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Abstract: Atomically thin, two-dimensional, transition-
metal dichalcogenide (TMD) monolayers have recently
emerged as a versatile platform for optoelectronics.
Their appeal stems from a tunable direct bandgap in the
visible and near-infrared regions, the ability to enable
strong coupling to light, and the unique opportunity to
address the valley degree of freedom over atomically
thin layers. Additionally, monolayer TMDs can host
defect-bound localized excitons that behave as single-
photon emitters, opening exciting avenues for highly
integrated 2D quantum photonic circuitry. By introduc-
ing plasmonic nanostructures and metasurfaces, one
may effectively enhance light harvesting, direct valley-
polarized emission, and route valley index. This review
article focuses on these critical aspects to develop
integrated photonic and valleytronic applications by
exploiting exciton—plasmon coupling over a new hybrid
material platform.
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1 Introduction

Two-dimensional semiconductors have attracted much
interest in the last decade as a new material platform for
valleytronics and optoelectronics [1-4]. Particular atten-
tion has been devoted to monolayer (ML) transition-metal
dichalcogenides (TMDs), which are formed by a layer of
transition-metal atoms [such as molybdenum (Mo) and
tungsten (W)] sandwiched between two layers of chalco-
genide atoms [such as sulfur (S) and selenium (Se)], with
the metal and chalcogen atoms occupying the A and B sites
of a hexagonal lattice (Figure 1). Exciton resonances in
Mo- and W-family materials exhibit distinct optical prop-
erties because of their different spin orientations in the
lowest conduction bands. In Mo-based TMD monolayers,
the lowest exciton resonance is a dipole-allowed transi-
tion, while this transition corresponds to dark excitons in
W-based TMD monolayers [5, 6]. These materials feature a
combination of unique optical properties. Their electronic
bandgap lies in the visible and infrared, and as the layer
thickness is reduced, the electronic band structure changes
significantly [7, 8]. In some TMD materials (e.g. MoS,), an
indirect-to-direct gap transition occurs when a bilayer is
thinned down to a monolayer [9-11], thus strongly enhanc-
ing light emission and absorption in the MLs.

Mobile excitons in TMD monolayers exhibit large
binding energy and oscillator strength, leading to strong
resonant coupling to light [12-17]. In addition to mobile
excitons, ML TMDs can also host localized excitons that
are bound to the defects and behave as spectrally narrow
single-photon emitters [18-20]. These localized emission
centers often appear at the ML edges, but they can also
be created or enhanced at specific positions by locally
engineering the strain. Moreover, excitons form at the
K and K’ points located at the Brillouin zone boundary.
Because of the broken inversion symmetry of the ML and
the strong spin—orbit coupling, the electronic states of the
two K and K’ valleys have opposite spins, leading to spin-
valley locking [21-23]. Because of the valley-contrasting
optical selection rule, the valley index can be addressed
and manipulated by light. Optoelectronic applications
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A Layered structure

Figure 1: Atomic structure of TMDs.

(A) Three-dimensional schematic of a layered MX, (M=Mo, W;
X=S, Se, Te) structure. In a TMD monolayer, a layer of transition
metal atoms (M, blue spheres) is sandwiched between two layers
of chalcogen atoms (X, yellow spheres). (B) Top and side views of a
honeycomb lattice of a TMD with two sublattice sites occupied by
metal and chalcogen atoms, respectively.

of TMDs are often limited by their low quantum vyield.
Improving the quantum yield of TMD monolayers remains
therefore an active and important area of research [24, 25].
Additionally, light emitted from mobile or localized exci-
tons needs to be efficiently collected and properly routed
on chip for any integrated application.

In this review, we discuss how plasmonic nanostruc-
tures are particularly well suited for enhancing the optical
properties of TMD MLs. Because of their two-dimensional
nature, TMD MLs can be positioned very close, and opti-
mally aligned, to a metallic structure. We have chosen to
focus on emerging new directions in controlling a single
emitter and valley index using plasmonic structures, and
we anticipate rapid developments in these areas in the
next few years. Because of the vast body of literature on
TMD monolayers and many excellent reviews, we have
omitted several interesting topics, including light-matter
interaction in the strong coupling regime leading to the
formation of polaritons [17, 26]. In Section 2, we briefly
summarize the optical properties of TMD monolayers
and the use of plasmonic nanostructures to control spon-
taneous emissions. In Section 3, we discuss different
approaches to increase emission from mobile or localized
excitons into either free space (mediated by plasmonic
antennas) or plasmonic waveguides for on-chip propaga-
tion. In Section 4, we focus on recent experiments where
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the chirality of plasmonic fields is combined with the
valley-selective response of TMD materials to increase
valley polarization, direct valley-selective emissions, and
a spatially separate valley index by exploiting exciton—
plasmon coupling.

2 Basic concepts

2.1 Excitons in TMD monolayers

Excitons in TMD monolayers have several unique proper-
ties, including a small Bohr radius as well as large binding
energy and oscillator strength [12-16]. Assuming a simple
hydrogenic model, the nth exciton resonance binding
energy in 2D materials is determined by

4
(n) ue

where u is the reduced mass [u=1/(m,' +m,')] and ¢ is the
dielectric constant. While the static value of the dielectric
constant ¢ is often used in traditional semiconductors,
the proper value of this quantity for 2D materials is often
debated because of the large exciton binding energy. It has
been suggested that the contribution of optical phonons
to dielectric screening should be taken into account [27],
and further investigations are necessary [28].

Deviation from this simple model has been explicitly
observed in WS, monolayers [29]. Nevertheless, it pro-
vides a simple estimate of the exceptionally large exciton
binding energy in TMD monolayers, which has been deter-
mined to be a few hundred milli-electron volts [29-32], or
nearly two orders of magnitude larger than in conventional
semiconductor quantum wells [33, 34]. This large binding
energy originates from an increased effective mass [11]
and the insufficient screening in the direction perpen-
dicular to the 2D plane (Figure 2) and, consequently, an
enhanced Coulomb attraction between electrons and
holes and a small Bohr radius [14, 29, 32, 35-38]. The large
binding energy of excitons, trions (an exciton bound with
an extra electron or hole [12]), and higher order bound
states such as biexcitons [39, 40] make these many-body
states relevant for various optoelectronic devices, even at
room temperature [41-44].

A small exciton Bohr radius leads to a large spatial
overlap between the electron and hole wavefunctions
and, therefore, a large oscillator strength as mani-
fested in the strong exciton absorption (i.e. 5-10% for
TMD monolayers). A large oscillator strength should, in
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Figure 2: Illustration of Coulomb interaction leading to the
formation of excitons, i.e. bound electron—hole pairs in a bulk and a
2D material.

principle, lead to a rapid radiative decay. Calculations
suggest that the exciton radiative decay is on the order
of a few hundred femtoseconds in perfect TMD mon-
olayers [45, 46]. Deviations from ideal crystals lead to
exciton localization and likely a longer exciton radiative
lifetime. Directly measuring this radiative lifetime is dif-
ficult because commonly available techniques, such as
pump/probe and time-resolved photoluminescence (PL),
can only measure the total lifetime, determined by both
radiative and nonradiative processes (we will discuss
further this problem in Section 2.4). In addition, these
experiments cannot distinguish intrinsic exciton recom-
bination processes from those that repopulate the exciton
resonances. Measurements often report a temperature-
and excitation intensity-dependent exciton decay time,
related to exciton—-phonon and exciton—exciton interac-
tions [46-50]. Ultrafast spectroscopy measurements have
suggested that the total exciton recombination lifetime at
low temperature is ~1 ps or shorter [51, 52]. This total life-
time is limited by the nonradiative decay because of the
low quantum yield of commonly available TMD monolay-
ers. Earlier measurements reporting longer lifetimes [46,
50, 53] were often limited by the temporal resolution of
the technique. Exciton thermalization process following
an impulse excitation further complicates the interpre-
tation of the measured exciton decay times [54]. Placing
TMD monolayers near plasmonic nanostructures likely
shortens the lifetime further, making it even more difficult
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to accurately measure it. Explicit measurements of these
dynamics in hybrid TMD—-plasmonic materials are largely
missing in the existing literature, despite being critical
for enhanced light emission and modified valleytronic
phenomena. The large oscillator strength also facilitates
strong coupling to light, as reported in various coupled
TMD-plasmonic systems [55, 56].

2.2 Single-photon emitters in TMD
monolayers

Localized excitons, with completely different properties
than 2D excitons, are also found in TMD monolayers.
Indeed, several groups have reported that defects hosted
in TMD monolayers (especially WSe,) can trap excitons,
and their subsequent radiative recombination features
good single-photon emission properties at low tempera-
ture [18-20, 57, 58]. These excitons are typically localized
at the flake edges and give rise to sharp emission lines
(line widths ~100 peV) that are red-shifted by 40-100 meV
from the delocalized valley excitons [19] (Figure 3A). The
quantum statistical properties of these single-photon
emitters have been characterized by second-order photon
correlation measurements [18-20, 57], and the measured
lifetimes range from hundreds of picoseconds to few
nanoseconds, similar to the values typically found in InAs
self-assembled semiconductor quantum dots [60]. This
long lifetime is in strong contrast with the short lifetime
(~1 ps) of unbound excitons in ML TMDs, which is typi-
cally dominated by nonradiative decays.

High-resolution magneto-optical measurements have
shown that the emission from these localized excitons is
composed of a doublet (Figure 3B), which features orthog-
onal linear polarizations [18-20, 57]. When a magnetic
field is applied perpendicular to the monolayer plane, the
doublet splitting increases (Figure 3C) and the emission
polarization evolves from linear to circular [19]; the hand-
edness of circular polarization can be controlled by the
magnetic field sign [19]. No clear dependence of the split-
ting and polarization on the magnetic field is observed
when the field is parallel to the plane, similar to the case
of unbound excitons.

The nature of these defects is not fully understood yet.
It has been suggested that they can be due to vacancies,
impurity atoms, or local strain [58]. Indeed, the defects
initially investigated appeared mainly close to the edge
of the monolayer, which limits their potential in practical
applications. Many groups have therefore investigated the
possibility of deliberately creating these defects with con-
trolled positions. It has been shown that by placing ML
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Figure 3: Single-photon emitters in monolayer TMDs.
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(A) Low-temperature photoluminescence spectra of a monolayer WSe, flake, showing narrow emission peaks at energies lower than the
excitonic emission X°. The inset shows a high-resolution spectrum for the peak labeled QD1F1. (B, C) High-resolution spectra of a different
emission peak, showing the doublet structure in the absence of a magnetic field (panel B) and with a 3 T magnetic field (panel C) applied
perpendicular to the monolayer plane. (D) A mechanically exfoliated TMD monolayer is deposited on an array of Si micropillar, introducing
a local strained array. (E) Integrated PL intensity map of a region enclosing three nanopillars, indicated by the green crosses. (F) PL spectra
taken at the three green crosses in panel (E). Panels (A-C) and (D-F) are adapted with permission from Ref. [18], Nature Publishing Group,

and Ref. [59], Nature Publishing Group, respectively.

TMDs on dielectric [59] or metallic [61, 62] nanopatterned
substrates, it is possible to induce a local strain pattern in
the monolayer, which results in an array of quantum emit-
ters. Palacios-Berraquero et al. [59], for example, depos-
ited a WSe, monolayer on an array of silicon micropillars
(Figure 3D). The PL intensity was highly enhanced at the
position of the pillars (Figure 3E), and the PL spectra
showed sharp single-photon emission lines (Figure 3F)
with characteristics similar to those of emission centers
randomly located at the flake edges.

2.3 Valley index in TMD monolayers

Valley refers to the energy minima or maxima in the elec-
tronic band structures, typically corresponding to the
high-symmetry points in the reciprocal space of crystal
[63-68]. While these valleys play an important role in
electronic transport processes and optical transitions,
the valley signature does not directly couple to external
stimulants (e.g. electric or magnetic fields) in a specific
way. Thus, it is usually not possible to manipulate the
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Figure 4: Valley-dependent optical selection rules in TMD monolayers.

(A) Schematic of electronic band structure of TMD monolayer near the K and K’ points in the Brillouin zone. The colors of the bands represent
spin orientations (red: spin down, blue: spin up), which determine the optical selection rules. The optical transitions at the K and K’ valleys
are excited by the right-handed (0*) and left-handed (o) circularly polarized light, respectively. (B) Circularly polarized PL spectra of MoS,
monolayer under o* (black circle) and o~ (red square) optical pumping at 1.96 eV and T=10 K. Panel (B) is adapted with permission from Ref.

[22], Nature Publishing Group.

degree of freedom of the valley. In monolayer TMDs, the
valley-contrasting optical selection rules allow creating
electrons, holes, or excitons with a particular valley index
using circularly polarized light [4]. Indeed, excitons are
formed at the corner of the Brillouin zone at two inequiva-
lent valleys (Figure 4A), which are related to each other
via time-reversal symmetry [21-23]. This binary degree of
freedom has been proposed as an alternative way to repre-
sent information [4, 63, 64], similar to charges and spins.
Upon optical excitation with circular polarization (e.g.
a+), excitons or trions are created in one particular valley
(e.g. the K valley). The degree of valley polarization can
_I(o,)-1(0))
I(0,)+1(0)
I(o) refers to the exciton PL intensity with o, polarization.
Interestingly, a recent theoretical work suggested that an
asymmetry in the populations of the two valleys can be
achieved even without a circularly polarized excitation
beam, by shaping the vacuum field at the TMD location
with the aid of a polarization-dependent metasurface [69].

Earlier experiments had reported that the subsequent
PL maintains the chirality of the excitation source if the
proper excitation laser wavelength is chosen [21-23, 70],
inferring that the exciton valley index can act as a robust
degree of freedom to carry information (Figure 4B).
However, it is important to distinguish valley polariza-
tion associated with free carriers and the one with optical
transitions such as excitons or trions [15, 16, 71-75]. The
valley polarization of free carriers is long-lived because

be quantitatively evaluated by p , where

of the large energy splitting between states with opposite
spins due to strong spin—orbit coupling in TMDs. Optical
manipulation of valley index often relies on resonant
excitations of excitons or trions. The valley polarization
and coherence associated with excitons are quickly lost
(~1 ps) as a result of the strong electron—hole exchange
interaction [74, 76, 77]. In order to observe circularly polar-
ized PL, the exciton valley polarization needs to be com-
parable to the exciton recombination lifetime, which is
found to be typically ~1 ps (at low temperature) or shorter
in TMD monolayers [51, 78]. This short lifetime is consist-
ent with the large oscillator strengths or dipole moments
associated with exciton transitions. Valley polarization
associated with trions can be long under proper excitation
conditions [74].

2.4 Control of the spontaneous emission
with plasmonic structures

A quantum emitter generally radiates into all avail-
able photonic modes, and its radiative decay (i.e. decay
accompanied by photon emission) competes with nonra-
diative channels. For an emitter placed in a bulk environ-
ment (indicated by the superscript 0), its total decay rate
is given by the sum of the radiative (r) and nonradiative
(nr) decay rates, y; =" +y. . The intrinsic quantum effi-
ciency (or quantum yield), QE° = yf / V?ow is often used to
quantify the radiative efficiency of an emitter in a bulk
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environment. Excitons in TMD monolayers typically have
an intrinsic quantum efficiency QE° of 0.1-10% [42].

The bulk radiative decay rate y’ depends only on
the emitter’s dipole moment, frequency, and the mate-
rial refractive index, and therefore it is normally difficult
to manipulate. Moreover, in bulk materials photons are
emitted into all available free-space radiation modes,
making it challenging to harvest them. For many nano-
photonic applications, and in particular toward the reali-
zation of single-photon sources for quantum information
processing [79], it is necessary to achieve full control over
the spontaneous emission: a quantum source must emit
photons at a fast rate in order to overcome nonradiative
decays and reduce the uncertainty of the emission time,
and photons must be emitted into a single, well-defined
mode with unitary efficiency [80-82].

Such control of the radiative process is possible
because the radiative decay rate is not an intrinsic prop-
erty of the emitter but depends on the local density of
optical states (LDOS) available at the position and emis-
sion frequency of the emitter [83]. The LDOS, in turn,
depends on the vacuum electric field created by the con-
sidered nanostructure. As a result, when an emitter is
placed in a nonhomogeneous environment (such as an
antenna or a cavity), its radiative decay rate is modified
from y? to y (r)=[F,(r)+1]y?, where we introduced the
position-dependent Purcell factor F,(r)". Importantly, as
already mentioned above, time-resolved PL gives access
to its total decay rate, rather than the radiative one. Thus,
the total decay rate enhancement y,_ (r)/ yfm [where y,_ (1)
is the total decay rate of the emitter interacting with the
nanostructure] is often used as a figure of merit in experi-
mental works. Yet, it is important to keep in mind that the
enhancement of the total decay rate is not always trivially
related to an enhancement of the radiative decay rate (i.e.
the Purcell factor). Indeed, the nonradiative decay rate y,,
is normally not affected by a change in the electromagnetic
environment. Moreover, when the emitter is placed close
to a metallic surface, energy may be lost nonradiatively to
the metal, which creates an additional nonradiative decay
channel y,,. It has been shown that y, can become compa-
rable to the radiative decay rate for dipolar emitters placed
at few nanometers from a silver surface [86]. Therefore, the
enhancement of the total decay rate can be expressed as

1 Note that in literature there are slightly different definitions of the
Purcell factor. Here we follow the notation somehow prevalent in
the TMDs community [84, 85] and define F,(r)=(y,(r)-y?)/7’. In
other cases, such as for solid state quantum dots [60], the definition
E,(r)=y.(r)/ y? isinstead often used. The formulas shown in this sec-
tion can be easily modified for this alternative notation.
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Thus, only when the nonradiative and metal-induced
decay rates are negligible can the Purcell factor be easily
connected to the total decay rate enhancement. Moreo-
ver, when y, =0, a measurement of the total decay rate
enhancement gives always an underestimate of F(r).
A precise measurement of FP(r), therefore, requires the
knowledge of the emitter’s quantum efficiencies in the
bulk and in the inhomogeneous environment.

In the simplest scenario where only one optical mode
dominates the LDOS, the maximum achievable radiative
enhancement is given by the well-known Purcell formula

v 1y’ =%P Q/V, where Q and V are the quality factor

and the effective volume of the optical mode, respec-
tively, and 4 is the emission wavelength (in the medium)
of the emitter. This maximum enhancement is obtained
when the emitter is resonant with the cavity mode and it
is positioned at the point of maximum field energy with
the dipole moment parallel to the electric field. Large Q
factors (i.e. small cavity loss) and small mode volumes are
therefore crucial to enhance the radiative decay rate. The
Purcell (i.e. radiative) enhancement has been intensively
investigated in the last decades in both dielectric and
metallic (or plasmonic) resonators. These two approaches
offer complementary pathways to boost the ratio Q/V:
dielectric resonators feature high Q factors but diffraction-
limited mode volumes (V=A%), while plasmonic nano-
structures provide sub-wavelength volumes (V<A3?) but
low Q factors due to the Ohmic losses. We note that sub-
wavelength volumes can, in principle, be obtained also
without metals, by exploiting very small dielectric dis-
continuities [87-90]. It is important to keep in mind that
for open and/or plasmonic resonators, the derivation of
the Purcell formula is ill-defined because of the complex-
valued dielectric function and because the common defi-
nition of the mode volume leads to infinite values [91-93].
Interestingly, it has been demonstrated that the Purcell
formula can still be used, provided that the definition of
mode volume is properly generalized to take into account
the leaky nature of the modes. Nevertheless, many experi-
mental and theoretical works still use the standard expres-
sion of the Purcell formula (by taking the real part of a
volume V calculated over a properly truncated region), as
this is easier to compute, and it can provide an order-of-
magnitude estimate to guide the design of resonators and
compare their performances.

Plasmonic modes are created by coherent oscil-
lations of electrons in noble metals or heavily doped
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semiconductors, which couple strongly to the electromag-
netic field and form polaritons. For extended surfaces,
this results in waves termed surface plasmon polaritons
(SPPs), which are tightly confined to the metal-dielec-
tric interface and propagate along it. For metallic nano-
particles, the confined oscillation of the electrons gives
rise to the localized surface plasmon resonances (LSPRs).
The spectral response of LSPRs can be largely tailored by
changing the particle shape and dimensions. Because of
their capability of coupling a near-field source with far-
field radiation (and vice versa), metallic nanoparticles are
often termed plasmonic antennas in analogy with their
radio wave counterpart [94-97]. The electric field of plas-
monic modes is strongly confined near the nanoparticle
surface, leading to large field enhancements and ultra-
small mode volumes, which are not diffraction-limited:
volumes smaller than 102> have been demonstrated in
nanodisk resonators [98]. Therefore, despite their low Q
factor due to the unavoidable Ohmic losses, plasmonic
modes can still largely boost the ratio Q/V and lead to
high Purcell enhancements while at the same time main-
taining large radiative decay rates; in a recent experiment
with silver nanocubes [99], total decay rate enhancements
larger than 1000 were obtained, together with comparable
or even higher enhancements of the radiative decay rate.
Moreover, a low Q increases the operational bandwidth,
which leads to two key advantages. First, it facilitates the
spectral alignment between the emitter and the plasmonic
mode, removing the need for post-fabrication tuning
(which is often necessary for high-Q dielectric resonators).
Second, due to the spectrally broad plasmonic resonance,
a simultaneous enhancement of the nonresonant excita-
tion field in PL experiments is also possible, further boost-
ing the collected PL intensity.

While beneficial for the radiative decay rate enhance-
ment, the ultra-small mode volumes of plasmonic reso-
nators introduce a practical challenge for enhanced
light-matter interactions. Since the electric field decays
exponentially away from the particle surface (with a
typical decay length of few tens of nanometers at optical
frequencies), an emitter needs to be very close to the metal
and optimally aligned to couple efficiently. This require-
ment has so far strongly limited the coupling of plasmonic
structures with solid-state semiconductor emitters, such
as quantum dots (QDs). Indeed, these emitters are usually
embedded in a hosting 3D matrix, which therefore sets a
minimum distance between the emitter and the metallic
surface. Semiconductor quantum dots (SCQDs) in III-V
materials, for example, need to be buried at least 30 nm
below the surface to avoid a large increase of the nonra-
diative recombination rates [100]. This problem can be
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partially solved by passivating the surface [101], but the
unavoidable embedding matrix still leads to limited [102—
104] or absent [105] Purcell enhancements.

These challenges are absent when monolayers of
TMDs are used as an active material: here, excitons are
naturally embedded in a 2D sheet, and they can there-
fore be placed within few nanometers from a metallic
surface. Recent experimental works have demonstrated
PL enhancement larger than 10x with different geometries
[106-108] and increase of the radiative decay rate larger
than 300x in optimized resonators [84, 85, 109]. Moreover,
the reduced dimensionality of the hosting matrix offers
greater flexibility in terms of positioning and orienting
the emitters with respect to the optical field, which can
be exploited to reach an optimal alignment between the
dipole moment and the plasmonic field [110].

3 Coupling emitters in TMD
monolayers to plasmonic
nanostructures and metasurfaces

In this section, we discuss different implementations that
have been proposed and demonstrated in recent years
to couple TMD monolayers to plasmonic antennas and
devices. We will focus in particular on works where plas-
monic-induced enhancement of photoluminescence and
decay rate have been shown. In Table 1, we summarize the
results of the studies reviewed in this section.

3.1 Coupling of mobile excitons to plasmonic
antennas

A well-investigated approach to couple ML TMDs to plas-
monic antennas consists in fabricating the metallic struc-
tures directly on top of the TMD layer with conventional
lithographic techniques. Several groups have used this
method to study plasmonic-induced PL enhancement of
mobile excitons in TMD monolayers [106, 107, 111]. Butun
et al. [107] placed square arrays of silver nanodisks on top
of a MoS, monolayer (Figure 5A) and measured the room-
temperature PL from the A exciton in MoS, in the spectral
range 650-750 nm. PL enhancements larger than 10x were
found for some nanodisk diameters (Figure 5C). Moreover,
the maximum enhancement occurs at a particular emis-
sion wavelength, which red-shifts as the nanodisk dia-
meter increases (Figure 5B); thus, while a contribution from
excitation enhancement cannot be ruled out, the observed
PL enhancement is necessarily related to an increased
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Table 1: Summary of the performance of several plasmonic/TMD systems discussed in the text.
Plasmonic structure/TMD Temperature Spectralfeature = Peak PL enhancement Modified Decay rate/Purcell Reference
material investigated lifetime enhancement
Plasmonic structures fabricated on top of TMD monolayers
Ag nanodisks/MoS, RT ME 12x - - [107]
Ag bowties/MoS, RT ME 16x (A), 25% (B). EE=1.8% - - [106]
Au bowties and dimers/ RT ME 8x (bowties) 6x (dimers) - - [111]
MosS,
Ag slot antenna/WSe, RT ME 700x, EE=2.2x? - ~300° [109]
TMD monolayers draped over plasmonic structures
Ag nanotriangles and LT (10 K) ME (~705 nm) 20x (LE/nanotriangles) - - [108]
islands/WSe, and LE (>720 nm) 8x (LE/islands)
Quenching of ME

Si-Au-AL,0, nanopillars/ LT (3 K) Induced LE 2% 2.2 ns® 2.4° [84]
WSe, (>720 nm)
Ag MIM waveguide WSe, LT (3 K) Induced LE - 3.34 ns¢ 1.8¢ [110]

(>720 nm)
Au nanocubes/WSe,/Au LT (4 K) Induced LE - 266+120 ps¢ 1814 [85]

mirror (750-800 nm)

We only included works where enhancements of photoluminescence (PL) or decay rate were reported. In the column “Decay rate/Purcell
enhancement”, the accompanying footnote specifies for each case which of the two enhancements is reported and how it is calculated.
When available, we have indicated the fraction of the PL enhancement due to the enhancement of the excitation (EE).

RT, room temperature; LT, low temperature; ME, mobile exciton; LE, localized exciton.

aThe excitation enhancement (EE) includes also the enhanced collection efficiency. The decay rate enhancement was not obtained through
time-resolved measurements, but estimated from the PL enhancement and the numerically calculated antenna efficiency and quantum yield.
*Modified lifetime” is the average over 48 different emitters interacting with plasmonic nanopillars. The decay rate enhancement is
calculated by dividing the modified lifetime by the average lifetime of 39 emitters in a bare flake.

“Modified lifetime” is the average over seven different emitters located on the waveguide. The decay rate enhancement is calculated by
dividing the modified lifetime by the average of the lifetime of 10 emitters in a bare flake.

4The quoted values are averaged over 12 emitters. Purcell enhancement is calculated separately for each emitter, by correcting the reduced
lifetime with the enhanced quantum yield. The highest Purcell factor obtained was 551.

efficiency of the emission into the plasmonic resonance of
the single nanodisk. Similar values of PL enhancements
were also reported by Lee et al. [106] in samples made
of a square array of silver bowtie antennas placed on a
MoS, monolayer (Figure 5D, E). Palacios et al. [111] fabri-
cated 40-nm-thick gold dipole and bowtie antennas on
top of a MoS, monolayer. The maximum PL enhancement
depended sensitively on the in-plane dimensions and was
found to vary from 1.4 to 4.5 for the dipole antennas and
from 4.1 to 8.40 for the bowtie antennas. No marked cor-
relation between the antenna dimensions and the wave-
length at which the maximum PL enhancement occurs
was found, indicating that, in this experiment, the plas-
monic structures mainly provided a nonresonant excita-
tion enhancement.

A different approach, which ensures self-alignment
between a nanostrip monolayer of WSe, and a slot
antenna, was recently proposed by Eggleston et al. [109]
(Figure 5F-I): the TMD monolayer was deposited on a sac-
rificial substrate and covered by SiO ; a lithographically
defined mask was then used to etch away the TMD/ Sio,

everywhere except on small rectangular strips. Without
removing the mask, a thick layer of silver was evapo-
rated on the sample, thus realizing a metallic slot cavity
automatically aligned with the TMD strip (Figure 5F).
Because of the high electric field enhancement at the
TMD position (Figure 5G), and because of the fact that
any portion of the TMD layer outside the antenna was
removed, a very large PL enhancement was obtained, up
to ~700x (Figure 5H, I). The PL enhancement was maxi-
mized when the plasmonic resonance supported by the
nanoslot was tuned to the peak wavelength of the exciton
emission (Figure 5H, I, Al curve). The total enhance-
ment was due to a combination of increased excitation,
improved collection efficiency, and higher radiative
decay rate. The authors estimated numerically that the
antenna was able to redirect 48% of the radiation into
the objective numerical aperture, compared to a value of
17% for a bare sample. This effect, combined with a small
pump enhancement (and the fact that only the dipole
moments in the material parallel to the slit contribute
to the enhancement), led to an overall enhancement of
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Figure 5: Coupling excitons in monolayer TMDs to plasmonic antennas.

(A-Q) An array of silver nanodisks placed on top of a MoS, monolayer. (B) PL emission 2D spatial maps at four different wavelengths (rows)
and six different nanodisk diameters. Diameters of the disks are 106, 130, 163, 179, 205, and 227 nm from left to right. (C) Comparison
between calculated composite electric field enhancement and measured PL enhancement. (D, E) An array of silver bowties placed on top

of a MoS, monolayer. (E) PL emission from the bare MoS,, the bare bowtie array, and the composite system. (F-I) A silver slot antenna
aligned with a nanostrip of WSe,. (G) Calculated electric field enhancement provided by the slot antenna. (H-I) PL intensity from a bare WSe,
layer and from three different antenna—TMD systems with different antenna dimensions. (1) PL enhancement obtained from panel (H); the
shaded gray curve shows the PL spectrum of the bare monolayer. Panels (A-C), (D, E), and (F-I) are adapted with permission from Ref. [107],
American Chemical Society; Ref. [106], American Chemical Society; and Ref. [109], American Chemical Society; respectively.

the collection efficiency by 2.2x. The radiative emission
enhancement was therefore estimated to be 318x.

3.2 Coupling of defect-bound excitons to
plasmonic structures

A different approach to realize coupled TMD-plasmonic
systems consists in draping a TMD monolayer over a nano-
patterned substrate. Several works have used this method
with dielectric [59] or metallic structures [61, 62, 84, 85],
and it has been suggested that the strain induced in the
TMD layer by the substrate creates local potential minima,
leading to localization centers for excitons.

Johnson and coauthors [108] investigated a sample
composed of WSe, flakes transferred on to either a silver

nanotriangle array, a uniform silver island, or a bare SiO,
substrate (Figure 6A, B) and measured the low-temperature
PL in the three different cases. The single triangles support
a broadband, localized plasmonic resonance centered at
645 nm, which partially overlaps with the emission from
the mobile (~715 nm) and the localized (>720 nm) excitons
in WSe,. The authors found that the emission from the local-
ized excitons was enhanced by the metal environment: the
low-temperature (10 K) PL enhancement (spectrally inte-
grated in the range 720-80 nm and calculated with respect
to the case of a bare SiO, substrate) was found to be ~8x for
the Ag island and ~20x for the nanotriangle array. When
considering the actual area occupied by the nanotriangles,
the normalized enhancement factors increased to ~200x.
This large enhancement was likely due to a combination
of decay rate enhancement and increased light absorption,
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Figure 6: Coupling defect-bound excitons to plasmonic antennas.

(A-C) AWSe, monolayer draped on an array of silver nanotriangles. (A) SEM image of the plasmonic array. (B) Optical image of the WSe,
flakes placed on the antenna array. (C) PL intensity when the WSe, flakes are placed on the array (green curve), on a flat silver island (red
curve), or a Si0, substrate. (D-I) AWSe, monolayer draped on an array of gold nanopillars. (D, E) SEM images of the nanopillar array with the
WSe, flake on top, and a zoom-in view of a single nanopillar. (F) Power-dependent PL spectra from a single nanopillar. (G) Spatial PL map of
WSe, flake covering the nanopillar array. (H) Second-order autocorrelation function of a single quantum emitter on a pillar. (I) Polarization
characteristic of three individual emitters placed on different horizontally-aligned pillars. (J-M) A WSe, monolayer draped on an array of
plasmonic nanopillars. (J) Schematic of the sample geometry. (K) Layout of a single nanopillar. (L) Calculated Purcell factors of an emitter
versus its wavelength and its distance (x) from the nanopillar center. (M) Statistical comparison of lifetimes of single-defect emitters in
bare WSe, monolayers (bottom) and for emitters induced by plasmonic (top) and nonplasmonic (middle) nanopillars. (N-Q) Large Purcell
enhancement obtained with gold nanocubes. (N) Schematic of the sample, with a WSe, layer sandwiched between a gold mirror and an
array of nanocubes. (0) Near-field distribution of electric field intensity enhancement created by the nanocube. (P) PL spectra from a bare

sample (“off

”) and from a WSe, monolayer strained over the Au nanocubes. (Q) Lifetime measurement of the same emitter from a WSe,

monolayer placed on the nanocubes without (“uncoupled”) and with (“coupled”) the gold mirror. Panels (A-C), (D-1), (J-M), and (N-Q) are
adapted with permission from Ref. [108], American Chemical Society; Ref. [61], The Optical Society; Ref. [84], American Chemical Society;

and Ref. [85], Nature Publishing Group; respectively.

but the lack of lifetime measurements prevented the quan-
titative evaluation of the two contributions separately.
Remarkably, the authors observed that the emission from

the mobile excitons was, instead, quenched when the WSe,

ML was on the plasmonic structures (either on the Ag film
or Ag nanotriangle array). This observation is consistent
with the different relaxation dynamics for the mobile and
localized excitons. The PL spatial maps acquired in this
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work showed that the defect-bound emitters were mainly
localized at the flake edges and that the strain induced by
draping the WSe, layer on the nanotriangles did not create
additional defects.

A similar approach has been used by different groups
to demonstrate that the strain induced by a nanopatterned
array could be used to obtain ordered arrays of quantum
emitters. Iff et al. [61] utilized square arrays of gold nano-
pillars on a SiO, layer with conventional lithography tech-
niques. The array pitch was large enough (4 um) so that
each pillar could be addressed individually in optical
experiments. An atomically thin layer of WSe, was then
transferred onto the pillar array (Figure 6D). For most of the
nanopillars, this resulted in a locally strained layer, leading
to a tent-like structure (Figure 6E). A spatially resolved PL
study showed a high correlation between bright emission
spots and the position of the metallic pillars (Figure 6G). The
low-temperature emission spectrum featured several sharp
peaks below the free exciton energy (<1.74 eV) (Figure 6F),
which the authors associated with strongly localized exci-
tons due to strain. Second-order autocorrelation meas-
urements (Figure 6H) showed g?(0)=0.17 and confirmed
the single-photon emission from these peaks. Moreover,
for asymmetric pillars, a strong correlation between the
polarization of light and the long axis of the pillar was
found (see Figures 61 and 3D in Ref. [61]), indicating that
the exciton emission was strongly modified by the local-
ized plasmonic mode. Cai and coauthors utilized a similar
system composed of hybrid dielectric—metallic nanopillars
(Figure 6], K) to demonstrate enhancement of the decay
rate of the localized excitons [84]. The low-temperature
PL spectra from each nanopillar showed one or multiple
narrow peaks, indicating the formation of localized emis-
sion centers, whose single-photon nature was confirmed
by g?(0) measurements. The nanopillar design was opti-
mized to induce a large Purcell factor (>50) for an emitter
positioned on top of it and emitting at 780 nm (Figure 6L).
The authors measured the lifetime of 46 single-defect emit-
ters located on the plasmonic nanopillars (Figure 6M, top).
They then compared these to a similar number of emitters in
two control groups, one with dielectric nanopillars without
gold (Figure 6M, middle) and the other in the bare material
with no nanopillars (Figure 6M, bottom). The average life-
time of the emitters in the bare material (T=5.3+2.3 ns) was
not statistically changed for the emitters interacting with
non-plasmonic nanopillars (T=5.2+2.1 ns). The average
lifetime of the emitters interacting with the plasmonic nan-
opillars was, instead, reduced to T=2.2+1.5 ns, indicating
an enhancement of the total decay rate of 2.4.

In most studies discussed so far (and in the next
section), the PL and decay rate enhancements have been
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calculated by averaging the lifetimes of ensembles of
emitters coupled and uncoupled with a plasmonic struc-
ture, and modest values of decay rate enhancements
have been demonstrated. In a recent experiment, Luo
and coauthors have demonstrated a method (inspired by
Ref. [99]) to achieve large radiative enhancements and, at
the same time, to measure the bare and enhanced decay
rates of the same emitter [85]. A WSe, was transferred
onto an array of gold nanocubes fabricated on a sap-
phire substrate, and a gold flat layer was then attached
on the other side (Figure 6N). The vertical plasmonic gap
mode obtained featured a very large field enhancement
near the nanocube edges (Figure 60). The low-temper-
ature PL spectra acquired from each nanocube showed
a set of sharp peaks in the 755-790 nm spectral region
(Figure 6P). In most cases, exactly four spectrally iso-
lated emitters were found per site, leading the authors
to suggest that each corner of a nanocube was coupled
to one quantum emitter. The lifetime of each emitter was
measured before and after placing the flat gold layer,
thus allowing the lifetime variation of each emitter to be
evaluated. The authors found that the lifetime could be
reduced by a factor as high as 57 (Figure 6Q), which led
to a Purcell factor of 551 after correcting for the variation
of the quantum efficiency.

3.3 On-chip guiding of single photons
extracted from TMD materials

As discussed in the previous section, several works have
demonstrated the coupling of light emitted by either
localized or mobile excitons in ML TMDs to plasmonic
nanocavities or arrays. However, the light collected by
these structures is then re-emitted directly into the far
field, thus hindering any application for plasmonic
circuitry and, in general, for on-chip manipulation of
the optical signal. The possibility of coupling defect-
bound excitons to propagating surface plasmons has
been demonstrated in a few recent works. In the work
of Cai et al. [112], a sheet of atomically thin WSe, was
transferred onto the top of a chemically synthesized
silver nanowire (Figure 7A). The strain induced by the
nanowire created localized and optically active defects
in the WSe, layer, as demonstrated by a spatial map of
the PL intensity (Figure 7B). The low-temperature emis-
sion spectrum (Figure 7C) featured several sharp lines,
each consisting of a doublet corresponding to the two
different in-plane polarizations of the localized exciton.
The single-photon nature of the emission was proven by
a second-order correlation measurement of the emission
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Figure 7: On-chip coupling between excitons and propagating SPPs along plasmonic waveguides.

(A-F) AWSe, monolayer coupled to a silver nanowire. (B) PL spatial map of the TMD-nanowire system. (C) Emission spectrum from one of the
localized spot in panel (B). (D) Second-order autocorrelation function of one of the peaks in panel (C). (E) Spatial map of PL when exciting at

the center of the nanowire (point C). (F) High-resolution PL acquired from points C, A, and B in panel (E), when exciting at point C. (G-L) AWSe,
monolayer coupled to a silver metal-insulator-metal waveguide. (H) SEM pictures of the waveguide. (I) PL spectrum when exciting the structure
on one edge of the waveguide and collecting from the same point. (J) As in panel (I), but collecting from the opposite edge of the waveguide.
(K-L) Lifetime of a representative emitter located close to the waveguide (panel K) and of a different emitter located far away from the waveguide
(panel L). (M, N) Schematic of the alignment between the plasmonic field and the exciton dipole moment in the two waveguide geometries.
Panels (A-F) and (G-L) are adapted with permission from Ref. [112], American Chemical Society, and Ref. [110], AIP Publishing, respectively.

into free space (Figure 7D). Because of their proximity,
these defects coupled efficiently to propagating surface
plasmons sustained by the nanowire. Upon laser exci-
tation at the nanowire center (point C in Figure 7E),
emission was also observed from the nanowire ends
(points A and B). Importantly, while the emission from
the nanowire center showed the doublet structure men-
tioned above (Figure 7F, top panel), the emission from
the nanowire ends showed only one peak (Figure 7F,
center and bottom panels). The authors attributed this
behavior to the fact that, due to their different polari-
zations, only one of the two quasi-degenerate localized
excitons coupled efficiently to the nanowire and prop-
agated from the center to the edges. By measuring the
intensity of light emitted from the nanowire ends for 21
different nanowires, the authors estimated an average
coupling efficiency of 26% +11%. In this approach,
the coupling efficiency was affected by an unfavorable
plasmon-exciton geometrical alignment (Figure 7M):
the electric field vector of the nanowire plasmonic
mode is mainly perpendicular to the metal surface and
directed radially outward, while the excitons have in-
plane dipole moments, tangential to the metal surface.

Because of this poor alignment, no enhancement of the
decay rate was observed in this study. In order to improve
the coupling, the same group demonstrated a different
design based on a metal-insulator-metal waveguide
(Figure 7G-L) [110]. Two silver rectangular stripes, sepa-
rated by a small air gap, were fabricated on top of a SiO,
substrate, realizing a slot waveguide. The electric field
of the resulting guided mode is strongly localized in the
air gap and, importantly, its main component is in plane
and orthogonal to the waveguide direction. Thus, when
a WSe, monolayer was transferred onto the top of the
structure, the dipole moment of a defect-bound exciton
in the air gap region was quasi-optimally aligned to the
electric field of the guided mode (Figure 7N). Similar to
the case of the nanowire, the emission spectrum from
the excitons was a doublet (Figure 7I), and only one of
the two emission peaks was visible when collecting light
from the opposite end of the waveguide (Figure 7]) as a
result of the different in-plane polarizations. By meas-
uring the lifetime of 10 emitters located on the pristine
monolayer and 7 emitters located on the waveguide/
monolayer (see Figure 7K, L for representative measure-
ments), the authors estimated a lifetime reduction of ~2.
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4 Coupling valley index to
plasmonic nanostructures and
metasurfaces

4.1 Enhancing valley polarization with
plasmonic nanostructures

Because of the low quantum efficiency of available TMD
monolayers [10, 113], the PL intensity can be drastically
enhanced by placing a monolayer near plasmonic anten-
nas in various geometries, such as bowtie or gap plas-
mons, as was shown in the experiments reviewed in the
previous sections. Enhancing exciton valley polarization,
on the other hand, requires a more careful design of the
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near field. There are a number of reasons why the pres-
ence of a plasmonic nanostructure or a metasurface can
enhance valley polarization. In addition to shaping the
polarization of the near field, the presence of a plasmonic
structure may shorten the exciton recombination lifetime
via the Purcell effect while having minimal influence on
valley scattering time.

In a recent work, Ziwei and coworkers [114] investi-
gated asample composed of aMoS, monolayer sandwiched
between a chiral metasurface and a Au film (Figure 8A).
The scanning electron microscopy (SEM) images of the
metasurface and of the hybrid structure are shown in
Figure 8B and C, respectively. In the absence of a metas-
urface, a finite valley polarization p ~25% was observed
in PL for both o~ and o* excitation conditions with the
excitation wavelength of 633 nm and at 87 K (Figure 8D, G
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Figure 8: MoS,-metasurface hybrid system and its valley-polarized PL spectra.

(A) Schematic of hybrid MoS,-metasurface structure, where the chemical vapor deposition (CVD)-grown MoS, monolayer is between a
chiral metasurface layer and a 30-nm-thick Au film. (B) SEM image of the metasurface fabricated by e-beam lithography. Inset shows the
SEM image of one unit. (C) The SEM image of MoS,-metasurface hybrid structure. The triangle shape of MoS, monolayer is shown as the
blue dotted lines. (D, E) Circularly polarized PL spectra of the MoS, monolayer (D) and the hybrid MoS,-metasurface (E) under o~ optical

pumping (633 nm) at T=87 K. (G, H) Same as in panels (D, E), but for

under o* optical pumping. Degree of valley polarization (DVP) plots for

MoS, monolayer and hybrid MoS,-metasurface are shown under (F) o~ pumping and (I) o* pumping. An increase of DVP from 25% to 43%
with o~ pumping is observed, while a decrease of DVP from 25% to 20% with o* pumping is seen. Panels are adapted with permission from

Ref. [114], John Wiley and Sons.
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and blue circles in Figure 8F, I). For the hybrid TMD—-plas-
monic structure, at the A exciton energy around 665 nm,
p increased to 43% with o~ excitation (Figure 8E and blue
circles in Figure 8F), while it decreased to 20% with o*
excitation (Figure 8H and blue circles in Figure 8I). This
result can be explained by considering the exciton dynam-
ics in the hybrid structure. For K’ valley excitons, both the
generation and emission rates of excitons are enhanced
as a result of the interaction between the MoS, monolayer
and the metasurface. In contrast, K valley exciton emis-
sion is suppressed. Meanwhile, the intervalley scattering
rate mainly depends on the temperature and the excita-
tion wavelength, thus largely unchanged in the presence
of the metasurface. The enhanced or reduced exciton
valley polarization results from the competition of exciton
generation, emission, and the intervalley scattering rate.

4.2 Directing valley exciton emissions

Plasmonic antennas have been shown to significantly
modify the emission rate, radiation pattern, and some-
times the polarization, as discussed above. Plasmonic
devices can also be used to direct emission from valley
polarization excitons toward different directions, effec-
tively serving as a link between photonic and valleytronic
devices [115]. A conceptually simple design has been pro-
posed by Chen and coworkers [116] (Figure 9A). By cou-
pling circularly polarized dipoles (i.e. valley excitons) to
plasmonic antennas that support both dipole and quadru-
pole modes, the interference between the two plasmonic
modes can be exploited to direct emissions from opposite
valleys to different directions (Figure 9B). When the phase
between dipole and quadrupole modes changes by &, the
emission is directed to the opposite direction.
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A metasurface designed to direct valley-selective
emission from a monolayer WS, has been demonstrated
by Chervy and coworkers [115] (Figure 10A). The metasur-
face consists of a series of rectangular nanoapertures in
a gold film rotated stepwise along one axis by an angle
¢=m/6. These rotating apertures are further arranged
in a square lattice with a grating period A, setting up a
rotation vector of Q=(¢/A)z. The gradient of the geo-

metric phase adds a momentum term kgz_a(ijfc to
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Figure 10: Directing emissions from valley excitons in a WS,
monolayer with a chiral metasurface at room temperature.

(A) Schematic of propagation of spin-momentum-locked SPPs with
opposite chirality. (B) Momentum-resolved differential PL under o*
and o~ optical pumping. Panels are adapted with permission from
Ref. [115], American Chemical Society.
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Figure 9: Directing valley-dependent emission using a nano-antenna.

(A) Schematic of TMD layers coupled to a double-rod nano-antenna, which separates emission from opposite valleys. (B) The directional
emission is due to the interference between the electric fields from an electric dipole and quadrupole. The direction is determined by
the relative phase of the dipole and quadrupole. Panels are adapted with permission from Ref. [116], Beilstein-Institut zur Férderung der
Chemischen Wissenschaften.
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the phase-matching condition for the SPP excitation:
kg, =k +(Q2m/A)(nX +my)+ k,, where 0==1is the photon
helicity. The optical spin-orbit interaction locks the
propagating SPP modes corresponding to n=+1 with the
photon helicity o=%1. Therefore, SPPs launched on a
bare metasurface propagate in opposite directions if chi-
rality of the excitation field is reversed, as illustrated in
Figure 10A.

The strong coupling between excitons and SPPs,
due to the exceptionally large exciton oscillator strength,
leads to the formation of polariton states, as evidenced by
the anti-crossing dispersion in the angle-resolved absorp-
tion spectra [117, 118]. The valley index is inherited by
the exciton-SPPs. The PL from these chirality-dependent
polariton states is separated in k-space resolved measure-
ments, as shown in Figure 10B. Interestingly, the authors
did not observe valley polarization from PL from a bare
WS, in the excitation conditions adopted. The enhanced
valley polarization and valley coherence associated with
the exciton-SPPs suggest that these hybrid modes may
be more suitable for optical manipulation of valley index
than excitons hosted in bare TMD monolayers.

4.3 Spatial separation of valley index

Another prerequisite to build valleytronic devices is
the capability of separating carriers and quasiparticles
with different valley indexes. Several strategies based
on various Hall effects have been explored [119-124].
For example, the valley Hall effect in monolayer TMDs
has been proposed [64] and later experimentally dem-
onstrated [124]. In this phenomenon, the valley-specific
Berry curvature acts as a momentum-dependent synthetic
magnetic bias, leading to transverse separation of valley-
polarized free carrier driven by the in-plane electric field
in the perpendicular direction. Very recently, the exciton
valley Hall effect was demonstrated [125], where the val-
ley-polarized excitons were separated in the presence of a
laser-induced temperature and exciton density gradient.
However, these previous valley separation schemes were
demonstrated only at low temperature, thus limiting their
use in practical applications.

4.3.1 Chiral photonics

In a different context, optical spin-orbit interaction
enables the separation of optical spins and directional
propagation of electromagnetic waves with chiral polari-
zations [126-129]. Such chirality-dependent propagation
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can be understood within a near-field interference picture
[130]. Consider a circularly polarized dipole (P +iP)
placed in the vicinity of a waveguide surface, as illus-
trated in Figure 11A. This dipole excites the guided modes
in the waveguide, with the horizontal component of the
dipole (P) driving the longitudinal field and the verti-
cal component (P)) coupling to the transverse field of the
guided electromagnetic mode. The magnetic field Hy(kx)
induced by P (P) is symmetric (antisymmetric) respec-
tive to k . Therefore, the linear superposition of the two
orthogonal dipoles P_ and P, leads to a nonsymmetric
spatial frequency distribution. The guided modes with
k >0 (k <0) interfere destructively (constructively). This
near-field interference is the mechanism for the chirality-
dependent, unidirectional excitation of guided modes. As
an example, Figure 11B shows the calculated magnetic
field distribution at a metal/dielectric interface induced
by a circularly polarized dipole. While both counter-prop-
agating SPP modes are supported on the metal/dielec-
tric interface, only one of these modes is predominantly
excited by the circular dipole, leading to chirality-depend-
ent SPP propagation.

The optical spin Hall effect provides a powerful tool to
guide chiral photon propagation on chip, which is essen-
tial to realize this form of optical information transmission.
Chirality-dependent unidirectional photon propagation
has been demonstrated in hybrid systems, which combine
semiconductor quantum emitters and waveguides [131].
The chirality of the emitted photons is governed by the
optical selection rules in the semiconductor QD. The direc-
tion of the photon propagation is controlled by a properly
designed waveguide. Coles and coworkers demonstrated
control of the direction of chiral photon emission by cou-
pling a QD to a nonchiral waveguide (Figure 11C) [131].
When the QD is positioned at the center of the waveguide,
the emission intensities are the same for both directions
(Figure 11D) as expected from the symmetry consideration
of the nonchiral waveguide. In contrast, when the QD is
displaced from the center, the in-plane mirror symmetry
of the hybrid system is broken. As a result, the emission
direction depends on the chirality, with o* photons pref-
erentially propagating in one direction and ¢~ photons in
the other direction (Figure 11D). In another example [132],
Sollner and coworkers demonstrated chirality-dependent
directional emission of a QD by coupling it to a specially
designed waveguide with broken mirror symmetry, known
as a glide-plane waveguide, as shown in Figure 11E. When
coupled to a glide-plane waveguide, an excited QD with o*
polarization transition dipole preferentially emits photons
in one direction (Figure 11F). When the chirality reverses,
so does the emission direction.
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Detection right
A

Figure 11: Chiral photonic structures and guiding chiral-dependent emission from semiconductor quantum dots using a specially designed

waveguide.

(A) Schematic of the asymmetric excitation of SPPs from a circularly polarized dipole over a planar metal-dielectric interface. The dipole

is in the xz-plane, which is perpendicular to the metal-dielectric interface. (B) Magnetic field distribution of the excited SPP mode by a 2D
circularly polarized dipole over an air/metal interface. (C) Schematic of the directing chiral emission from a quantum dot coupled to a single-
mode nanobeam waveguide. Red (blue) arrows represent the emission from right- (left-) circularly polarized optical dipoles of the quantum
dot. (D) Calculated emission intensity with and without chirality dependent propagation, determined by the quantum dot position relative to
the waveguide. (E) SEM image of the glide-plane waveguide. A quantum dot is optically excited in the center (green area) and the emission
is detected at the out coupling grating (red area). The zoom-in SEM image shows the photonic crystal design of the shifted holes on the two
sides. (F) Calculated directional emission from o* and o~ polarized dipoles in the glide-plane waveguide. Panel (A, B), (C, D), and (E, F) are
adapted with permission from Ref. [130], The American Association for the Advancement of Science; Ref. [131], Nature Publishing Group; and

Ref. [132], Nature Publishing Group; respectively.

Considering these examples of chirality-dependent
photonic devices and the valley-contrasting optical selec-
tion rules in TMD monolayers, it is natural to extend
these approaches to realize valleytronic devices. In such
a hybrid system, TMD monolayers act as the active com-
ponent while photonic structures function as the passive
components. For example, the spatial separation of
excitons with a specific valley index may be realized by
routing valley excitons facilitated by the optical spin Hall
effect. Chiral photons emitted by valley-polarized exci-
tons may be channeled toward different directions. Below,
we review two recent works exploring such opportunities.

4.3.2 Plasmonic nanowires

Nanowires can harvest exciton emission with exception-
ally high efficiency as previous studies on coupling QDs
and plasmonic wires have demonstrated [133, 134]. Taking
advantage of this effect, a valley-photon interface has
been realized by coupling a single silver nanowire to a
few-layer-thick WS, flake (Figure 12A) [135]. The nanowire
supports guided-SPPs possessing transverse optical spin
angular momentum, which is locked with the propagation
direction. The chirality-dependent directionality is illus-
trated in Figure 12B. A source positioned in the upper part

of the nanowire (y > 0) and emitting light witho_(c_) polar-
ization, will excite a SPP propagating to the left (right).
The effect is inverted when the source is positioned in the
lower part (y<0). Therefore, the chirality of the optical
spin angular momentum is determined by a combination
of the propagation direction and the y position.

Experimentally, valley-polarized excitons were
locally excited in the middle of the silver nanowire
(x=0) for different y positions with a circularly polarized
laser of 594 nm. The K and K’ valley excitons are associ-
ated with in-plane circularly polarized dipoles oscillat-
ing with opposite helicity (E tiE) [136]. The transition
dipoles from different valleys couple to the guided SPP
modes propagating in opposite directions. The scattered
PL at the end of the nanowire was detected on a charge-
coupled device (CCD) after passing through a band-pass
filter (620—630 nm), chosen to overlap with the exciton
resonance in WS,

The valley-dependent directionality is quantified
by k,,=L,0)-LWI/LY)+1,()], where I, (y) repre-
sent the PL intensity scattered at the left and right end
of the nanowire as a function of y, as shown in Figure
12C, D. When the o excitation spot is above (below) the
nanowire, i.e. at y< 0 (y >0), the excitons couple to SPPs
propagating to left (right) end of the nanowire. When
the handedness of the excitation is reversed, so does the
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Figure 12: Coupling between valley-polarized excitons and guided SPPs in the WS,—nanowire hybrid structure.
(A) Schematic of directional emission of valley-polarized excitons in the WS_-nanowire hybrid structure. (B) Distribution of optical spin

handedness depends on both the position and propagation direction.

(C) PL spatial maps of valley-polarized excitons (top plots, in log

scale) and line cuts along the nanowire (bottom plots, in linear scale) under left-circularly polarized optical excitation for three different
excitation vertical positions. The intensity near the excitation spot is intentionally saturated for better contrast of the signal. (D) Directional

coupling efficiency, defined as k

exp

=/, =19/ ,+1), measured for guided emission as a function of the position of the laser spot, with left-

handed circular polarization excitation. Gray line is the fitting result from the calculated directional coupling efficiency and the dotted line is
the total PL intensity. Panels are adapted with permission from Ref. [135], The American Association for the Advancement of Science.

propagation direction. Note that the chirality-dependent
propagation can only be achieved under asymmetric
excitation condition in the transverse direction (i.e. y # 0)
because of the symmetry of the nanowire. If the excita-
tion laser spot is centered with respect to the nanowire
(y=0), valley polarization separation vanishes. This sen-
sitive dependence on the excitation position makes this
scheme for spatial valley separation quite challenging
for practical applications.

4.3.3 Metasurfaces

Metasurfaces with broken-mirror symmetry have been
recently proposed to spatially separate valley excitons in
TMDs at room temperature. The metasurface introduced
in Ref. [137] consists of asymmetrical grooves arranged
in a sub-wavelength period. Figure 13F shows the SEM
image of the cross-section of the fabricated asymmetric
grooves. In the case of symmetric grooves (Figure 13A),
the mirror symmetry along the yz-plane leads to chirality-
independent propagation, i.e. an in-plane dipole with
left- or right-handed chirality couples to both sidewalls
equally, similarly to the symmetric nanowire considered
above. However, when the mirror symmetry is intention-
ally broken by tilting one side wall while keeping the other
wall vertical, the guided SPPs (gSPPs) excited by valley
exciton dipoles are different for vertical and tilted walls

(Figure 13B), resulting in chirality-dependent, unidirec-
tional propagation of gSPPs.

Experimentally, a linearly polarized laser at wave-
length 532 nm was used to equally populate the two
valleys in the monolayer MoS, placed on top of the meta-
surface. The valley-excitons then induced chiral gSPPs
propagating away from the laser excitation spot and re-
excited excitons along its path. Such exciton-gSPP-exci-
ton nonradiative energy transfer process separated the
valley excitons spatially, as shown in Figure 13H, 1. The
g-SPP modes have an E-field with a significant in-plane
component. Thus, the coupling between the in-plane
dipoles associated with excitons in monolayer TMD and
gSPPs can be rather efficient. The efficiency of the cas-
caded energy conversion process of the exciton-gSPP-
exciton is calculated to be higher than 20%. In a control
experiment, the researchers showed that such spatial
valley separation was absent when the MoS, monolayer
was placed on a metasurface consisting of symmetric
grooves (Figure 13]). The asymmetric metasurface can
also direct valley exciton emission to different direc-
tions, serving as an interface between valleytronics and
photonic devices similar to those discussed in earlier in
this section.

The two examples chosen in this section have dem-
onstrated that plasmonic antennas and metasurfaces
can be used to control the valley index including the
degree of valley polarization, the emission direction of
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Figure 13: Spatial separation of valley excitons in a MoS,
monolayer—Ag metasurface hybrid system.

Schematic of the propagating directions of guided SPPs launched
by o* and o~ dipoles in (A) symmetric and (B) asymmetric groove
arrays. The gSPPs excited by o+ (0”) dipoles propagate into (out of)
the panel on the left wall, and the direction is revered on the right
wall. (C) Calculated electric field distributions excited by a o~ dipole
on a symmetric groove array show no chirality-dependent SPP
propagation due to the mirror symmetry. (D, E) Calculated electric
field distributions excited by o~ and o* dipole on the asymmetric
grating, respectively. Gray dashed lines in the bottom indicate
the position of a groove. (F, G) SEM images of the asymmetric

and symmetric grooves. (H) Schematic of valley-excitons spatially
separated by the metasurface. Color map of valley polarization
contrast p(r) from a MoS, monolayer coupled to () asymmetric and
(J) symmetric groove arrays. Panels are adapted with permission
from Ref. [137], Nature Publishing Group.

valley polarized excitons, and the spatial separation of
valley excitons. The performance of these hybrid pho-
tonic devices is determined by SPP propagation, ultrafast
exciton dynamics, and how plasmonic nanostructures
modify such dynamics via exciton-plasmon coupling.
Because of the large oscillator strength of valley excitons
in TMDs, a strong coupling between valley excitons and
SPPs or LSRPs can be reached in properly designed plas-
monic structures.

5 Outlook

TMDs represent a new class of flexible photonic materi-
als, hosting single-photon emitters with defined locations

DE GRUYTER

and extending optical control to a new quantum degree
of freedom, the valley. Integrating these layered materials
with plasmonic nanostructures, waveguides, and meta-
surfaces advances both classical and quantum photon-
ics. There are a few clear future directions in this field of
research. Proper waveguides that can guide single-photon
emission efficiently and preserve the polarization states,
which are often used to encode quantum information of
flying qubits, have yet to be demonstrated. Addressing the
long-standing challenge of loss in plasmonic materials
will improve the performance of hybrid photonic devices.
For example, the limited degree of valley polarization in
the hybrid system can be improved by implementing new
metasurface designs that can specifically couple to dark
exciton states or reduce the energy concentration in noble
metals.

With the rapid progress in synthesizing and fabricat-
ing van der Waals (vdW) heterostructures, new exciton
resonances are identified. The interlayer excitons in
vdW heterostructures exhibit long recombination and
valley polarization times [138-143]. The long recombi-
nation lifetime suggests that their oscillator strength is
small and couples relatively weakly to light. Such slow
dynamics may also be related to indirect transitions in
the momentum space. Plasmonic nanostructures placed
near TMD heterostructures may lead to measurable
changes in exciton dynamics by shaping the photon
density of states and provide coupling to large photon
momenta in the near field to brighten indirect transi-
tions. Plasmonic nanostructures may provide a strong
field enhancement, needed for optical switching of topo-
logical phases of matter [144-146]. A metasurface may
further define the optical properties of an array of identi-
cal single-photon emitters localized by an in-plane Moiré
superlattice [147, 148].
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