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ABSTRACT.

Transition metal dichalcogenides (TMDCs) are at the forefront of nanophotonics because of their
exceptional optical characteristics. The 2D architecture of TMDCs facilitates efficient light
absorption and emission, holding tantalizing potential for next-generation nanophotonic and
quantum devices. Yet, the atomic thinness limits their interaction volume with light, affecting
light-matter interaction and quantum efficiency. The light coupling in the 2D layered TMDCs can
be enhanced by integration with photonic structure, and the metasurfaces supporting bound states
in the continuum (BICs) offer strong confinement of optical fields, ideal for coupling with 2D
TMDCs. Here, we demonstrate enhanced light-matter coupling by integrating TMDC monolayers,
including WSe, and MoS,, with a finite-area membrane metasurface, leading to amplified and

high-quality-factor (Q-factor) spontaneous emission from quasi-BIC-coupled TMDC monolayers.
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The high-Q-factor emission extends over an area with a scale of a few micrometers while
maintaining the high-Q factor across the emission area. Notably, the suspended finite-area
membrane metasurface, which is freestanding in air rather than positioned atop a substrate,
minimizes radiation loss while enhancing light-matter interaction in the TMDC monolayer.
Furthermore, the predominantly in-plane dipole orientation of excitons within TMDC monolayers
results in distinctive enhancement behaviors for emission, contingent on the excitation power,
when coupled with quasi-BIC modes exhibiting TE and TM resonances. This work introduces a
nanophotonic platform for robust coupling of membrane metasurfaces with 2D materials, offering

possibilities for developing 2D material-based nanophotonic and quantum devices.
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Suspended metasurface, Membranes, BIC, Light-matter coupling, TMDC monolayers, WSe,,
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TEXT.

Van der Waals layered materials such as graphene, hexagonal boron nitride (hBN), and transition
metal dichalcogenides (TMDCs) are generating excitement in the field of nanophotonics.!:2
Semiconducting TMDCs have a direct bandgap at monolayer and bright optical emission,** as
well as reduced Coulomb screening, which result in strongly Coulomb-bound electron-hole
pairs, known as excitons.> ¢ Due to the high exciton binding energies (> 200 meV), the TMDCs'

optical properties hinge on their excitonic responses even up to room temperature.”” Despite
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these favorable properties, the atomic thickness of TMDCs limits their interaction volume with
light, weakening light-matter interaction.!® Their 2D nature also increases the nonradiative
exciton-exciton annihilation, reducing quantum efficiency. To create practical devices, TMDCs
can be heterogeneously integrated with different target substrates, including nanophotonic
architectures, such as photonic-crystal cavities, plasmonic nanostructures, and dielectric
metasurfaces, to engineer the environment experienced by the 2D excitons for enhanced light-

matter coupling.!!-16

Photonic bound states in the continuum (BICs) represent an optical phenomenon characterized
by the confinement of optical modes within the radiative continuum but do not couple to the
radiative field in free space.!”!” An ideal BIC confines optical fields spatially and spectrally for
an indefinite amount of time with no energy dissipation, thus exhibiting an infinite Q factor. The
non-coupling of the mode to the radiative field arises from the symmetry mismatch between the
near field and the far field (destruction interference in the near field or the far field). In practice,
the conditions for a BIC are usually not fully met, leading to a so-called quasi-BIC, which is an
imperfectly confined BIC that could couple to the radiative continuum. This enables quasi-BIC
to be excited by external fields and used as a platform for light-matter coupling.?*-2¢
Nanophotonic structures with BICs are usually implemented on planar surfaces, making them
inherently compatible with 2D layered materials. This compatibility is particularly significant in
the case of optically active TMDC monolayers, which not only enhances the confinement of
light within the vicinity of the TMDC but also provides a means to tailor and manipulate the

optical properties of 2D materials at the atomic scale. In recent years, the coupling of BIC modes
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with TMDC monolayers has demonstrated remarkable potential across various optical and

quantum technologies.?’-!

Managing radiation loss in BICs is critically important and intimately associated with the
symmetrical attributes of the out-of-plane orientation within the photonic architecture.?>** Out-
of-plane symmetry prevents the coupling of BICs to radiative modes, confining optical energy
within the structure and minimizing the potential for radiation leakage. This symmetry-induced
suppression of radiation loss is a critical factor in the optical properties of BICs, enhancing light-
matter interaction within the confined region. However, it is worth noting that achieving perfect
symmetry or maintaining it in the presence of imperfections can pose challenges in the
experimental realization of BICs. To date, most of the photonic structures supporting BICs for
2D material-coupling consist of periodic structures sitting in/on a substrate. This underlying
substrate significantly facilitates the break of out-of-plane symmetry and leakage of fields,
leading to reduced confinement of the BIC and, thus, weaker light-matter coupling with the
integrated 2D materials. Utilizing a membrane as the substrate for BIC photonic structures offers
a key benefit by reducing substrate leakage. Membrane photonic structures supporting BIC
modes have been demonstrated,*-® and it is highly desired to further demonstrate the membrane
photonic structure supporting BIC modes in coupling with TMDC monolayers.** This step is
essential for expanding the scope of applications, marking a significant advancement in

integrating BIC photonic structures with 2D materials.
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In this work, we demonstrate the enhanced light-matter coupling by integrating TMDC
monolayers, including WSe, and MoS,, with a finite-area suspended membrane metasurface,
presenting the concentrated spontaneous emission from quasi-BIC coupled TMDC monolayer
(Figure 1). The freestanding membrane structure in air, rather than positioned atop a substrate, is
presented, leading to improved optical confinement and amplified field intensity in the quasi-
BIC mode. Based on the quasi-BIC mode in the finite-area silicon nitride (SiN) membrane
metasurface, the spontaneous emission with sizes in the range of a few micrometers,
accompanied by a high Q factor of up to 6800 in visible, is observed. The emission behavior
resulting from the quasi-BIC mode diverges notably from that of optical guided modes, which
show a low Q factor and weak emission. By coupling TMDC monolayers to the finite-area
membrane metasurface, enhanced emission from quasi-BIC-coupled TMDC monolayers with a
Q factor reaching up to 2800 is measured. The high-Q emission extends over an area of a few
micrometers while maintaining the high-Q factor across the entire emission region. This
behavior differs significantly from the emission characteristics of photonic-crystal cavities,
plasmonic nanostructures, and dielectric nanoantenna structures. 14045 By analyzing the
excitation power dependence on the TMDC-coupled metasurface membrane, it is determined
that spontaneous emission experiences a more significant enhancement when coupled to the
quasi-BIC modes relative to the guided modes. This suggests efficient coupling between the
emitter surface and the metasurface cavity, demonstrating the advantage of the membrane
metasurface for 2D layered materials. Furthermore, since the excitons within the TMDC

monolayer primarily exhibit an in-plane dipole orientation, the quasi-BIC modes with TE and
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TM resonance present significantly different enhancement behaviors of emission with excitation
power. Our study not only explores the surface emission characteristics of the quasi-BIC mode in
finite-area metasurfaces but also introduces a nanophotonic platform for the robust coupling of
the membrane metasurface with 2D materials. These findings emphasize the crucial role of
membrane design in shaping nanophotonic metasurfaces that support BIC, offering possibilities

for developing 2D material-based nanophotonic and quantum devices.

Results and Discussion

Design and characterization of optical guided modes and quasi-BIC modes based on membrane

metasurfaces

The membrane metasurface consists of a triangular lattice of airholes with lattice period, a, and
radius, rin a SiN slab of thickness, #(Figure 2a). To optimize the design of the metasurface, we
first perform numerical rigorous coupled-wave analysis (RCWA) for a structure with the
following parameters, 2= 400 nm, =90 nm, and 7= 205 nm. Further simulation details are

provided in the Methods section. By varying the incident angles of x-polarized excitation light

along the x- and y~axes (&, and 8,), we can simulate the reflectance spectra (dispersion diagrams)

along the x- and y-directions as presented in Figure 2a and 2b. The incident angle is kept

between 0° and 5° in order to focus on the symmetry-protected BICs that are expected to arise

near 0° (i.e., [ point). Various resonances are identified, with slight but notable differences

between the dispersion diagrams along the x- and y-directions. The transverse electric (TE) and
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transverse magnetic (TM) natures of the mode can be determined by looking at the profile of the
field components (see Figure S1 for further details). The two resonances appearing to the shorter
wavelength side of 550 nm in the dispersion diagrams are optical guided modes. In contrast, the
resonances above 550 nm are attributed to BICs with their vanishing intensity at 0°. The
assignments of the modes are further corroborated by the variations of the Q factor of the
resonances, as shown in Figure 2c and 2d. The guided modes exhibit a consistently low Q factor
on the order of 10!-10? regardless of the angle. The BIC resonances, on the other hand, exhibit Q

factors that approach infinity with a decreased angle.!”-194¢

Figure 2e and 2f display the distributions of electric energy density for the resonances at 2°.
The guided modes depicted in the x- and y-dispersion diagrams correspond to identical modes
(TEgiges mode and TM,,4.¢ mode, see Figure S1), as evidenced by their matching electric energy
density distributions. The TE,,4.q mode exhibits electric field distribution in the air holes and the
areas between the holes, reaching an electric energy density of the order of 10!, whereas the
TM,,ices mode displays a stronger electric energy density of the order of 10 with a dipolar
distribution at the edge of the air holes. Narrowband resonances around 560 nm are noticeable in
both the x-direction and y-direction dispersion diagrams, exhibiting a redshift trend as the
incident angle increases. The simulated Q factors increase as the angle decreases, approaching
107, indicative of the BIC modes (TMgc , and TMg,c ,mode, see Figure S1) within the membrane
metasurface. It is noted that the minimum angle in the simulation is set to 0.05°, imposing
limitations on the Q factor as it approaches 0°. In TMgc , and TMgc ,, resonances exhibit

intensive electric field enhancement in between air holes along the x- and y-direction aligning
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with the angle directions, indicating closely resonant wavelengths at a small angle. The electric
energy densities of TMgc , and TMgc , modes reach up to the order of 10%, a significantly
stronger value than that of the guided mode. In the y-direction dispersion diagram, another BIC
mode at approximately 565 nm, TEg,c , mode, exhibits electric field enhancement surrounding
the air hole with a relatively lower magnitude, on the order of 10%-10°, and lower Q factors in
comparison to TMgc , mode. Another BIC mode observed in the x-direction dispersion is
identified around 573 nm as TEg,c , mode. Among all the modes observed in the dispersion
diagram within the region of interest, the TEgc ,, mode at 584 nm, in the dispersion along the y-

axis, exhibits the largest electric energy density above the order of 10* along with high Q factors.

To compare the simulated resonances with those observed under actual experimental conditions,
we conducted additional finite-difference time-domain (FDTD) simulations on finite-area
structures comparable in scale to those used in the experiments. Simulation details are provided in
the Methods section. Figure 3 presents the distributions of electric energy density for the
resonances of the TE,,4q mode (Figure 3a) and TEg ,, mode (Figure 3b) in the finite-area
membrane metasurface for representative cases. Both the guided and quasi-BIC mode profiles
show a similar distribution to those in the infinite case, indicating that these are indeed essentially
the same modes regardless of system size. Despite the finite size of the membrane metasurface,
we could gain insights into its optical properties by analyzing the infinite system, i.e., by studying
the field distribution in a unit cell with periodic boundary conditions, since the same quasi-BIC
and guided modes of interest are present in both the finite and infinite cases. From the simulated

mode profiles of the finite-size membrane, the results indicate that the TE,4.« mode exhibits a
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relatively homogeneous distribution across the entire metasurface area, with energy leakage
observed from the metasurface edges in both x and y directions. Conversely, the TEgc ,» mode
shows an obvious concentration of electric energy density at the center of the metasurface. The
distribution near the center closely resembles the pattern observed in the simulation of the periodic
structure modeled as an infinite lattice. However, away from the center, the distribution becomes
asymmetric within each unit cell and shows a lower intensity compared to the central region. This
analysis suggests the differences in the spatial distribution of electric energy density between the
guided and quasi-BIC modes, emphasizing the effectiveness of the finite-area metasurface design

in achieving high-Q resonances with spatially localized energy confinement.*’

Furthermore, to highlight the importance of using an air-suspended membrane, we present a
comparative analysis between the membrane metasurface and a metasurface located on top of a
SiO, substrate. The reflectance spectra at 2° of the membrane metasurface and the substrate-
based metasurface are shown in Figure 4a. The simulation parameters remain the same as that in
Figure 2. In the case of the substrate-based metasurface, identical resonances appear in the
spectra, with the resonances showing a general redshift compared to those in the membrane
metasurface due to the increased effective refractive index of the structure. We will focus our
discussion here by comparing the TE,¢.a and TEgc ,» modes in the two cases. For the TE4eq
mode, the electric energy density (Figure 4b) remains almost unchanged in both membrane and
substrate-based metasurfaces. However, for the TEg,c ,, mode, the intensity of the electric energy
density distribution (Figure 4c) in the membrane metasurface is 2.7 times higher than that in the
substrate-based metasurface. Additionally, the electric field distributions in the z-direction (E,)
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for the TEgic,» mode show a significant difference between the membrane metasurface and the
substrate-based metasurface. In the membrane metasurface, the E. field distribution for the

TEgic,. mode exhibits a nearly symmetrical pattern, whereas in the substrate-based metasurface,

the TEgic,» mode shows an asymmetrical E, distribution. These results suggest that preserving
out-of-plane symmetry promotes significant field confinement of BIC modes, highlighting the

important role of membrane metasurface design in achieving highly confined modes.

Enhanced spontaneous emission and emission intensity distribution from the finite-area

membrane metasurface

Next, we performed optical characterization of the finite-area membrane metasurface. The SEM
images of the membrane metasurface sample are shown in Figure S2. Comprehensive details of
the optical measurements are provided in the Method section. The spontaneous emission
spectrum from the finite-area SiN membrane metasurface is shown in Figure 5a unveiling
multiple metasurface enhanced emission peaks. Two emission peaks on the shorter wavelength
side of the spectrum denoted as P, and Py exhibit broad linewidths and relatively low peak
intensities that correspond to the guided modes TE,qeq and TMiqea, respectively. The Q factor of
the emission peak at Py is ~ 300. In the wavelength range between 560 nm and 580 nm, four
resolved peaks can be observed (Figure 5b) with Pc exhibiting high peak intensity and a narrow
linewidth corresponding to Q ~ 3300. Another emission peak P appears at approximately 598
nm (Figure 5c¢) displaying the narrowest linewidth with a Q factor approaching 6800 (limited by

spectrometer resolution), which is notably high for photonic structures in the visible region.
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These five peaks Pc - Pg are associated with the TMgc ., TMgic ,» TEgic ;» TEgic », and TEgc -
modes in the simulation from Figure 2a. Given the finite size of the metasurface, the quasi-BIC
modes exhibit as observable peaks with finite linewidths in the emission spectrum. It is
important to note that the emission spectrum was measured with an objective lens of NA = (.25.
Since the BIC resonances exhibit wavelength shifts with emission angle, the emission peaks in
the resulting emission spectrum are expected to have broadened linewidths, suggesting that these

peaks could have even higher intrinsic Q factors.

We further performed 2D surface emission imaging to investigate the spatial distribution of the
emission intensity of guided modes and quasi-BIC modes (Figure 5d). The guided modes P, and
Py exhibit a relatively homogeneous emission throughout the finite area of the membrane
metasurface. In contrast, the quasi-BIC modes exhibit more varied and complex distributions.
Emissions from P, Pp,, and Pg are significantly concentrated at the center of the metasurface,
whereas Py and P show more diffused emission distributions. The differences in the distribution
profiles between the guided and quasi-BIC modes reflect the underlying optical confinement
mechanisms. The optical guided modes arise from total internal reflection within the
metasurface, in contrast to the quasi-BIC modes which originate from the symmetry-mismatch of
the near field and far field profiles. Near the boundaries, the broken symmetry renders the
metasurface incapable of robustly supporting quasi-BIC modes, causing the emission from the

modes to be more intense in regions away from the boundaries. The properties of the near field

profile such as field symmetry, field amplitude and phase profile, as well as the k-momentum

components govern the coupling of the quasi-BIC modes to the radiative modes, giving rise to
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the variations in the 2D emission spatial distribution. Furthermore, the emission distribution
correlates with the Q factors: concentrated emission corresponds to high Q factors, while

dispersed emission corresponds to low Q factors.

In addition, since the symmetry-protected quasi-BIC modes occur at the I point, their emitted

light maintains high directionality. In Figure S3, the spontaneous emission spectra of the quasi-
BIC modes, measured under objective lenses with 10x (NA = 0.25) and 20x (NA = 0.45)
magnifications, reveal emission peaks corresponding to the same quasi-BIC modes, exhibiting
identical linewidths. This result suggests that the emission occurs within a narrowly confined

angle in the normal direction.

Regarding the membrane metasurface, the resonant wavelengths of the quasi-BIC modes can
be tuned by varying the dimensions of the metasurface structure (see Figure S4). The
spontaneous emission spectra from the membrane metasurface, featuring lattice periods of 500
nm and 600 nm, are presented in Figure S5a, showing the presence of both guided modes and
quasi-BIC modes. In Figure S5b, the emission spectrum from the SiN membrane without the
metasurface structure is compared with that of the membrane metasurface with the periods of
600 nm, accompanied by an illustration of the enhancement factor between the non-structured
membrane and the metasurface. The emission enhancement factor is significantly higher for the
quasi-BIC mode resonances compared to the guided mode resonances. This observation is

consistent with the simulated electric energy density distribution depicted in Figure 2e and 2f,
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reinforcing the correlation between the enhancement factor and the strong electric field

characteristics associated with the quasi-BIC modes.

Coupling TMDC monolayers to the membrane metasurface through quasi-BIC modes

To demonstrate the coupling between the TMDC monolayer and the membrane metasurface, we
integrate WSe, and MoS, monolayer onto the membrane metasurface by the dry transfer
technique (see the Methods section for further details). Since the WSe, monolayer exhibits a
strong spontaneous emission centered at 750 nm, the WSe, monolayer flake is transferred onto a
membrane metasurface with 2= 600 nm which supports quasi-BIC modes near the emission
band of the WSe, monolayer (see Figure S5a). Figure 6 shows the emission spectra of the
membrane metasurface with and without the WSe, monolayer. The guided and quasi-BIC
resonances are redshifted in the case of the membrane metasurface with the WSe, monolayer due
to the increase in the effective refractive index. The emission from the WSe, monolayer
spectrally overlaps with the quasi-BIC modes resulting in a clear emission enhancement,
reaching almost 40 times the intensity when compared to emission from the WSe, monolayer on

the bare membrane (see the inset in Figure 6).

We performed excitation power dependence measurement to further investigate the light-
matter interaction properties between the WSe, monolayer and the quasi-BIC modes of the
membrane metasurface. Figure 7a and 7b summarize the emission spectra of the metasurface
without and with the WSe, monolayer, respectively, measured under various excitation powers

ranging from 0.1 mW to 5 mW. The spatial distribution of the spontaneous emission is presented
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in Figure 7d, allowing us to identify the corresponding guided and quasi-BIC modes. The
emission intensity normalized to that at 0.1 mW excitation power of each guided mode and
quasi-BIC mode is shown in the insets of each plot. Without the WSe, monolayer on the
membrane metasurface, both guided and quasi-BIC modes demonstrate a consistent increase in
the emission intensity with excitation power, displaying identical slopes. However, the power
dependence of emission intensity of the WSe, monolayer coupled to the quasi-BIC modes in the
membrane metasurface exhibits a larger slope than that of the guided modes. The larger slope
can be attributed to the stronger electric energy density of the quasi-BIC modes, which is
associated with a more significant optical density of states and thus leads to a more prominent
Purcell enhancement of the emission from the WSe, monolayer. In addition, the coupling of the
WSe, monolayer emission to different quasi-BIC modes also exhibits varying dependences on
the excitation power. The intensity of P and Py, shows a noticeable saturation behavior with
excitation power. This saturation can be attributed to the localization of the emission of P.. and
Py in a small central region of the membrane metasurface. When coupled with the WSe,
monolayer, the rapid increase in carrier density in this localized area may lead to non-radiative
exciton-exciton annihilation,* resulting in the observed saturation of emission intensity.
Moreover, the relatively low intensity at saturation of P and Py is due to its TM mode nature.
Excitons within the WSe, monolayer primarily exhibit an in-plane dipole orientation, leading to
relatively weak coupling with the TM quasi-BIC modes that predominantly feature E, field

components. On the other hand, the WSe, monolayer emission coupled to Pg- and Py, which are
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TE polarized, shows a more significant enhancement of spontaneous emission with excitation

power.

It is noted that although the Q factors of emission peaks from the WSe, monolayer coupled to
the quasi-BIC modes in the membrane metasurface at 750-780 nm are difficult to clarify due to

the overlap of the modes, an emission peak at 814 is observed and achieves a Q factor of 2800

(Figure 7c). This high-Q emission (Pg:) extends over an area with a diameter of 5 ym while

maintaining the high-Q factor across the entire emission area, as shown in Figure 7d and S6. The
TMDC monolayers coupled to the finite-area membrane metasurface supporting quasi-BIC
reveal significant differences in their emission characteristics compared to other nanophotonic
platforms. The TMDC monolayers coupled to photonic-crystal cavities!!*-4? feature emission Q
factors on a comparable scale to that of the quasi-BIC metasurface demonstrated in this work.
However, the emission area in photonic-crystal cavities is typically confined to sub-micrometer
scales. Conversely, TMDC monolayers coupled to photonic-crystal waveguide structures**+?
exhibit low Q factors, with the emission area extending to tens to hundreds of micrometers. This
indicates the formation of guided modes with larger interaction areas. When TMDC monolayers
are coupled to plasmonic nanostructures,** there is a significant enhancement of emission
within highly localized regions (below 100 nm) with no substantial change in the Q factor
compared to the emissions from TMDC monolayers without coupling to the structures. In

summary, the coupling of TMDC monolayers to quasi-BIC mode-supported membrane
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metasurfaces results in high-Q factor emissions, comparable to those achieved with photonic-

crystal cavities, while also extending the emission area to several micrometers.

Furthermore, the emission from the MoS, monolayer coupled to the membrane metasurface
with the lattice period of 500 nm, explicitly fitting the MoS, monolayer emission band, is
provided in Figure S7, displaying an emission spectrum with intensity enhancement primarily at
quasi-BIC modes. This highlights the capability of the quasi-BIC mode of the membrane
metasurface to enhance the emission characteristics of different TMDC monolayers,

demonstrating its versatility in promoting light-matter interactions for diverse 2D materials.

Conclusion

In summary, we have demonstrated the effective coupling of TMDC monolayers with a finite-
area metasurface utilizing quasi-BIC modes within an air-suspended membrane photonic
structure. This approach has led to significantly enhanced light-matter interactions and
spontaneous emission from the TMDC monolayers. By employing the membrane metasurface,
the out-of-plane symmetry is preserved, effectively minimizing radiation losses and achieving
strong field enhancement through quasi-BIC modes. Consequently, the high-Q emission extends
over an area of several micrometers, markedly different from the emission characteristics of
photonic crystal cavities and plasmonic nanostructures. This highlights the superiority of
utilizing quasi-BIC modes on membrane metasurfaces for coupling with 2D layered materials,

demonstrating their potential for advanced quantum and nanophotonic applications.
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Methods

2D Material Dry Transfer

TMDC (WSe, and MoS,) flakes (HQ Graphene, Netherlands) were prepared on a
polydimethylsiloxane (PDMS) sheet by mechanical exfoliation of bulk crystals. The TMDC
flakes were then transferred onto commercially available 90 nm-thick SiO2/Si substrates to
enable the identification of the layer number via optical contrast under the optical microscope. A
suitable monolayer flake was identified and then transferred onto the target SiN membrane
metasurface using a homebuilt micromanipulator setup using the anthracene-assisted transfer
process.® First, we grow the anthracene crystals by heating anthracene powder (Sigma Aldrich,
USA) to ~80°C. The sublimated anthracene vapor will then recrystallize on the bottom surface of
a glass slide which is placed at ~1 mm above the anthracene powder. The growth time of the
anthracene crystal is typically about 10 hours. A small PDMS sheet was then placed on a glass
slide, followed by an anthracene crystal on the PDMS to form an anthracene/PDMS stamp which
was then used to pick up the TMDC flake. The TMDC flake and the anthracene crystal were then
transferred together onto the target membrane metasurface provided by Ted Pella, Inc., USA.
Finally, the anthracene crystal was heated to ~80°C or left in ambient conditions to sublime,

leaving behind the TMDC flake with a clean interface.

Simulation
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The far-field reflectance spectra and dispersion diagram of the membrane metasurfaces, as well
as the near-field electric and magnetic field distributions of the resonance modes, were computed
using the rigorous coupled-wave analysis (DiffractMOD, RSoft Design Group, USA) and the
finite-difference time-domain technique (FullWAVE, RSoft Design Group, USA). All
simulations were performed under periodic boundary conditions in the x- and y-axes and
perfectly matched-layer conditions in the z-axis, with plane-wave light incidence and the

incident angle along the z-axis. The electric field E is normalized by the electric field amplitude

of the incident light. The electric energy density is defined as Uz = 15JRe[&1)]IEI? dV, where E is

the electric field, €is the spatially dependent permittivity, and V'is the volume of the simulation

grid. The simulation of the finite-area membrane metasurface was performed using a finite-size
domain with V=31, where Nrepresents the number of air holes along the x direction. The non-
structured region surrounding the metasurface measures 3 um, and the boundary conditions in

the x, y, and zdirections are modeled using perfectly matched layers (PMLs). The simulation

was conducted for the resonances at 8, = 12° to show the symmetric distribution.

Optical Measurement

The experimental optical properties of the SiN membrane metasurfaces and the WSe,- and
MoS,-coupled membrane metasurfaces were obtained utilizing a confocal laser microscope
system (alpha300 R, WITec (Oxford Instruments Group), Germany). The samples were excited

with a CW laser at 488 nm. The excitation light and the emission light were focused and
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collected, respectively, by objective lenses with magnifications of 10x (NA = 0.25,
corresponding to an angle within 14.48° in air) and 20x (NA = 0.45, corresponding to an angle
within 14.48" in air). The excited emission was collected and analyzed with a spectrometer. The
emission intensity distributions were obtained using a motorized x-y-sample scanning stage for

confocal emission imaging.
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(8) Guided mode Quasi-BIC mode
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24 Figure 1. Membrane metasurfaces featuring finite-area dimensions supporting TMDC-
monolayer-coupled quasi-BIC surface emission. a) Schematic diagrams and b) emission intensity

29 distributions of WSe, monolayers coupled to a finite-area membrane metasurface for supporting

32 optical guided mode and quasi-BIC mode surface emission. The metasurface area is 25 pm x 25

pMm. The scale bars are 8 pm.
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Figure 2. Design and characterization of guided and quasi-BIC modes based on the membrane
metasurface. a) and b) Simulated reflection spectral variation to the light incident angle along the
x and y axes. The membrane metasurface consists of a triangular lattice of airholes with lattice
period 2= 400 nm and radius =90 nm in a SiN slab of thickness #= 205 nm. The schematics
illustrate the light incident angle and polarization. The scale bar is shared between a and b. c¢) and
d) Simulated Q-factor variation to the incident angle of guided modes and quasi-BIC modes. e)
and f) Electric energy density distributions of the guided and quasi-BIC modes indicated in a.
The distributions are provided in the xy plane in the middle of the membrane. The scale bar is in

logarithmic scale and shared between e and f.
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Figure 3. Simulations of the guided mode and quasi-BIC mode based on the finite-area

membrane metasurface. Electric energy density distributions of a) the guided mode (TE4.q) and
b) the quasi-BIC mode (TEgc ) indicated in Figure 2b. The distributions are provided in the xy

plane in the middle of the membrane. The scale bars are in logarithmic scales.

ACS Paragon Plus Environment

23



oNOYTULT D WN =

ACS Nano
SiO, substrate-based TE 0.5
ATE e | i
8 / \I ‘\ [ L{
c PR I\ J
& [ )+
é Membrane TEqe s
Ex z & TEgmded
J"¢.x
480 Wavelength (nm) 600
(b) TEguided
\ 6
|

©

Figure 4. Comparison of the guided mode and quasi-BIC mode in the membrane metasurface
and substrate-based metasurface. (a) Simulated reflectance spectra of the membrane metasurface
(black) and the metasurface on the top of the SiO, substrate (gray). (b) Electric energy density
distribution of the guided mode (TE,q) in the membrane metasurface (top) and substrate-based
metasurface (bottom). (c) Electric energy density distributions (left) and electric field
distributions in the z-direction (E)) (right) of the quasi-BIC mode (TEgc ) in the membrane
metasurface (top) and substrate-based metasurface (bottom). The E, distributions are

demonstrated in the xz plane, as indicated by the white dashed lines.
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Figure 5. Spontaneous emission behaviors of the finite-area SiN membrane metasurface. a)
Spontaneous emission spectra of the membrane metasurface. The SEM image of the measured
membrane metasurface is provided as the inset. The scale bar is 500 nm. b) and c) The details of
the regions highlighted in light red and light green in Figure 5a. d) Emission intensity

distributions of the guided modes and quasi-BIC modes indicated from P, to P in a. The scale

bars are 8 um.
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Figure 6. Coupling of the TMDC monolayer to the membrane metasurface via quasi-BIC mode.

Spontaneous emission spectra of the SIN membrane (black), WSe, monolayer on the membrane

(blue), SiN membrane metasurface with a period of 600 nm (gray), and WSe, monolayer coupled

to the membrane metasurface (red). The insets display the enhancement factor between the
emission from the WSe, monolayer on the membrane metasurface and the WSe, monolayer on

the membrane, along with optical microscope images of the membrane metasurface with and

without the WSe, monolayer on top. The scale bar is 40 pm. The excitation power for the

measurements is 5 mW.
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24 Figure 7. Emission behaviors of the TMDC monolayer coupled to the membrane metasurface. a)
57 Variation in the spontaneous emission spectrum of the SiN membrane metasurface and b) WSe,
monolayer coupled to the membrane metasurface as a function of excitation power from 0.1 mW
32 to 5 mW. The insets show the intensity ratio normalized to the intensity at 0.1 mW at the
wavelengths indicated in a and b. c¢) Detailed spontaneous emission spectrum of the WSe,

37 coupled to the membrane metasurface at 805-825 nm. d) Emission intensity mapping of the

40 WSe, monolayer coupled to the membrane metasurface at the wavelength indicated in d. The

scale bars are 8 ym for P,: to Pr- and 2 um for Pg..
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