-dimensional (1D) ballistic transport channels that are robust
against disorder, scattering, or any other TR-symmetry conserving
excitation. This exotic effect was remarkably observed for the first time
in HgTe/CdTe quantum wells through electrical measurements al
cryogenic temperatures by M. Konig et al. [25]. To promote the QSH
effect as a promising platform for the development of a new techno-
logical era, it is mandatory to develop a class of materials that harbor
symmetry-protected dissipationless ballistic transport channels at room
temperature. In this respect, honeycomb lattices made of heavy mass
elements are needed to exploit the QSH effect at reasonable temperature
because the spin-orbit coupling (SOC, a relativistic effect related to the
atomic mass) converts the ideal Dirac semimetal into a QSHI state
opening a bandgap. For example, SOC is so weak in graphene due to the
light mass of carbon that the bandgap opening is negligible [26].

Recently, theory predicted different materials in the “flatland” as
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Fig. 1. Emerging routes where 2D materials might constitute advances in
photonic applications.
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QSHI. In two independent works, X. Qian et al. and M. A. Cazalilla et al.
proposed that monolayer TMDs in the 1T’ phase should present the QSH
effect at room temperature [27,28]. A pioneering experiment demon-
strated that monolayer WTe;, behaves as a QSHI at 100 K, hence boosting
the research on the synthesis of new materials [29]. In this framework,
artificial elemental 2D materials have been theoretically proposed as
QSHIs with large bandgap [30-34]. Among them, stanene, the 2D
honeycomb phase of tin, has been proposed as a QSHI when decorated
with adatoms or mechanically deformed by the application of strain
[35]. From a theoretical perspective, a more solid platform is stanene on
a-Aly03, which has been recently proposed as a room temperature QSHI
without the need for any functionalization [36]. Experimentally, mon-
oelemental Xenes have been recently synthesized on the Al,03(0001)
surface but no evidence of QSHI state have been reported yet [13,14].
These findings on silicene and stanene (discussed more in detail in the
next section for different purposes) paved the way to the realization of
heavy Xenes on transparent substrates at variance with the most rele-
vant results achieved on the Xenes so far, mostly obtained on metallic
substrates.

Leaving the group IVA road, in 2016 the epitaxial growth of a
monolayer-thick bismuth film (bismuthene) with a large bandgap (ca.
800 meV) showing the QSH effect was demonstrated [37]. Fig. 2 shows
the metallic edge states as observed through scanning tunneling spec-
troscopy (STS) (curves in Fig. 2a and maps in Fig. 2b, to be compared
with topographical profile from the bulk to the edge in Fig. 2c).

To exploit topological effects in practical devices, the control of the
physical properties is mandatory. For instance, established formalisms
adopted for the description and prediction of fundamental effects in
solids, such as optical transitions, could not hold anymore. In this
respect, new selection rules governing electronic transition after
photoexcitation are expected for 2D-TIs such quantum-well with zinc
blende structures, given the broken inversion symmetry. For this class of
materials, electron transitions from branches of the Dirac states with
opposite spin (S), that violate the fundamental AS = 0 selection rule, are
possible and give rise to edge photocurrents controlled by radiation
polarization through the circular photogalvanic effect [38,39].

Using light as the driver of new exotic phenomena hence emerges as
a promising way to implement optically controlled devices. In this
respect, the most intriguing properties of QSHI for potential applications
are the helical edge states that host ballistic spin-polarized transport
channels. The pure-spin ballistic current flowing at the edge states of
QSHI will overcome the physical hurdles that hamper the exploitation of
the electronic charge at the few nm technology node, such as energy
dissipation and heating [40]. The on/off switch of these states with
suitable light would allow for the realization of photonic topological
devices. In this respect, the photo-spin-voltaic effect has been exten-
sively exploited to generate an electric voltage from the pure spin cur-
rent by shining light on magnetic materials/metals hybrid
heterostructures [41]. This effect can be obtained also in non-magnetic
materials, such as semiconductors coupled with metallic layer by
exploiting circularly polarized light to generate two populations of
spin-polarized electrons [42]. Remarkably, in QSHI, it is possible to
obtain pure spin current with linearly polarized light and without the
need for magnetic fields [43,44]. The possible exploitation of QSHI as
light-controlled generators of pure spin current could lead to the reali-
zation of room-temperature spintronic devices with low energy dissi-
pation. Among the Xenes, it is possible to envisage a bismuthene
(stanene) sample prepared with the Dirac states unoccupied by moving
the Fermi level in the bulk trivial valence band maximum with an
electrostatic gating. Then, the two helical branches of the Dirac states
can be populated by excitation with linearly polarized photons. To avoid
the population of trivial states in the conduction band, photons with
Eph<600 meV (300 meV, for stanene) i.e., mid-IR light, must be used, as
depicted in Fig. 2d. A pure-spin current will hence start to flow in the
dissipationless symmetry-protected edge states but neither net charge
current nor net magnetization will be present in the system. This
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Fig. 2. a) STS spectra of bismuthene showing the ~0.8 eV bandgap and metallic-like edges. b) STS map evidencing the localization of metallic states at the edges. c)
Step profile of bismuthene on SiC (left scale) compare with the dI/dV signal along the step (right scale). Adapted with permission from Ref. [37]. d) Linear polarized
mid-IR beam will excite carriers from the bulk valence band to Dirac edge states (left), then a pure spin current will start to flow at the sample edges (right).

electromagnetic spectrum. The graphene absorption spectrum is char-
acterized by a constant absorption value equal to na (where o = e2/hc is
the fine structure constant) in a broad range of the photon energies and
absorption rises only in the UV range due to the n-n* transition related to
a van Hove singularity in the joint density of states (JDOS) [45,46]. On
the one hand, it is quite surprising that post-graphene Xenes like silicene
and germanene keep a similar absorption spectrum despite their buckled
lattice and are featured by a constant absorption at low frequencies and
characteristic absorption peaks at higher frequencies related to inter-
band transitions [46]. On the other hand, the different JDOS give rise to
different absorption spectra in the same photon range (typically from
THz to UV) where the original transparency carried by graphene is
progressively lost in silicene, germanene, and stanene by absorption

all-optical switching of a pure spin current can be then exploited for
instance as a spin injector in optical-spintronic devices like spin valves,
magnetic tunnel junctions, and all spin logic devices with the advantages
of the topological character of the exploited transport channel.

3. Section 2: photon harvesting by tuning the optical absorption

In addition to the topological properties discussed above, 2D mate-
rials like Xenes and TMDs show intriguing absorption spectra in a broad
electromagnetic range, thus envisioning new routes in photon harvest-
ing. Most importantly, the 2D materials absorption spectra look very
different from the 3D bulk counterparts, hence their advantages are the
scaling of the device dimensions and the broadening of the accessible
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features (typically the n-n* transition occurs at lower photon energies
than in graphene) [46]. The urgent need to find alternative solutions to
silicon for photonic applications might be silicon itself when scaled
down to 2D. Most silicon nanotechnologies, especially in the electronics
field, rely on bulk silicon and recently many efforts were devoted to
merge electronic and photonics systems on a chip [47]. In this frame-
work, the recent outcomes on the silicon growth on a transparent sub-
strate like Al;03(0001) enabled to unravel different optical propertiess
in the silicon thickness range between 0.5 and 7 nm (see inset of Fig. 3a)
[13]. At the 2D limit i.e., 0.5 nm, silicene endowed with graphene-like
properties, namely the evidence of the Dirac electrodynamics is fully
singled out according to the theoretical model, are disclosed with slight
modifications induced by the supporting template. Indeed, the degree of
interaction between silicene and Al;03(0001) turns out to induce small
energy shifts in the interband transitions when compared to the free-
standing silicene (interestingly, the 6-6* transition is more affected than
the n-n* transition). Nevertheless, the observed experimental optical
properties are fully consistent with the theoretical prediction of a weakly
interacting silicene [13]. Increasing the silicon thickness, the optical
properties of silicene progressively disappear (even if the spectrum is
always reminiscent of the Dirac-like behavior) and show a new trend
characterized by an enhanced absorption below the bandgap of both
amorphous and crystalline bulk silicon as reported in Fig. 3a. More
intriguingly, the absorption spectra of silicon grown on Al,03(0001)
differ also from those of theoretically modeled silicon allotropes like

Optical Materials: X 12 (2021) 100088

silicite [48-50]. If properly engineered these thin silicon films might
pave the way to the absorption below the mid-IR thus extending the
range of photon energy available for silicon-based photonic devices.
Interestingly, the same substrate Al;03(0001) can host even stanene-like
nanosheets therein showing absorption spectra with freestanding sta-
nene features (see Fig. 3b) [46,51], but, most importantly, with an
overall behavior in the THz-UV different from tin oxides or conventional
metallic tin phases [14]. Therefore, it is possible to figure out specific
photonic applications based on the artificial synthesis of Xenes beyond
graphene on a transparent substrate like Al,03(0001) thus aiming at the
development of photon harvesting in the region of the electromagnetic
spectrum not considered in their bulk counterparts. In this respect,
further advancement will rely on the integration with the existing silicon
technology as recently proposed for vis-NIR photodetectors coupling 2D
bismuth with silicon [52]. Even if well-known and studied in their bulk
form, elements like silicon, germanium, or bismuth surprisingly show
new optical properties when scaled down to the 2D regime. If the optical
properties of the Xenes have been disclosed only recently, their knowl-
edge on TMDs is today more advanced.

Indeed, TMDs endowed with a semiconductor character are also
promising candidates for nanophotonics applications, in particular
when a tunable optical absorption response is required. Semiconductor
TMDs, like MoS,, show unique optical properties, which stem from the
indirect-to-direct transition of the bandgap varying their thickness from
the bulk down to the monolayer limit [20,22]. Combined with the broad
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Fig. 3. (a) Absorption coefficients a(w) of 0.5 (black) and 1.5 (red) nm-thick silicon nanosheets on Al;03(0001) compared with amorphous (blue dash-dotted) and
crystalline (black dashed) bulk silicon showing extended absorption below the bandgap. The inset shows the optical conductivity for 0.5 (black), 1.5 (red), 3 (green),
5 (blue), and 7 (purple) nm-thick silicon nanosheets evidencing the thickness-dependent behavior of their optical response from IR to UV. Adapted with permission
from Ref. [13]. (b) Absorption coefficients a(w) (left scale) of 0.5 nm-thick tin nanosheets grown on Al,03(0001) at different substrate temperatures: RT (blue), 470
°C (orange), and 570 °C (red), compared with two different theoretical absorbances (right scale) of freestanding stanene from Ref. [46] (dashed gray) and from
Ref. [51] (dashed black). Adapted with permission from Ref. [14]. (c) Optical absorption spectra of MoS; nanostripe array, see scanning electron microscopy image in
the inset with scale bar 1 pm, for polarization of the illumination beam with the electric field oriented parallel (TE) and perpendicular (TM) with respect to the major
axis of the nanostripes (continuous and dashed blue line, respectively), see also inset in Fig. 4a. The excitation of GMA resonances is confirmed by local minima in the
absorption spectra characterized by a spatial period-dependent dispersion relation. The absorption spectra of a reference flat MoS, sample are also shown for
comparison (black line). Adapted with permission from Ref. [62] (d) Ultrafast transient absorption spectra of a hybrid nanosystem constituted by rippled MoS layers
decorated with plasmonic gold nanostripes. The relative differential transmittance (AT/T) shows photo-bleaching and photoinduced absorption spectral features
because of the charge transfer between the plasmonic excitation into the nanostripes and the TMDs excitonic resonances (A, B excitons). Adapted with permission
from Ref. [65]. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 4. a) Experimental extinction spectra in the spectral region of the A and B exciton resonances of rippled MoS, layers for TE and TM polarization of the incident
light (red straight and dashed line, respectively). The spectrum of reference flat MoS, layers is shown for comparison (black line). The inset shows the experimental
configuration of the optical measurements and the adopted theoretical model to demonstrate that the dichroism, observed in the extinction spectra, stems from the
morphological conformal orientation of the permittivity tensor (in-plane/out-of-plane component in black/blue arrows). b) In the rippled MoS; layers of the panel
(a), changes into the permittivity tensor due to strain are responsible for spectral shift and intensity reduction in the PL emission. Adapted with permissions from
Ref. [75]. ¢) Sketch of the device incorporating the graphene micro-ribbon array on a Si/SiO, substrate and covered by an ion gel. d) AFM images of three different
micro-ribbons with widths of 1 (top), 2 (middle) and 4 (bottom) pm. e) Control of terahertz resonance of plasmon excitations through electrical gating when the
incident radiation is polarized perpendicular to the micro-ribbons. The inset shows corresponding spectra due to free carrier absorption for incident radiation
polarized parallel to the ribbons. f) Control of plasmon excitations frequency with different graphene micro-ribbon widths for the same doping concentration (1.5 x
10" em~2). The plasmon resonance frequency shifts from 3 to 6 THz when micro-ribbon width decreases from 4 to 1 um. Adapted with permission from Ref. [77].
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

spectral range of the bandgap (from visible to near IR), these optical
features pave the way not only to photon harvesting for sensing or
detection applications [53,54], but also for energy conversions like in
photovoltaics and photocatalysis [55-59]. Nevertheless, some limita-
tions must be addressed given 2D TMDs technological exploitation as
optical absorber materials. The main one is the out-of-plane reduced
dimensionality, i.e. their thickness, which hinders the effective absorp-
tion of light limiting the optical path to a subwavelength length scale.
Effectively coupling of light with the TMDs is achieved by adopting
photon harvesting strategies. Anticipating some arguments of the next
section, these strategies consist in TMDs engineering at the nanoscale
and/or in the realization of hybrid heterostructures combining, for
example, plasmonic nanosystem with 2D materials [60]. The flat-optics
approach takes advantage of the light scattering and near-field
confinement properties of subwavelength lattices to tailor the
light-matter interaction at the 2D level [61]. Modelling MoS, nanosheets
in the shape of subwavelength 1D nanostripe array leads to light
confinement through excitation of guided mode anomalies (GMA) at the
interfaces of the 2D material and its supporting substrate [62,63]. The
GMA resonances, tunable over the visible to near IR range, enables to
amplify the optical absorption of the 1D MoS; array of a relative 400%
compared to flat reference nanosheets. This extraordinary amplification
of the optical absorption is observed in correspondence of the TMD
exciton spectral frequencies as a function of the normal incidence light
polarization, namely for the electric field oriented parallel (TE polari-
zation) and perpendicular (TM polarization) with respect to the major
axis of the nanostripes, see Fig. 3c [62,63]. As mentioned above, the
alternative photon harvesting scheme consists of the coupling between
plasmons and 2D material semiconductors. In such a hybrid hetero-
structure, the injection of extra charge carriers into the semiconductor is
mediated by the generation of plasmonic resonances into noble metal

nanostructures. More in detail, the intrinsic low light absorption in the
2D material is enhanced by the collection of a non-thermalized popu-
lation of high energy electrons (hot-electrons) generated into the plas-
monic medium as revealed by ultrafast transient absorption
spectroscopy. Matching the transient optical response of the pristine
MoS; layers [64] with that of the hybrid heterostructure provides
compelling evidence that the hot-electrons population is effectively
transferred into the TMD (see Fig. 3d), otherwise it would thermalize by
electron-phonon scattering events on a few picoseconds time scale in the
absence of the TMD acceptor [65].

4. Section 3: light engineering

Many exciting scenarios develop when considering 2D semi-
conductor TMDs as a platform for harnessing and manipulating light.
Tentatively the results described below could be potentially extended
also to semiconductive Xenes, even if no experimental results have been
reported yet to our knowledge. Attempts at generating deterministic
sources of single-photon emission consist in artificially inducing quan-
tum confinement potentials in 2D TMDs thus driving radiative exciton
recombination. The built-in potentials are typically the results of the
introduction of morphological modifications or defects into the nano-
sheets [66]. Indeed, shaping the layers into arbitrary curved paths
represents a knob for tailoring the electronic bandstructure of the TMDs
by deterministic strain engineering [67]. Notably, the potential to
electrically trigger the emission points to the development of innovative
functional devices, like quantum light-emitting diodes, aiming at the
realization of integrated on-chip quantum technologies [68]. In this
respect, quantum communication and cryptography are only two of the
envisaged applications where the realization of deterministic
single-photon sources may have a pivotal role [69]. However, TMDs
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engineering promises not only technological advances in the develop-
ment of quantum photon sources. Progresses towards the realization of
TMDs-based optical metasurfaces consist of both the nanoscale
patterning of the 2D material on the subwavelength scale and the
coupling with metal-dielectric photonic structures [60,61]. In this
context, the possibility to effectively implement optical phase shifts,
coherent light scattering, and polarization state control at the atomic
thickness level would open the door to the realization of ultrathin flat
lenses, holograms, mirrors, and so on with potential novel functional
integration into optoelectronic circuits [70-72]. Interestingly, apart
from the linear and nonlinear optical properties, TMDs-based optical
metasurfaces can take advantage of the spin and valley degree of
freedom. The breaking of the crystal inversion symmetry, in hexagonal
monolayer TMD semiconductor, combined with TR symmetry and SOC
leads to inequivalent K and K’ valleys at the corners of the Brillouin zone
[22]. As a result, under circularly polarized light, the TMD acquires
different exciton populations corresponding to the inequivalent valleys
[73]. Recently, to overcome the fast valley depolarization of the popu-
lation, a hybrid all-dielectric combination of the monolayer TMD with a
defective photonic crystal has been proposed [74]. At variance with the
pristine monolayer, the photoluminescence (PL) emission of the hybrid
system shows a spin-split dispersion from valley excitons in momentum
space, manifesting as the photonic Rashba effect [74]. Further ap-
proaches to enable light control are based on the exploitation of the
intrinsic anisotropy of the nanosheets as a knob to spatially modulate the
optical response [75]. For instance, a giant linear optical dichroism at
normal incidence has been observed in nanoscale rippled MoS; layers in
correspondence of the exciton spectral frequencies [75]. The in-depth
analysis of the observed dichroism, supported by full-vectorial numeri-
cal simulations, reveals a strong correlation with the nanoscale curva-
ture and slope control of the nanosheets. Intriguingly, the material
engineering of the 2D nanosheets, obtained by tailoring their intrinsic
anisotropy at the nanoscale, reflects into an anisotropic permittivity
tensor and giant optical extinction when the incident electric field is
orthogonal to the long axis of the rippled nanostructures (TM polariza-
tion), see Fig. 4a. Moreover, a secondary effect of geometrically induced
strain is responsible for the modification observed into the PL emission
of the nanosheets, see Fig. 4b [75]. A similar material engineering
approach can be devised for the Xenes, although the targeted applica-
tions seem today to be limited to a more restricted field in comparison
with those of TMDs.

Xenes provided with Dirac electrodynamics can be inserted into
metamaterials for exploring and tuning their plasmonic response in the
mid-IR and THz regions of the electromagnetic spectrum. Plasmons are
quantized collective oscillations of electrons that can be exploited in
optoelectronics, nonlinear optics, optical sensing, photovoltaic, and
medical diagnostics. Engineered graphene and topological insulators
(like BipSes) microribbon arrays have been already fabricated thus
proving that plasmon resonances can be tuned over a broad range of THz
frequency range by optimizing geometrical parameters like the ribbon
width or by electrostatic doping [76,77]. Quite similarly, recently the
same approach has been used for THz third-harmonic generation in a
graphene-based metamaterial [78]. In this framework, just considering
the Xenes among the so-called THz materials, i.e. materials enabling to
access the THz region for telecommunication or medicine applications,
specific platforms should be developed accordingly [79]. Fig. 4c shows
the realization of a device scheme where a metasurface with a sub-
wavelength grating (to provide extra-momentum necessary for plasmon
excitation) is obtained by patterning the graphene surface as reported in
the atomic force microscopy (AFM) image of Fig. 4d [77]. Such ribbon
arrays enabled to tune both resonance intensity (Fig. 4e) and frequency
(Fig. 4f) through ion liquid electric gating and ribbon width, respec-
tively. Plasmonic gratings like that illustrated for graphene can be
straightforwardly extended to other Dirac Xenes like silicene, germa-
nene, and stanene, where the SOC effect makes them appealing from the
topological point of view. In this framework, the configuration where
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the Xene is encapsulated in between optically transparent layers (like
that mentioned above for silicene and stanene [13,14]) can be used to
access the topological plasmonic resonance of Dirac electrons even in
these post-graphene materials or aiming at expanding the degree of
control over the frequency range and resonance intensity of the
plasmons.

5. Conclusions

In summary, three emerging routes where 2D materials like Xenes
and TMDs are expected to bring advancements in the fields of photonics
have been presented. Further efforts are needed in the growing methods
and integration processes enabling the exploitation of the properties of
the 2D materials. Indeed, large-scale growth on optically compatible
substrates can be effectively achieved for TMDs (where the main issue is
reproducibility), whereas for Xenes this is an urgent task which requires
to face challenges concerning their intrinsic artificial nature (such as the
need of specific lattice-matched supporting substrates) and stabilization
issues (such as the need of encapsulation strategies preventing degra-
dation in ambient conditions). By and large, the three routes discussed
here span many aspects of photonics including topological matter,
photon harvesting, and light engineering, therein looking promising for
many exciting outcomes shortly.
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