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Abstract: Thanks to their long lifetime, spin-forbidden dark excitons in transition metal dichalco-
genides are promising candidates for storage applications in opto-electronics and valleytronics. To
date, their study has been hindered by inefficient generation mechanisms and the necessity for
elaborate detection schemes. In this work, we propose a new hybrid platform that simultaneously
addresses both challenges. We study an all-dielectric metasurface with two symmetrically protected
quasi-bound states in the continuum to enhance both the excitation and emission of dark excitons
in a tungsten diselenide monolayer under normal light incidence. Our simulations show a giant
photoluminescence signal enhancement (~520) along with directional emission, thus offering distinct
advantages for opto-electronic and valleytronic devices.
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1. Introduction

The growing demand for digital and cloud services requires a paradigm shift in the
way we process information. Optics and photonics offer energy-efficient approaches [1,2]
to increase data transmission rates by orders of magnitude compared to electronics based
on the recently proposed concepts and demonstrations of lightwave electronics [3-5] and
ultrafast all-optical operations [6-8].

One particularly promising platform to perform all-optical operations is monolayer
transition metal dichalcogenides (TMDs) [9]. Such materials are direct bandgap semicon-
ductors [10] whose unique optical properties are largely determined by the extreme 2D spa-
tial confinement and the resulting strong Coulomb interaction. In particular, light-matter
interactions are dominated by excitons (strongly bound electron-hole pairs), which are sta-
ble at room temperature due to their high binding energy of several hundred meV [11-13].
Excitons can be further distinguished between optically allowed (“bright”) and optically
forbidden (“dark”) [14]. To understand the existence of both species, a closer look at their
band structure is necessary. The aforementioned direct band gap in TMD monolayers
lies at the corners of the hexagonal Brillouin zone, the K and K’ points (or valleys), re-
spectively, which are energetically degenerate but nonequivalent due to their different
selection rules [15]. The strong spin—orbit coupling results in massive spin splitting in the
valence band (on the order of several hundred meV) and much smaller splitting in the
conduction band (a few tens of meV) [13]. To fulfill spin-momentum conservation, only
transitions between bands with the same dominant spin direction are optically allowed
(bright) in the electric dipole approximation and with emission in the out-of-plane direction.
Such bright excitons possess short lifetimes (a few ps) and are therefore ideal for sensing
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applications or fast light-emitting diodes [16-18]. In contrast, spin-forbidden dark excitons
have a much longer lifetime and coherence time [19], as radiative recombination can only
occur through a spin-flip [20], leading to the possibility of manipulating the system’s valley
degree of freedom numerous times. The control of this spin-valley degree of freedom is a
prerequisite for all-optical valleytronic devices [21] and holds great promise for all-optical
information processing. However, the generation and detection of spin-forbidden dark
excitons is challenging due to their zero in-plane dipole moment [22,23]. In recent years,
several endeavors have been undertaken to achieve the brightening of dark excitons. Con-
ventional approaches involve the application of strong in-plane magnetic fields [24,25],
out-of-plane polarized surface plasmon polaritons [26], or the injection of out-of-plane
polarized light [27]. These methods primarily amplify the excitation of dark excitons,
whereas their efficient detection remains a problem due to the out-of-plane dipole-like
radiation pattern that they exhibit. Current research focuses on employing objectives with
large numerical apertures (NA) to tackle this issue [27,28].

Alternatively, all-dielectric metasurfaces with high refractive indices have emerged
as a promising platform to address both challenges simultaneously. Particularly, bound
states in the continuum [29,30] (BICs), resonances with theoretically infinite quality factors
(Q-factors), offer a straightforward way to tailor the light-matter interaction of various
all-dielectric structures. By breaking the symmetry of the system, a radiative channel can be
opened, which manifests itself as a leaky mode with a high but finite Q-factor, also called
‘quasi-BIC’. This can be realized by metasurfaces consisting of dielectric meta-atoms with
broken in-plane inversion symmetry, where the Q-factor depends on the asymmetry of
the unit cell. In addition, their successful combination with TMDs has also been shown
recently, e.g., for second-harmonic generation enhancement [31,32].

In a previous work [28], the combination of a TMD with a suspended photonic crystal
slab that supports BIC resonances was investigated, and brightening as well as the ma-
nipulation of the directionality of dark excitons was reported. However, the still-limited
influence on the emission direction could not be solved satisfactorily by this approach,
which still requires a large NA objective or a non-collinear detection scheme, thus prevent-
ing the use of conventional microscopy setups. In this work, we propose an all-dielectric
metasurface where two symmetrically protected quasi-BIC modes are excited. These allow
the simultaneous enhancement of excitation and emission of dark excitons in a tungsten
diselenide (WSe;) monolayer while illuminating and collecting the emitted radiation per-
pendicular to the substrate, overcoming remaining technical problems in the study of dark
excitons. We choose WSe; based on the characteristic band ordering of tungsten-based
TMDs, which is characterized by an energetically well-separated dark state associated with
the spin-forbidden A exciton below the bright A exciton state [14,33]. Moreover, using
WSe; provides a direct comparison of the suggested dielectric metasurface with the results
reported by Ma et al. [28]. Our results indicate a substantial increase in the photolumi-
nescence signal (~520), which is obtained as the product of the excitation and emission
enhancement. We thus foresee a direct impact of our results on the experimental study
of spin-forbidden dark excitons. The possibility of a massively simplified study of these
quasiparticles could lead to an improved fundamental understanding of their properties
and further pave the way for applications in all-optical information processing.

2. Materials and Methods

*  Transmission spectra and near-field maps: The simulations were conducted by means
of the finite-difference time-domain (FDTD) method, implemented in the software
Ansys Lumerical 2023 [34]. For the transmission spectra, a unit cell of the metasurface
was simulated and periodic boundary conditions were applied in the x- and y-axes.
In the z-axis, perfectly matched layers (PML) were considered. The structure was
illuminated by a plane wave source linearly polarized along the x- and y-axes and
propagating at normal incidence from the top of the metasurface. The two nanobars
conforming the unit cell rest on a semi-infinite silica substrate. A monitor in the silica
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substrate was used to obtain the transmission spectrum. The electric field intensity
near-field maps were obtained through a frequency-domain field and power monitor
in the ZX-plane at y = 0. The electric field vectors were represented using Matlab.
Auto non-uniform mesh (mesh accuracy 4) was selected. To ensure the convergence
of the results, a finer mesh of 2 nm was chosen for the nanoresonators.

e Polarization vectors of the E-field. The polarization vectors of the E-field in the
ZX-plane were obtained using the frequency-domain solver of the software CST
Studio Suite 2019 [35]. Similarly to the calculations with Lumerical, a unit cell of the
metasurface was simulated with periodic boundary conditions (unit cell boundaries).
In the z-axis, open conditions were used. The number of Floquet modes selected
for the Zmax and Zpn ports was 10. To visualize the polarization vectors of the
E-field represented by arrows in the ZX-plane, field monitors were chosen at the
resonance wavelength.

e  Excitation enhancement: The excitation enhancement of the out-of-plane excitons
was estimated through the near-field maps obtained with Ansys Lumerical [34] as
described in the section Transmission spectra and near-field maps. We calculated
the average intensity enhancement of the electric field on the XY-plane at a distance
d = 10nm above the resonators. This distance was chosen to account for the hBN
(hexagonal boron nitride) encapsulation of the 2D material seated on the top of the
metasurface (XY-plane). The electric field intensity was obtained considering only the
z-component of the electric field (| E,|?) due to the orientation of the excitons. For the
normalization, |E,|? was divided by the electric field intensity without the metasurface
([Eol*), < [Ec|?/|Eof* >

¢  Emission enhancement: The emission enhancement was attained using the reciprocity
principle following the method described in [36]. These simulations were conducted
with the software COMSOL Multiphysics 6.0 [37], which is based on the finite element
method. A unit cell of the metasurface was simulated, and periodic boundary condi-
tions were used along the x- and y-axes. Perfectly matched layers were considered
along the z-axis. The structure was illuminated with a linearly polarized plane wave
by means of a port located in the air layer. The angles of incidence were swept from
6 = 0° to & = 24° (angles corresponding to a numerical aperture of NA ~ 0.4) and
from ¢ = 0° to ¢ = 180°. For each angle of incidence, the average of the electric field
intensity, considering only the z-component of the electric field E,, on a surface 10 nm
above the top of the resonators was calculated. This surface represents the area where
the out-of-plane dark excitons are randomly located. The sum of the average electric
field intensity for each angle of incidence and for both polarizations of the incident
radiation (TE and TM polarizations) was normalized to the emission enhancement for
the case of a bare silica substrate Py (see Equation (1)).

Gep = Pl Y, <|E(r:6,¢) > @)
0 9,9, TE,TM
Note that if the apodization factor is considered, Equation (1) must be multiplied by
sin(0).
*  The back focal plane maps were simulated with the finite element method imple-
mented in the software COMSOL Multiphysics 6.0 [37]. These calculations were
conducted using the reciprocity principle as described in the previous paragraph.

3. Results and Discussion
3.1. Design of the Metasurface

As mentioned in the introduction, dark exciton emission involves spin-forbidden opti-
cal transitions with an out-of-plane dipole moment and are decoupled from radiative chan-
nels [22]. With the aim of enhancing the emission of the dark excitons and extracting the
emitted radiation into the far-field, we design an all-dielectric silicon metasurface showing
two resonances with out-of-plane electric field components at the excitation and emission
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wavelengths of the dark excitons: (Aexe = 733.3nm and Aem = 760.9 nm, respectively).
For instance, such out-of-plane quasi-BIC resonances have also been demonstrated on
anisotropic plasmonic metasurfaces [38]. The working principle of the TMD/metasurface
hybrid structure is schematically shown in Figure 1a,b.
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Figure 1. Schematic depiction (not to scale) of the excitation and emission of dark excitons in the
proposed structure. (a) A normal incident light pulse (red) on the TMD/metasurface hybrid structure
is converted to an out-of-plane polarized electric field by a quasi-BIC resonance (q-BIC 1). Thus, the
light pulse is able to excite dark-excitons with electrons and holes located in bands with opposite
spin at the K points of the Brillouin zone. Spin-up (-down) bands are marked with red (blue) arrows.
(b) The spin-forbidden dark exciton (Xp) recombines again radiatively through a spin-flip process.
The emitted photoluminescence signal (orange) in the xy-plane is converted back to the z-direction
by the second quasi-BIC resonance (q-BIC 2) of the metasurface. The inset shows a zoom in on the
metasurface unit cell, where its geometric parameters are indicated.

The metasurface design is based on the concept of high-refractive-index (HRI) di-
electric 2D lattices with asymmetric unit cells to excite quasi-BIC modes [32,39-42]. The
metasurface unit cell consists of two amorphous silicon asymmetric nanobars of different
widths along the y-axis, as shown in the inset of Figure 1b. The asymmetry parameter was
chosen such that the Q-factors of the resonances and corresponding field enhancement val-
ues can be realistically targeted in experiments. In particular, the finite size of the sample, its
roughness, and the small imperfections of the fabricated sample with respect to the numer-
ical design decrease the Q-factor. The field size can be easily increased and is usually not
the limiting factor. Instead, factors like roughness and small fabrication imperfections are
much harder to control and determine the saturation value of Q in most experiments [43].
In previous works, by means of the design of metasurfaces composed of two asymmetric
silicon nanobars, we were able to experimentally achieve Q-factors as large as 300 [44].
However, in theoretical works, it has been demonstrated that Q-factors larger than 3000
can be attained for quasi-BIC modes excited in all-dielectric metasurfaces [45]. The optical
properties of silicon were obtained from ellipsometric measurements. In Figure 2a, the real
and imaginary parts of the dielectric permittivity € of silicon are depicted, whereas the
imaginary part, responsible for the absorption, takes negligible values at the excitation
and emission wavelengths of the dark excitons. The metasurface is located on a silica
substrate, whose refractive index was fixed to ng = 1.51 in the analyzed spectral range.
Due to the broken symmetry of the metasurface unit cell, it is possible to couple the dark
out-of-plane polarized electric field with the field emitted by bright in-plane dipoles. This
coupling produces a Fano-like behavior, allowing the excitation of the out-of-plane electric
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dipole moment of the metasurface with normal incidence light [46]. At the same time, by
reciprocity, the out-of-plane electric dipole moment can emit radiation to the far-field in
the zero-order transmission. By coupling the out-of-plane electric dipole moment of the
metasurface with the excitons, it becomes possible to brighten the excitons and enhance
their directional emission.
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Figure 2. (a) Real (blue curve) and imaginary (red curve) parts of the dielectric permittivity € of
silicon obtained from ellipsometric measurements. (b) Transmission spectrum of the metasurface
under illumination by a plane wave linearly polarized along the x-axis (blue curve) or y-axis (red
curve) and propagating along the negative direction of the z-axis. The polarization direction with
respect to the unit cell is shown in the inset.

The dimensions of our design are as follows: silicon bar lengths Iy; = 230nm and
lyz = 217nm, width Iy = 109nm, height # = 172nm, and gap between the two bars
g = 98nm. The period of the metasurface corresponds to P = 476nm (see inset of
Figure 1b).

3.2. Transmission Spectra of the Metasurface

We have obtained the transmission spectra for the designed metasurface when it
is illuminated with a plane wave linearly polarized along the x-axis (axis that joins both
nanobars in the unit cell) and y-axis (axis along the asymmetry of the unit cell) under normal
incidence (negative direction of the z-axis). In the transmission spectrum corresponding
the the x-axis polarization, represented in Figure 2b in blue, we observe two narrow
resonances at A = 733.3nm and A = 760.9 nm (excitation and emission wavelengths of
the dark excitons), showing a Q-factor of 4313 and 380, respectively. It is worth remarking
that higher Q-factors could be obtained by decreasing the asymmetry between the two
nanobars. However, we have kept this design to consider feasible dimensions from a
fabrication point of view. For the polarization along the y-axis, no resonances can be
observed at the excitation and emission wavelengths of the dark excitons (see red curve in
the transmission spectrum in Figure 2b). For that reason, we focus on the x-axis polarization
in the manuscript. By means of an analysis of the near-field profile of the modes excited
for the x-axis polarization (Figure 3), we can identify both resonances in Figure 2b. At the
excitation wavelength (A = 733 nm), the norm of the electric field enhancement shows an in-
plane antiferromagnetic (AFM) order with an out-of-plane electric dipole (ED) field induced
between the two nanobars. This antiferromagnetic mode refers to the characteristics of
the magnetic near-fields excited in each one of the nanobars composing the unit cell of the
metasurface, which are oriented in opposite directions [47]. At the emission wavelength
(A =760.9 nm), the norm of the electric field shows an out-of-phase coupled out-of-plane
ED pair, which induces a magnetic dipole (MD) field between the two bars [47]. For the
shorter wavelength resonance, the highest electric field is attained between the nanobars,
whereas for the larger wavelength resonance, the highest electric field occurs at the top of
the resonators, where the 2D material would be located. The first resonance is responsible
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for excitation rate enhancement, and the second one contributes to enhance dark exciton
emission and its collection in the upward direction.
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Figure 3. (a,b) Near-field electric field maps in one unit cell of the metasurface at A = 733.3 nm
and A = 760.9 nm, respectively. (c,d) Polarization vectors of the electric field at A = 733.3 nm and
A = 760.9 nm, respectively. The metasurface was illuminated with a plane wave linearly polarized
along the x-axis and propagating along the negative direction of the z-axis. In all panels, the ZX-plane
is shown intersecting the bars at their center, the edges of which are indicated by the black contours.

3.3. Photoluminescence Signal Enhancement

The photoluminescence (PL) signal enhancement of a single emitter located at the
position rem due to the presence of a nanostructure is proportional to the gains in the exci-
tation rate (Fexc(Tem, Aexc)), the quantum yield (QY (rem, Aem)), and the collection efficiency
(D(tem, Aem)) through the following equation [48,49]:

Texc (rem/ Aexc) ) QY(rem/ /\em) ) D(rem/ )\em)

EF «
Y QY° DO

@

where Aexc and Aem refer to the excitation and emission wavelengths, respectively. I QYO,
and DY are the excitation rate, quantum yield, and collection efficiency in the absence of the
nanostructure, respectively. EF stands for fluorescence enhancement.

The excitation rate is proportional to the local enhancement of the incident intensity at
the position where the emitter is located [50]:

rexc(l'emr/\exc) _ |E(remr/\exc)|2
ngc |EO|2

where |Ey| is the amplitude of the incident electric field, and |E(tem, Aexc)| is the local
electric field strength at the position of the emitter rem.

®)
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For low quantum yield emitters, the gain in the quantum yield QY (fem, Aem)/ /QY°
can be expressed as:

QY<rem/ Aem) ~ I; (rem/ )\em)
QY’ Iy

4)

where Ty (fem, Aem) and 1"9 are the radiative decay rate in the presence or absence of the
nanostructure, respectively [49].

The collection efficiency or directionality is the ratio of the collected signal into a given
numerical aperture (NA) and the total radiated power in free space P24 [51]

D (fem, Aem) = o / / P(6, $) sin(6)d0dg ®)
rad
P(6, ¢) is the angular power density radiated in free space along the direction defined
by the polar and azimuthal angles 6 and ¢.
The gain in the directivity can be expressed as D(fem, Aem)/ DY, where D(Tem, Aem )
and D? are the directivity in the presence or absence of the nanostructure, respectively.
From this description, we can define the PL signal enhancement as the product of the
excitation and emission enhancement [52]:

EF =~ Nexc (remr /\exc) : Uem(rem/ Aem, NA) (6)

Iy (remr)\em) D(rem//\em)
0 Y ’ DO

In order to attain the PL 51gnal enhancement, in the following sections we analyze the
excitation and emission enhancement.

Texc (remr)\exc )
0

where Nexc (remr /\exc) = and Hem =

3.4. Excitation Enhancement

The excitation rate, which can be defined as the rate transition between different
energy levels induced by the excitation of incident radiation at a certain wavelength Aexc, is
proportional to the local intensity enhancement of the incident radiation at the position of
the emitter [53]. Taking into account that the 2D material will be seated at the top surface
of the nanobars composing the metasurface, we have calculated the electric field intensity
enhancement on a surface at d = 10nm from the top of the nanobars. The reason for
having the distance between the top surface of the metasurface and the surface plane where
the simulations are performed is to consider the fact that the 2D material will be bottom-
encapsulated with hBN to avoid possible charge transfer from the silicon metasurface
to the TMD, which would result in a spectral shift of the PL emission [54,55]. At that
surface, we have obtained the average (Figure 4a) and maximum (Figure 4b) intensity
enhancement of the z-component of the electric field. The average has been used with the
aim to take into account the different positions of the dipoles in the metasurface. As our
objective is to enhance the excitation of out-of-plane dipole moments, we just consider the
z-component of the electric field in the calculations. However, it should be noted that for
the case of randomly oriented dipoles, the average intensity enhancement must include all
the components of the electric field to account for all the possible dipole orientations. From
Figure 4, we observe that the intensity enhancement of the z-component of the electric
field is the largest at the quasi-BIC resonances, which correspond to the excitation and
emission wavelengths of the out-of-plane excitons. According to the description in the PL
signal enhancement section, we are interested in the average intensity enhancement at the
excitation wavelength (Figure 4a), which corresponds to < |E,|?/|Ey|? >= 46.63.
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Figure 4. (a) Average intensity enhancement of the z-component of the electric field (< |E, [2/|Eo|? >)
at the XY-plane at a distance from the top of the metasurface of d = 10 nm. (b) Maximum intensity
enhancement of the z-component of the electric field (Max(|E,|?>/|Eo|?)) at the XY-plane at a distance
from the top of the metasurface of d = 10 nm.

3.5. Emission Enhancement

The emission of quantum emitters can be enhanced by modifying the electromagnetic
environment where the emitters are located via the local density of optical states (LDOS) [56].
The LDOS quantifies the available amount of electromagnetic states that can be occupied
by a photon in a certain position of a system, and at resonance, it gives the Purcell factor.
The Purcell factor accounts for the enhancement of spontaneous emission of an emitter
due to the optical states compared to a homogeneous background [57-61]. The near-field
intensity distribution in the surroundings of the nanoparticles determines the LDOS [62,63].
Specifically, strong electromagnetic energy concentrations in small volumes lead to high
Purcell factors [64,65]. In the Purcell factor calculations, a dipole is considered as the
illumination source. In the case of working with periodic structures like metasurfaces,
the dipolar source combined with periodic boundary conditions suggests infinite dipolar
sources, which is not consistent with the incoherent emission of randomly distributed
quantum emitters.

As a solution, in some previous works, the emission enhancement of randomly ori-
ented and homogeneously distributed emitters on a metasurface was attained by means of
the reciprocity principle [36]. In this case, a unit cell of the metasurface is simulated, and
periodic boundary conditions are considered. The emission enhancement can be achieved
by means of the spatial average of the local electric field intensity excited by a plane wave
that incidences at a certain polar and azimuthal angle over the active part where the emit-
ters are located. The average electric field intensity enhancement is summed for all the
possible polar and azimuthal angles and both polarizations of the incident radiation (TE
and TM). The result is normalized to the emission without considering the nanoantennas
conforming the metasurface. In our work, the emitters are not randomly oriented, as we
are interested in the out-of-plane excitons (dipoles oriented along the z-axis). However, we
can still use the reciprocity principle considering only the z-component of the local electric
field to calculate the emission enhancement (see "Methods’ for the simulation details).

Due to the thickness of the 2D material (<1 nm), the active part is a surface the size of
the unit cell and is located 10 nm above the resonators, which corresponds to the emitters’
position. In order to take into account the experimental conditions, in the summation
of Equation (1), only the emission within the solid angles that correspond to a NA = 0.4
objective are considered. Following the described procedure, we have obtained an average
emission enhancement of approximately 11 over a 0.4 NA. This value is almost equal to that
reported in [28] corresponding to 12. However, in that work, the emission enhancement is
obtained at non-normal incidence, increasing the complexity of the detection experimental
setup. From the gains in the excitation and emission enhancement, we estimate an average
PL signal enhancement of 522. In [28] an even larger PL signal enhancement (by a factor of
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1400) was observed recently. Nevertheless, the reported emission angle of the dark exciton
is about 48° with respect to the surface normal, which requires a large NA (>0.75) objective
or a non-collinear detection scheme.

3.6. Back Focal Plane Images

One of the factors contributing to the PL signal enhancement is the collection efficiency.
With the aim to achieve superior collection efficiency, it is essential to design a metasurface
that enables emission into a very low numerical aperture (NA), which is critical for many
different applications such as single-photon sources. For that reason, we have considered
in our design the excitation of a quasi-BIC resonance at the exciton emission wavelength.
As mentioned, the dark excitons cannot be excited by a plane wave propagating under
normal incidence. According to the reciprocity principle, this means that dark excitons
cannot emit in the normal direction to the substrate plane. However, due to the coupling of
the dark excitons to the out-of-plane electric dipole moments of the metasurface, the dark
excitons are able to emit into the far field, with their emission mostly normal out of the
sample plane. Specifically, the dark exciton radiation is coupled to the out-of-plane electric
dipole moments, which are dark modes (BIC modes) for a symmetric metasurface. Due
to the broken symmetry of the metasurface unit cell, the BIC modes are transformed into
quasi-BIC modes, which couple the radiation of the out-of-plane electric dipole moments
with the bright in-plane dipoles. The emission of the in-plane dipoles is mostly out-of-
plane. In particular, the quasi-BIC resonance is characterized by a high Q-factor and a
narrow emission pattern close to the direction perpendicular to the substrate, allowing the
enhancement and directional emission of the dark excitons. However, in momentum space,
most modes have a parabola-shaped dispersion. Hence, in order to obtain the out-of plane
emission, the surface lattice resonance condition (SLR, around the Wood anomaly) can be
used, with the wavelength in the substrate material approximately matching the lattice
constant [66,67]. In our work, we are close to that condition, which should be attained at
A = 719 nm, taking into account that P = 476 nm and the substrate refractive index is
n = 1.51.

In Figure 5, we show the back focal plane images at the exciton emission wavelength
(A = 760.9 nm) corresponding to the emission of randomly out-of-plane dipoles (oriented
along the z-axis) and located at different positions of the XY-plane at a distance of d = 10nm
above the top of the metasurface. The back focal plane image is represented for both polar-
izations of the incident radiation: TM and TE (i.e., for # = 0° and ¢ = 0°; the polarization
is along the axis that joins both nanoparticles of the unit cell or is perpendicular to it,
respectively). We map in the back focal plane image an angular range corresponding to the
entire numerical aperture of a possible collection objective (NA = 0.4). As can be observed,
most of the radiation is emitted within a narrow cone around the substrate normal.

To gain further insight by means of the momentum-resolved emission at the spectral
ranges corresponding to the excitation and emission wavelengths of the dark excitons
(Figure 6a,b, respectively), we have analyzed the emission patterns at different wavelengths.
Specifically, it is possible to notice sharp dispersive resonances around A = 733 nm (see
Figure 6a) and A = 761 nm (see Figure 6b), which are due to the excitation of out-of-plane
quasi-BIC modes. The excitation of these resonances at normal incidence (TM polarization)
puts into evidence the importance of choosing an appropriate lattice constant for the
metasurface in order to improve the excitation and emission efficiency of the dark excitons
in the 2D material.
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Figure 5. Back focal plane images at the dark exciton emission wavelength (A = 760.9 nm) corre-
sponding to the emission of out-of-plane emitters (oriented along the z-axis) and randomly located
at different positions of the XY-plane at a distance of d = 10nm above the top of the metasurface.
(a,b) Depictions of the cases of polarization of the incident radiation TM and TE (i.e., for § = 0°
and ¢ = 0°; the polarization is along the axis that joins both nanoparticles of the unit cell or is
perpendicular to it, respectively). The angular range corresponds to a numerical aperture of NA = 0.4.
The colorbar shows the normalized logarithmic intensity, calculated from the z-component of the
electric field.
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Figure 6. Angle-dependent intensity spectra for x-axis polarized light at the spectral regions corre-
sponding to the (a) excitation and (b) emission wavelengths of the dark excitons. The intensity is
calculated from the z-component of the electric field at a plane 10 nm above the metasurface and is
represented in logarithmic scale. The angle ¢ is fixed to ¢ = 0°.

4. Conclusions

In this work, we have investigated the PL signal enhancement of dark excitons of WSe,.
As dark exciton emission involves spin-forbidden optical transitions with an out-of-plane
dipole moment, it does not emit radiation to the far-field, and by the reciprocity principle,
it cannot be excited by far-field illumination. With the aim of enhancing the emission of
dark excitons and extracting the emitted radiation into the far-field, we have designed a
symmetry-broken all-dielectric silicon metasurface showing two symmetry-protected quasi-
BIC resonances at the excitation (A = 733 nm) and emission (A = 760.9 nm) wavelengths
of the dark excitons. Both quasi-BIC modes correspond to out-of-plane electric dipole
moments, and they can be excited at normal incidence. By means of the resonance at the
excitation wavelength, it is possible to enhance the excitation of the dark excitons, obtaining
an average excitation enhancement of 47. From the quasi-BIC mode at the emission
wavelength of the dark excitons, we demonstrate an average emission enhancement of
more than one order of magnitude, considering a numerical aperture of NA = 0.4. With
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this, we estimate an average PL signal enhancement due to the metasurface of 522. In terms
of fabrication, the design of the proposed metasurface can be realized experimentally with
a sufficiently high Q-factor, as has already been shown with similar geometries [44]. The
subsequent transfer of a TMD monolayer can also be achieved analogously to previous
works on comparable hybrid structures [31,32]. Thus, we anticipate that the experimental
functionality of the suggested device will be consistent with our simulations. Therefore,
our results provide a realistic guide for the design of more efficient devices based on
dark excitons in atomically thin materials with possible applications in valleytronics and
opto-electronics.

Author Contributions: Conceptualization, 1.S. and G.S.; methodology, A.B.; software, A.B.; vali-
dation, A.B. and S.K.; formal analysis, AB., SK, LS. and GS,; investigation, AB.,SK, LS. and
G.S.; resources, I.S. and G.S.; data curation, A.B.; writing—original draft preparation, AB.and SK;
writing—review and editing, AB.,SK,1S.and G.S.; supervision, I.S. and G.S.; funding acquisition,
LS. and G.S. All authors have read and agreed to the published version of the manuscript.

Funding: This work was funded by the Deutsche Forschungsgemeinschaft (DFG, German Research
Foundation)—IRTG 2675 (Meta-Active), project number 437527638, subproject A4 (G.S. and 1.S.). A.B.
gratefully acknowledges financial support from Spanish national project No. PID2022-137857NA-100.
A.B. thanks MICINN for the Ramon y Cajal Fellowship (grant No. RYC2021-030880-I).

Data Availability Statement: Data underlying the results presented in this paper are not publicly
available at this time but may be obtained from the authors upon reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Hill, M.T,; Dorren, H.J.; De Vries, T.; Leijtens, X.J.; Den Besten, ].H.; Smalbrugge, B.; Oei, Y.S.; Binsma, H.; Khoe, G.D.; Smit, M.K.
A fast low-power optical memory based on coupled micro-ring lasers. Nature 2004, 432, 206-209. [CrossRef] [PubMed]

2. Miller, D.A. Attojoule optoelectronics for low-energy information processing and communications. J. Light. Technol. 2017,
35, 346-396. [CrossRef]

3. Krausz, F,; Stockman, M.I. Attosecond metrology: From electron capture to future signal processing. Nat. Photonics 2014,
8,205-213. [CrossRef]

4. Freudenstein, J.; Borsch, M.; Meierhofer, M.; Afanasiev, D.; Schmid, C.P,; Sandner, E,; Liebich, M.; Girnghuber, A.; Knorr, M.; Kira,
M.,; et al. Attosecond clocking of correlations between Bloch electrons. Nature 2022, 610, 290-295. [CrossRef] [PubMed]

5. Hui, D.; Alqattan, H.; Zhang, S.; Pervak, V.; Chowdhury, E.; Hassan, M.T. Ultrafast optical switching and data encoding on
synthesized light fields. Sci. Adv. 2023, 9, eadf1015. [CrossRef]

6. Klimmer, S.; Ghaebi, O.; Gan, Z.; George, A.; Turchanin, A.; Cerullo, G.; Soavi, G. All-optical polarization and amplitude
modulation of second-harmonic generation in atomically thin semiconductors. Nat. Photonics 2021, 15, 837-842. [CrossRef]

7. Li, Y; An, N.; Lu, Z,; Wang, Y,; Chang, B.; Tan, T.; Guo, X,; Xu, X.; He, J.; Xia, H.; et al. Nonlinear co-generation of graphene
plasmons for optoelectronic logic operations. Nat. Commun. 2022, 13, 3138. [CrossRef]

8. Zhang, Y.; Wang, Y.; Dai, Y.; Bai, X.; Hu, X.; Du, L.; Hu, H,; Yang, X.; Li, D.; Dai, Q.; et al. Chirality logic gates. Sci. Adv. 2022,
8, 8246. [CrossRef]

9.  Mangzeli, S.; Ovchinnikov, D.; Pasquier, D.; Yazyev, O.V,; Kis, A. 2D transition metal dichalcogenides. Nat. Rev. Mater. 2017,
2,1-15. [CrossRef]

10. Splendiani, A.; Sun, L.; Zhang, Y,; Li, T.; Kim, J.; Chim, C.Y,; Galli, G.; Wang, F. Emerging photoluminescence in monolayer MoS;.
Nano Lett. 2010, 10, 1271-1275. [CrossRef]

11. Ugeda, M.M.; Bradley, A ].; Shi, S.F; Da Jornada, FH.; Zhang, Y.; Qiu, D.Y.;; Ruan, W.; Mo, S.K.; Hussain, Z.; Shen, Z.X; et al.
Giant bandgap renormalization and excitonic effects in a monolayer transition metal dichalcogenide semiconductor. Nat. Mater.
2014, 13, 1091-1095. [CrossRef] [PubMed]

12.  Chernikov, A.; Berkelbach, T.C.; Hill, H.M.; Rigosi, A.; Li, Y.; Aslan, B.; Reichman, D.R.; Hybertsen, M.S.; Heinz, T.F. Exciton
binding energy and nonhydrogenic Rydberg series in monolayer WS,. Phys. Rev. Lett. 2014, 113, 076802. [CrossRef] [PubMed]

13.  Wang, G.; Chernikov, A.; Glazov, M.M.; Heinz, T.F,; Marie, X.; Amand, T.; Urbaszek, B. Colloquium: Excitons in atomically thin
transition metal dichalcogenides. Rev. Mod. Phys. 2018, 90, 021001. [CrossRef]

14. Malic, E; Selig, M.; Feierabend, M.; Brem, S.; Christiansen, D.; Wendler, F.; Knorr, A.; Berghduser, G. Dark excitons in transition
metal dichalcogenides. Phys. Rev. Mater. 2018, 2, 014002. [CrossRef]

15. Cao, T.; Wang, G.; Han, W.; Ye, H.; Zhu, C,; Shi, J.; Niu, Q.; Tan, P; Wang, E.; Liu, B.; et al. Valley-selective circular dichroism of

monolayer molybdenum disulphide. Nat. Commun. 2012, 3, 887. [CrossRef]


http://doi.org/10.1038/nature03045
http://www.ncbi.nlm.nih.gov/pubmed/15538365
http://dx.doi.org/10.1109/JLT.2017.2647779
http://dx.doi.org/10.1038/nphoton.2014.28
http://dx.doi.org/10.1038/s41586-022-05190-2
http://www.ncbi.nlm.nih.gov/pubmed/36224421
http://dx.doi.org/10.1126/sciadv.adf1015
http://dx.doi.org/10.1038/s41566-021-00859-y
http://dx.doi.org/10.1038/s41467-022-30901-8
http://dx.doi.org/10.1126/sciadv.abq8246
http://dx.doi.org/10.1038/natrevmats.2017.33
http://dx.doi.org/10.1021/nl903868w
http://dx.doi.org/10.1038/nmat4061
http://www.ncbi.nlm.nih.gov/pubmed/25173579
http://dx.doi.org/10.1103/PhysRevLett.113.076802
http://www.ncbi.nlm.nih.gov/pubmed/25170725
http://dx.doi.org/10.1103/RevModPhys.90.021001
http://dx.doi.org/10.1103/PhysRevMaterials.2.014002
http://dx.doi.org/10.1038/ncomms1882

Nanomaterials 2023, 13, 3028 12 of 13

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Feng, S.; Cong, C.; Peimyoo, N.; Chen, Y.; Shang, ]J.; Zou, C.; Cao, B.; Wu, L.; Zhang, ].; Eginligil, M.; et al. Tunable excitonic
emission of monolayer WS, for the optical detection of DNA nucleobases. Nano Res. 2018, 11, 1744-1754. [CrossRef]

Kwak, D.; Paur, M.; Watanabe, K.; Taniguchi, T.; Mueller, T. High-Speed Electroluminescence Modulation in Monolayer WS,.
Adv. Mater. Technol. 2022, 7,2100915. [CrossRef]

Palacios-Berraquero, C.; Barbone, M.; Kara, D.M.; Chen, X.; Goykhman, L; Yoon, D.; Ott, A K.; Beitner, ].; Watanabe, K.; Taniguchi,
T,; et al. Atomically thin quantum light-emitting diodes. Nat. Commun. 2016, 7, 12978. [CrossRef]

Robert, C.; Amand, T.; Cadiz, F; Lagarde, D.; Courtade, E.; Manca, M.; Taniguchi, T.; Watanabe, K.; Urbaszek, B.; Marie, X. Fine
structure and lifetime of dark excitons in transition metal dichalcogenide monolayers. Phys. Rev. B 2017, 96, 155423. [CrossRef]
Slobodeniuk, A.; Basko, D. Spin—flip processes and radiative decay of dark intravalley excitons in transition metal dichalcogenide
monolayers. 2D Mater. 2016, 3, 035009. [CrossRef]

Herrmann, P.; Klimmer, S.; Lettau, T.; Monfared, M.; Staude, I.; Paradisanos, I.; Peschel, U.; Soavi, G. Nonlinear All-Optical
Coherent Generation and Read-Out of Valleys in Atomically Thin Semiconductors. Small 2023, 19, 2301126. [CrossRef] [PubMed]
Tang, Y.; Mak, K.E,; Shan, J. Long valley lifetime of dark excitons in single-layer WSe;. Nat. Commun. 2019, 10, 4047. [CrossRef]
[PubMed]

Echeverry, J.; Urbaszek, B.; Amand, T.; Marie, X.; Gerber, 1.C. Splitting between bright and dark excitons in transition metal
dichalcogenide monolayers. Phys. Rev. B 2016, 93, 121107. [CrossRef]

Molas, M.R.; Faugeras, C.; Slobodeniuk, A.O.; Nogajewski, K.; Bartos, M.; Basko, D.; Potemski, M. Brightening of dark excitons in
monolayers of semiconducting transition metal dichalcogenides. 2D Mater. 2017, 4, 021003. [CrossRef]

Feierabend, M.; Brem, S.; Ekman, A.; Malic, E. Brightening of spin-and momentum-dark excitons in transition metal dichalco-
genides. 2D Mater. 2020, 8, 015013. [CrossRef]

Zhou, Y,; Scuri, G.; Wild, D.S; High, A.A.; Dibos, A.; Jauregui, L.A.; Shu, C.; De Greve, K,; Pistunova, K; Joe, A.Y.; et al. Probing
dark excitons in atomically thin semiconductors via near-field coupling to surface plasmon polaritons. Nat. Nanotechnol. 2017,
12, 856-860. [CrossRef] [PubMed]

Wang, G.; Robert, C.; Glazov, M.M.; Cadiz, F,; Courtade, E.; Amand, T.; Lagarde, D.; Taniguchi, T.; Watanabe, K.; Urbaszek, B.;
et al. In-plane propagation of light in transition metal dichalcogenide monolayers: Optical selection rules. Phys. Rev. Lett. 2017,
119, 047401. [CrossRef] [PubMed]

Ma, X.; Kudtarkar, K.; Chen, Y.; Cunha, P; Ma, Y.; Watanabe, K.; Taniguchi, T.; Qian, X.; Hipwell, M.C.; Wong, Z.].; et al. Coherent
momentum control of forbidden excitons. Nat. Commun. 2022, 13, 1-9. [CrossRef]

Hsu, C.W.; Zhen, B.; Stone, A.D.; Joannopoulos, J.D.; Solja¢i¢, M. Bound states in the continuum. Nat. Rev. Mater. 2016, 1, 1-13.
[CrossRef]

Tonkaev, P; Kivshar, Y. High-Q Dielectric Mie-Resonant Nanostructures (Brief Review). JETP Lett. 2020, 112, 615-622. [CrossRef]
Bernhardt, N.; Koshelev, K.; White, S.J.; Meng, K.W.C.; Froch, J.E.; Kim, S.; Tran, T.T.; Choi, D.Y.; Kivshar, Y.; Solntsev, A.S.
Quasi-BIC resonant enhancement of second-harmonic generation in WS, monolayers. Nano Lett. 2020, 20, 5309-5314. [CrossRef]
[PubMed]

Lochner, E].F.,; George, A.; Koshelev, K.; Bucher, T.; Najafidehaghani, E.; Fedotova, A.; Choi, D.Y,; Pertsch, T.; Staude, L; Kivshar,
Y,; et al. Hybrid Dielectric Metasurfaces for Enhancing Second-Harmonic Generation in Chemical Vapor Deposition Grown MoS;
Monolayers. ACS Photonics 2021, 8, 218-227. [CrossRef]

Katznelson, S.; Cohn, B.; Sufrin, S.; Amit, T.; Mukherjee, S.; Kleiner, V.; Mohapatra, P; Patsha, A.; Ismach, A.; Refaely-Abramson,
S.; et al. Bright excitonic multiplexing mediated by dark exciton transition in two-dimensional TMDCs at room temperature.
Mater. Horiz. 2022, 9, 1089-1098. [CrossRef] [PubMed]

Ansys Lumerical. Lumerical Solutions, Inc. Available online: http://www.lumerical.com/ (accessed on 1 March 2023).

CST Studio Suite. Electromagnetic Field Simulation Software, Inc. Available online: http://www.3ds.com/ (accessed on 1 March
2023).

Vaskin, A.; Mashhadi, S.; Steinert, M.; Chong, K.E.; Keene, D.; Nanz, S.; Abass, A.; Rusak, E.; Choi, D.Y.; Fernandez-Corbaton,
L; et al. Manipulation of Magnetic Dipole Emission from Eu3* with Mie-Resonant Dielectric Metasurfaces. Nano Lett. 2019,
19, 1015-1022. [CrossRef] [PubMed]

COMSOL Multiphysics 6.0. (COMSOL Inc., 2021). Available online: https:/ /www.comsol.com (accessed on 1 June 2023).
Liang, Y.; Koshelev, K.; Zhang, F; Lin, H.; Lin, S.; Wu, | ; Jia, B.; Kivshar, Y. Bound States in the Continuum in Anisotropic
Plasmonic Metasurfaces. Nano Lett. 2020, 20, 6351-6356. [CrossRef] [PubMed]

Koshelev, K.; Favraud, G.; Bogdanov, A.; Kivshar, Y.; Fratalocchi, A. Nonradiating photonics with resonant dielectric nanostruc-
tures. Nanophotonics 2019, 8, 725-745. [CrossRef]

Koshelev, K.; Lepeshov, S.; Liu, M.; Bogdanov, A.; Kivshar, Y. Asymmetric Metasurfaces with High-Q Resonances Governed by
Bound States in the Continuum. Phys. Rev. Lett. 2018, 121, 193903. [CrossRef] [PubMed]

Barreda, A.; Kuppadakkath, A.; Ghazaryan, L.; Gan, Z.; Koshelev, K.; Bucher, T.; Pertsch, T.; George, A.; Turchanin, A.; Szeghalmi,
A_; et al. The impact of loss on high-Q resonant metasurfaces: A case study for heated a-Si:H. J. Quant. Spectrosc. Radiat. Transf.
2022, 292, 108348. [CrossRef]

Barreda, A.; Zou, C.; Sinelnik, A.; Menshikov, E.; Sinev, I.; Pertsch, T.; Staude, I. Tuning and switching effects of quasi-BIC states
combining phase change materials with all-dielectric metasurfaces. Opt. Mater. Express 2022, 12, 3132-3142. [CrossRef]


http://dx.doi.org/10.1007/s12274-017-1792-z
http://dx.doi.org/10.1002/admt.202100915
http://dx.doi.org/10.1038/ncomms12978
http://dx.doi.org/10.1103/PhysRevB.96.155423
http://dx.doi.org/10.1088/2053-1583/3/3/035009
http://dx.doi.org/10.1002/smll.202301126
http://www.ncbi.nlm.nih.gov/pubmed/37226688
http://dx.doi.org/10.1038/s41467-019-12129-1
http://www.ncbi.nlm.nih.gov/pubmed/31492874
http://dx.doi.org/10.1103/PhysRevB.93.121107
http://dx.doi.org/10.1088/2053-1583/aa5521
http://dx.doi.org/10.1088/2053-1583/abb876
http://dx.doi.org/10.1038/nnano.2017.106
http://www.ncbi.nlm.nih.gov/pubmed/28650440
http://dx.doi.org/10.1103/PhysRevLett.119.047401
http://www.ncbi.nlm.nih.gov/pubmed/29341750
http://dx.doi.org/10.1038/s41467-022-34740-5
http://dx.doi.org/10.1038/natrevmats.2016.48
http://dx.doi.org/10.1134/S0021364020220038
http://dx.doi.org/10.1021/acs.nanolett.0c01603
http://www.ncbi.nlm.nih.gov/pubmed/32530635
http://dx.doi.org/10.1021/acsphotonics.0c01375
http://dx.doi.org/10.1039/D1MH01186C
http://www.ncbi.nlm.nih.gov/pubmed/35083477
http://www.lumerical.com/
http://www.3ds.com/
http://dx.doi.org/10.1021/acs.nanolett.8b04268
http://www.ncbi.nlm.nih.gov/pubmed/30605616
https://www.comsol.com
http://dx.doi.org/10.1021/acs.nanolett.0c01752
http://www.ncbi.nlm.nih.gov/pubmed/32479094
http://dx.doi.org/10.1515/nanoph-2019-0024
http://dx.doi.org/10.1103/PhysRevLett.121.193903
http://www.ncbi.nlm.nih.gov/pubmed/30468599
http://dx.doi.org/10.1016/j.jqsrt.2022.108348
http://dx.doi.org/10.1364/OME.462695

Nanomaterials 2023, 13, 3028 13 of 13

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Yang, Y.; Kravchenko, LL; Briggs, D.P.; Valentine, J. All-dielectric metasurface analogue of electromagnetically induced trans-
parency. Nat. Commun. 2014, 5, 5753. [CrossRef]

Kuppadakkath, A.; Barreda, A.; Ghazaryan, L.; Bucher, T.; Koshelev, K.; Pertsch, T.; Szeghalmi, A.; Choi, D.; Staude, I.; Eilenberger,
F. Precision Tailoring Quasi-BIC Resonance of a-Si:H Metasurfaces. Nanomaterials 2023, 13, 1810. [CrossRef] [PubMed]

Fang, C.; Yang, Q.; Yuan, Q.; Gan, X.; Zhao, J.; Shao, Y.; Liu, Y;; Han, G.; Hao, Y. High-Q resonances governed by the quasi-bound
states in the continuum in all-dielectric metasurfaces. Opto-Electron. Adv. 2021, 4, 200030-1. [CrossRef]

Liu, S.; Vaskin, A.; Addamane, S.; Leung, B.; Tsai, M.C.; Yang, Y.; Vabishchevich, PP; Keeler, G.A.; Wang, G.; He, X,; et al. Light-
Emitting Metasurfaces: Simultaneous Control of Spontaneous Emission and Far-Field Radiation. Nano Lett. 2018, 18, 6906-6914.
[CrossRef] [PubMed]

Zou, C.; Poudel, P; Walden, S.L.; Tanaka, K.; Minovich, A.; Pertsch, T.; Schacher, EH.; Staude, I. Multiresponsive Dielectric
Metasurfaces Based on Dual Light- and Temperature-Responsive Copolymers. Adv. Opt. Mater. 2023, 11, 2202187. [CrossRef]
Koenderink, A.F. Single-Photon Nanoantennas. ACS Photonics 2017, 4, 710-722. [CrossRef] [PubMed]

Dmitriev, P.A.; Lassalle, E.; Ding, L.; Pan, Z.; Neo, D.CJ.; Valuckas, V.; Paniagua-Dominguez, R.; Yang, ] K.W.; Demir, H.V,;
Kuznetsov, A.I. Hybrid Dielectric-Plasmonic Nanoantenna with Multiresonances for Subwavelength Photon Sources. ACS
Photonics 2023, 10, 582-594. [CrossRef]

Chen, H.; Yang, J.; Rusak, E.; Straubel, ].; Guo, R.; Myint, YYW.,; Pei, J.; Decker, M.; Staude, I.; Rockstuhl, C.; et al. Manipulation of
photoluminescence of two-dimensional MoSe; by gold nanoantennas. Sci. Rep. 2016, 6, 1-11. [CrossRef]

Barreda, A.; Hell, S.; Weissflog, M.; Minovich, A.; Pertsch, T.; Staude, I. Metal, dielectric and hybrid nanoantennas for enhancing
the emission of single quantum dots: A comparative study. J. Quant. Spectrosc. Radiat. Transf. 2021, 276, 107900. [CrossRef]
Aouani, H.; Mahboub, O.; Bonod, N.; Devaux, E.; Popov, E.; Rigneault, H.; Ebbesen, T.W.; Wenger, J. Bright Unidirectional
Fluorescence Emission of Molecules in a Nanoaperture with Plasmonic Corrugations. Nano Lett. 2011, 11, 637-644. [CrossRef]
Alhalaby, H.; Principe, M.; Zaraket, H.; Vaiano, P.; Aliberti, A.; Quero, G.; Crescitelli, A.; Meo, V.D.; Esposito, E.; Consales, M.;
et al. Design and Optimization of All-Dielectric Fluorescence Enhancing Metasurfaces: Towards Advanced Metasurface-Assisted
Optrodes. Biosensors 2022, 12, 264. [CrossRef]

Cadiz, F,; Courtade, E.; Robert, C.; Wang, G.; Shen, Y.; Cai, H.; Taniguchi, T.; Watanabe, K.; Carrere, H.; Lagarde, D.; et al. Excitonic
linewidth approaching the homogeneous limit in MoS,-based van der Waals heterostructures. Phys. Rev. X 2017, 7, 021026.
[CrossRef]

Shree, S.; Paradisanos, I.; Marie, X.; Robert, C.; Urbaszek, B. Guide to optical spectroscopy of layered semiconductors. Nat. Rev.
Phys. 2021, 3, 39-54. [CrossRef]

Purcell, E.M. Spontaneous emission probabilities at radio frequencies. Phys. Rev. 1946, 69, 681.

Koenderink, A.F. On the use of Purcell factors for plasmon antennas. Opt. Lett. 2010, 35, 4208—4210. [CrossRef] [PubMed]
Palstra, I.M.; Doeleman, H.M.; Koenderink, A.F. Hybrid cavity-antenna systems for quantum optics outside the cryostat?
Nanophotonics 2019, 8, 1513-1531. [CrossRef]

Doeleman, H.M.; Dieleman, C.D.; Mennes, C.; Ehler, B.; Koenderink, A.F. Observation of Cooperative Purcell Enhancements in
Antenna-Cavity Hybrids. ACS Nano 2020, 14, 12027-12036. [CrossRef]

Barreda, A.L; Zapata-Herrera, M.; Palstra, LM.; Mercadé, L.; Aizpurua, J.; Koenderink, A.E.; Martinez, A. Hybrid photonic-
plasmonic cavities based on the nanoparticle-on-a-mirror configuration. Photon. Res. 2021, 9, 2398-2419. [CrossRef]

Barreda, A.; Mercadé, L.; Zapata-Herrera, M.; Aizpurua, J.; Martinez, A. Hybrid Photonic-Plasmonic Cavity Design for Very
Large Purcell Factors at Telecommunication Wavelengths. Phys. Rev. Appl. 2022, 18, 044066. [CrossRef]

Novotny, L.; Van Hulst, N. Antennas for light. Nat. Photonics 2011, 5, 83-90. [CrossRef]

Abbasirad, N.; Barreda, A.; Arslan, D.; Steinert, M.; Fasold, S.; Rockstuhl, C.; Staude, I.; Setzpfandt, F.; Pertsch, T. Investigation
of dipole emission near a dielectric metasurface using a dual-tip scanning near-field optical microscope. Nanophotonics 2021,
10, 4511-4522. [CrossRef]

Repp, D.; Barreda, A,; Vitale, F,; Staude, I.; Peschel, U.; Ronning, C.; Pertsch, T. Lasing modes in ZnO nanowires coupled to planar
metals. Opt. Express 2023, 31, 3364-3378. [CrossRef]

Barreda, A.; Vitale, F; Minovich, A.; Ronning, C.; Staude, I. Applications of Hybrid Metal-Dielectric Nanostructures: State of the
Art. Adv. Photon. Res. 2022, 3,2100286. [CrossRef]

Le-Van, Q.; Zoethout, E.; Geluk, E.J.; Ramezani, M.; Berghuis, M.; Gémez Rivas, ]. Enhanced Quality Factors of Surface Lattice
Resonances in Plasmonic Arrays of Nanoparticles. Adv. Opt. Mater. 2019, 7, 1801451. [CrossRef]

Kravets, V.G.; Kabashin, A.V.; Barnes, W.L.; Grigorenko, A.N. Plasmonic Surface Lattice Resonances: A Review of Properties and
Applications. Chem. Rev. 2018, 118, 5912-5951. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://dx.doi.org/10.1038/ncomms6753
http://dx.doi.org/10.3390/nano13111810
http://www.ncbi.nlm.nih.gov/pubmed/37299713
http://dx.doi.org/10.29026/oea.2021.200030
http://dx.doi.org/10.1021/acs.nanolett.8b02808
http://www.ncbi.nlm.nih.gov/pubmed/30339762
http://dx.doi.org/10.1002/adom.202202187
http://dx.doi.org/10.1021/acsphotonics.7b00061
http://www.ncbi.nlm.nih.gov/pubmed/29354664
http://dx.doi.org/10.1021/acsphotonics.2c01332
http://dx.doi.org/10.1038/srep22296
http://dx.doi.org/10.1016/j.jqsrt.2021.107900
http://dx.doi.org/10.1021/nl103738d
http://dx.doi.org/10.3390/bios12050264
http://dx.doi.org/10.1103/PhysRevX.7.021026
http://dx.doi.org/10.1038/s42254-020-00259-1
http://dx.doi.org/10.1364/OL.35.004208
http://www.ncbi.nlm.nih.gov/pubmed/21165139
http://dx.doi.org/10.1515/nanoph-2019-0062
http://dx.doi.org/10.1021/acsnano.0c05233
http://dx.doi.org/10.1364/PRJ.433761
http://dx.doi.org/10.1103/PhysRevApplied.18.044066
http://dx.doi.org/10.1038/nphoton.2010.237
http://dx.doi.org/10.1515/nanoph-2021-0429
http://dx.doi.org/10.1364/OE.480742
http://dx.doi.org/10.1002/adpr.202100286
http://dx.doi.org/10.1002/adom.201801451
http://dx.doi.org/10.1021/acs.chemrev.8b00243
http://www.ncbi.nlm.nih.gov/pubmed/29863344

	Introduction
	Materials and Methods
	Results and Discussion
	Design of the Metasurface
	Transmission Spectra of the Metasurface
	Photoluminescence Signal Enhancement
	Excitation Enhancement
	Emission Enhancement
	Back Focal Plane Images

	Conclusions
	References

