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ABSTRACT

Enhancing light-matter coupling in two-dimensional (2D) semiconductors, such as transition metal dichalcogenide monolayers,
remains a central challenge in nanophotonics due to their atomic thickness, which limits their interaction volume with light.
Here, we demonstrate that higher-order optical resonances, including photonic guided modes (GMs) and quasi-bound states in
the continuum (quasi-BICs) supported by a freestanding metasurface, provide exceptionally strong surface field enhancement,
enabling efficient coupling with a tungsten disulfide (WS,) monolayer. Triangular-lattice polymer patterns on silicon nitride
membranes are fabricated to realize these higher-order modes. Simulations reveal that second-order modes possess optimal
surface electric-field distributions that strongly overlap with the overlying WS, monolayer, significantly outperforming their
first-order counterparts. Photoluminescence (PL) measurements confirm a remarkable PL enhancement factor of 193 for the
second-order GM, over an order of magnitude greater than that of the first-order modes. These results establish higher-order
modes in freestanding metasurfaces as a promising route to engineer light-matter interactions in 2D semiconductors for advanced

nanophotonic and quantum photonic applications.

1 | Introduction

Two-dimensional (2D) transition metal dichalcogenides (TMDs),
such as WS, and MoS, monolayers, have emerged as a central
platform for advancing next-generation optoelectronic and quan-
tum technologies [1, 2]. Their atomically thin nature provides
unique opportunities for extreme miniaturization and integra-
tion, while their strong excitonic resonances and valley-selective

optical selection rules open pathways toward exciton-based
devices. These features have motivated intense research into
TMD-based photodetectors, light-emitting devices, and quantum
emitters, positioning them as key building blocks for future
information and communication technologies [3-8]. However, a
major bottleneck arises from the intrinsically weak interaction
volume between light and monolayer semiconductors. Because
TMD monolayers are atomically thin, their absorption and
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emission cross-sections are small compared to bulk semiconduc-
tors, severely limiting their efficiency when integrated into optical
devices. Overcoming this limitation requires carefully engineered
photonic environments that can amplify and control light-matter
interactions at the nanoscale.

Nanophotonic resonators and metasurfaces offer an attractive
solution to this challenge. By confining electromagnetic fields
into subwavelength regions and enhancing their intensity, res-
onant photonic structures can compensate for the low optical
volume of TMD monolayers. This strategy has already been
demonstrated in various contexts, including photonic crystals
[4], plasmonic nanoantennas [6], and dielectric metasurfaces [9].
Among these approaches, dielectric metasurfaces are particularly
promising due to their compatibility with large-area active areas,
low optical losses, and ability to sustain a rich set of resonant
modes with tailored spectral and spatial characteristics.

In this context, bound states in the continuum (BICs) supported
by dielectric metasurfaces have recently emerged as an especially
powerful concept for enhancing light-matter interactions [10,
11]. BICs are non-radiating states that remain perfectly con-
fined within photonic systems, despite being embedded in the
radiation continuum. When perturbed by symmetry breaking
or fabrication imperfections, they transform into quasi-BICs
with extremely high but finite quality (Q) factors. These quasi-
BIC metasurfaces produce strong field confinement and narrow
resonances, enabling applications in lasing [12-14], sensing [15],
nonlinear optics [16], and quantum light generation [17]. The
ability of quasi-BIC metasurfaces to concentrate light into sub-
wavelength regions with minimal radiative loss makes them
suited for coupling with atomically thin materials such as TMD
monolayers [18-27].

A critical design consideration in enhancing light-matter inter-
action is whether the metasurface is supported on a substrate or
suspended as a freestanding structure. Substrate-supported struc-
tures are easier to fabricate and integrate but suffer from several
limitations: the lower refractive index contrast between the sub-
strate and the nanostructure often leads to radiation leakage into
the substrate, reducing the achievable Q-factors; furthermore, the
substrate can perturb the field distribution, reducing the overlap
of resonant modes with surface-bound emitters [28, 29]. Recent
works have demonstrated that membrane-based metasurfaces
can effectively suppress substrate-induced leakage [30, 31] and
enable access to higher-order resonances [32] with improved con-
finement and symmetry. In particular, these studies highlight the
role of vertical symmetry restoration and high index contrast in
stabilizing guided-mode (GM) resonances and quasi-BIC states.
In contrast, freestanding membranes eliminate substrate leakage
pathways and allow for symmetric light confinement on both
sides of the structure [18-20, 33].

Silicon nitride (SiN) membranes with comparable thickness and
lateral dimensions are known to exhibit high intrinsic tensile
stress, which mechanically stabilizes the suspended structure and
suppresses buckling or wrinkling after release. The tensile stress
promotes global planarity and minimizes membrane curvature,
even for relatively large, suspended areas. As a result, such
membranes typically maintain excellent structural flatness and
uniform stress distribution, which is essential for preserving

optical symmetry and high-Q resonances [34, 35]. Furthermore,
substrate removal restores vertical symmetry and suppresses
additional radiation channels, enabling higher Q-factors in pho-
tonic crystal slabs [18-20]. The freestanding configuration also
maximizes refractive index contrast and enhances near-surface
field confinement, which is particularly advantageous for cou-
pling to monolayer 2D materials. Within this mechanically and
optically robust freestanding platform, the choice of patterned
material becomes a key factor in determining device function-
ality and fabrication practicality. The utilization of polymer
as photonic device material provides significant advantages in
terms of fabrication efficiency, structural quality [31, 36-38],
and sustainability. Unlike traditional dielectric metasurfaces that
require complex multi-step procedures including material depo-
sition, hard-masking, and reactive ion etching, the polymer-based
approach collapses the workflow into three primary steps: spin-
coating, exposure, and development. By repurposing the resist as
the final device material, etching-related defects such as mate-
rial redeposition and geometric perturbations are eliminated,
ensuring high-fidelity nanopatterns whose precision is limited
only by the initial lithography step. Although polymers possess
a lower refractive index compared to traditional semiconductors
like silicon, the implementation of a freestanding architecture
maximizes the index contrast with the surrounding air.

Most prior studies have focused on exploiting first-order modes.
These fundamental modes, which typically concentrate fields
inside the photonic slab, have been used to enhance spon-
taneous emission, exciton—polariton formation, and nonlinear
optics in TMDs [18, 21-27]. However, reports on higher-order
modes remain limited [13, 14, 39]. Because of their distinct
field distributions, second-order modes exhibit stronger field
localization near the surface region, thereby improving coupling
efficiency with material placed on the surface. Such surface-
localized resonances, which exhibit strong field enhancement on
the top surface, are especially advantageous for TMD monolayers,
enabling efficient coupling where the material is placed. Despite
this compelling potential, systematic investigations into the role
of higher-order modes for enhancing TMD emission remain
scarce.

Here, we experimentally demonstrate that second-order modes
supported by a freestanding metasurface—comprising a poly-
mer hole-array slab on a SiN membrane—enable dramatically
stronger photoluminescence (PL) enhancement in WS, mono-
layers on top of the metasurface. Through field enhancement
simulations and PL measurements, we identify the field distribu-
tions of second-order modes and confirm their decisive role in
enhancing the field on the top surface. Our results demonstrate
second-order modes in freestanding metasurfaces as a powerful
new design principle for boosting light-matter interaction in
2D materials. This approach can offer a general platform for
engineering strong excitonic effects, nonlinear responses, and
quantum optical functionalities, opening new directions for
hybrid photonic-2D material systems.

2 | Results and Discussion

Figure 1 illustrates the freestanding metasurface designed to
strongly enhance the field near the top surface, thereby
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FIGURE 1 | Photoluminescence (PL) from a tungsten disulfide
(WS,) monolayer strongly enhanced by a freestanding metasurface sup-
porting second-order guided mode (GM), which provide intense surface
field confinement and efficient exciton-photon coupling. (a) Schematic
illustration of the concept: A WS, monolayer is placed on a freestanding
metasurface, which is a hole-array polymer slab on a silicon nitride (SiN)
membrane. Simulated electric energy density Eg,, distribution at (b) first-
order GM and (c) second-order GM in yz-plane. (d) PL spectra of the WS,
monolayer under first-order GM (light red curve), second-order GM (red
curve), and on an unstructured membrane (black curve).

significantly enhancing the PL of a TMD monolayer at the
surface. This enhancement is achieved by leveraging the second-
order modes. As shown in Figure 1a, the proposed device consists
of a freestanding metasurface—a polymer hole-array slab on a
SiN freestanding membrane. This specific geometry is critical
for supporting the desired second-order modes. The simulated
electric energy density E,,, profiles of the proposed freestanding
metasurface, as shown in Figure 1b,c, visually confirm the strong
field confinement. The second-order mode shows a strong field
enhancement near the top surface of the metasurface, where
the monolayer is located. This strong overlap between the field
and the exciton-rich region of the monolayer is essential for
achieving efficient exciton-photon coupling. In contrast, the first-
order mode exhibits a weaker and more delocalized field at
the top surface, leading to a less effective interaction. Figure 1d
shows the PL spectrum of the WS, monolayer on the second-
order modes metasurface (red curve), which shows a remarkable
PL enhancement—a dramatic increase in intensity compared to
the PL from the same WS, monolayer on the first-order modes
metasurface (light red curve) or the WS, monolayer on the
unstructured membrane (black curve). The strongly enhanced
PL confirms that the second-order modes significantly boost the
radiative efficiency of the WS, monolayer, a direct consequence
of the strongly enhanced field and efficient exciton-photon
coupling.

Figure 2a shows a schematic diagram of the proposed freestand-
ing metasurface, consisting of a triangular-lattice air-hole array
patterned in polymer resist with a lattice period P =560 nm, a hole
diameter D = 280 nm, and a thickness T = 400 nm on a 50-nm-
thick SiN freestanding membrane. This freestanding metasurface
is designed to support GMs and BICs, with second-order modes
in particular providing a strong field enhancement for the light-
matter interactions with a WS, monolayer. The simulated angle-

First-order modes 1
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FIGURE 2 | Freestanding metasurface engineered to support
second-order GMs and quasi-BICs with strong field enhancement at
the top surface. (a) Schematic diagram of the membrane metasurface,
consisting of a triangular-lattice air-hole array patterned in polymer
resist with a lattice period P = 560 nm, a hole diameter D = 280 nm, and
a thickness T = 400 nm on a 50 -nm-thick SiN membrane. (b) Simulated
angle-resolved transmittance spectra under x-polarized illumination
along the y-direction, showing GMs and quasi-BICs. Electric energy
density Eg,, distributions for the (c) first-order and (d) second-order
modes, the incident angle 6 = 2.5°.

resolved transmittance spectra of the freestanding metasurface
are shown in Figure 2b. The light is x-polarized illumination
along the y-direction, calculated using rigorous coupled-wave
analysis (RCWA) to characterize the structure. The incident angle
0, is varied between 0° and 2.5° to resolve symmetry-protected
BICs expected at the I' point. At normal incidence, the spectrum
exhibits vanishing linewidths for BIC modes, allowing a clear
distinction from GMs. In the longer wavelength range, the four
first-order modes are identified, including one GM (GM,,) and
three BICs (BIC,y,, BIC 3, BIC ). In the shorter wavelength
range, four second-order modes are identified, including one GM
(GM,,,¢) and three BICs (BIC,,4;, BIC,,43, BICy,44). In addition,
BIC,,, and BIC,,, , are accessible under x-tilted illumination (8,),
as shown in Figure SI. In practice, perfect BICs transform into
quasi-BICs due to inevitable radiation leakage arising from fab-
rication imperfections, finite-size effects, and nonzero incident
angles. Nevertheless, they maintain exceptionally high Q-factors,
enabling strong light confinement. The spatial distributions of
the Eg,, for the first-order and second-order modes at 6, = 2.5°
are shown in Figure 2c,d, respectively. The top panels show
the in-plane (xy-plane) field profiles at the middle of the SiN
membrane, while the bottom panels show the out-of-plane (yz-
plane) cross-sections through the unit cell. The xy-plane field
profiles confirm that the first- and second-order modes share
similar in-plane symmetries, consistent with their transverse
electric nature (Figure S2). In contrast, the yz-plane field dis-
tributions highlight a distinct difference in vertical mode order:
the first-order mode exhibits a single antinode confined within
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FIGURE 3 | Strong field enhancement on the top surface of the freestanding metasurface via second-order modes. Simulated transmittance spectra

as a function of lattice period for (a) substrate-based metasurface and (b) freestanding metasurface. Electric energy density Eg,, distributions in the
xy-plane at the top surface and xz-plane for (c) GM, (d) BIC,, and (e) BIC; in both the substrate-based metasurface and freestanding metasurface. The
incident light is x-polarized with an incident angle of 2.5° along the y-direction.

the SiN membrane, whereas the second-order mode features
two antinodes—one within the membrane and another near the
polymer-air interface. This strong field enhancement on the top
surface highlights the potential of second-order modes as an
ideal environment for coupling with TMD monolayers, enabling
efficient PL enhancement and exciton—-photon interactions.

To highlight the importance of the freestanding architecture for
accessing second-order modes with strong surface field confine-
ment, Figure 3 compares the substrate-supported metasurface
and the freestanding metasurface, further contrasting the field
enhancement of first- and second-order modes. Figure 3a,b shows
the simulated transmittance spectra, both at an incident angle
6, = 2.5°, under varying lattice period for polymer hole-array
slabs on a silicon dioxide (SiO,) substrate and the same slab on
a SiN freestanding membrane, respectively. In both cases, the
resonance wavelengths redshift with increasing lattice period,
consistent with the enlarged effective optical path. Notably, the
resonant wavelength can be readily tuned across the visible
range by adjusting the lattice period, allowing precise spectral
alignment with the excitonic transition of TMD monolayers
to maximize light-matter interaction through exciton-photon
coupling. As shown in Figure 3b, both first- and second-order
modes are clearly observed in the freestanding metasurface. In
contrast, in the substrate-supported metasurface (Figure 3a), the
reduced vertical refractive index contrast between the polymer
layer and the supporting substrate introduces additional radiation
channels, which suppress the formation of second-order GMs

and quasi-BICs. Moreover, significant field leakage into the
substrate leads to resonance attenuation, resulting in reduced
transmittance contrast.

Figure 3c-e presents the spatial distribution of the E,,, for the
GM, BIC; and BIC; at 6, = 2.5°. The resonance wavelengths of the
modes were tuned near the excitonic emission peak wavelength of
WS, (~620 nm) by setting the lattice periods P to 480 and 560 nm
for the first- and second-order modes, respectively. The top panels
display the in-plane (xy-plane) field profiles at the top surface,
while the bottom panels show the out-of-plane (xz-plane) cross-
sections through the unit cell. For the substrate-supported case
(left panel of Figure 3c-e), although the field is strongly confined
within the SiN membrane, the enhancement at the top surface is
reduced by approximately two orders of magnitude, resulting in a
weak field localized at the top surface. All modes in the substrate-
supported case exhibit significantly weaker field enhancement
compared to those in the freestanding metasurfaces (middle and
right panel), revealing pronounced leakage into the substrate.

In contrast, the freestanding metasurfaces enable stronger field
enhancement near the top surface. The first-order modes show
slightly stronger enhanced surface fields compared to the
substrate-supported metasurface, while the second-order modes
exhibit even stronger enhancement. Comparing the surface
field enhancement among first- and second-order modes, the
maximum E,,, for GM,,4, BIC,,4;, and BIC,, ;, are 113, 166, and
95, respectively—much larger than their first-order counterparts
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for a freestanding metasurface. (b) Simulated absorption spectra of freestanding metasurface before and after WS, monolayer transferred. (c) Eg,,
distributions in the xy-plane at the middle of WS, monolayer for GMy,4, BIC;,41, GMjg, and BIC, ; in a freestanding metasurface. (d) Eg,,, distributions
along the z-direction across the entire device and a magnified view of specially within the WS, layer, highlighting the localized field enhancement. The

incident light is x-polarized with an incident angle of 2.5° along the y-direction.

GMy; (4), BIC, (5), and BIC,; (7). This enhancement arises
because the antinodes of the field in second-order modes coin-
cides with the near top surface (bottom panel). In summary,
substrate-induced leakage suppresses the formation of second-
order modes, whereas the freestanding configuration preserves
them. Owing to their field distributions, the second-order modes
provide substantially stronger surface field enhancements than
the first-order modes, directly benefiting light-matter interac-
tions with TMD monolayers.

Figure 4 illustrates the coupling between the WS, monolayer
and the proposed freestanding metasurface. Figure 4a shows
the simulated absorption spectra for the integrated device under
varying lattice periods, confirming that all optical modes persist
following the transfer of the WS, monolayer (Figure 4a). These
resonances exhibit a characteristic redshift due to the high
refractive index of the WS, (Figure 4b). It is noteworthy that
the Q-factor undergoes degradation upon integration with WS,,
particularly for the quasi-BICs, which are highly sensitive to local
environmental changes and damping. For a metasurface with
P =580 nm, the Q-factor of the BIC,, decreases from 398 (bare)
t0 100 (with WS,). In contrast, the first-order guided mode (GM,,)
proves to be significantly more robust, with its Q-factor shifting
only from 111 (bare) to 92 (with WS,). Note that the simulated
Q-factors were calculated at a fixed incident angle of 2.5°. This
demonstrates that while quasi-BICs offer higher theoretical Q-
factors, they are heavily dampened by the large absorption of the
WS, layer.

To compare the field enhancement of different optical modes at
the peak absorption wavelength of WS, (620 nm), the metasurface

periods were tuned to align each resonance with this wavelength,
as indicated in Figure 4a. The resulting E,,,, distributions within
the WS, layer are presented in Figure 4c. These results indicate
that second-order modes provide greater field enhancement
within the WS, layer than first-order modes. Specifically, the
GM,,4 exhibits a maximum enhancement factor of 227, which
is more than four times the enhancement of 50 observed for the
GM,,. This confirms that while the WS, layer perturbs the optical
resonances, light-matter interaction is nonetheless significantly
amplified, particularly for the GMs, which demonstrate lower
sensitivity to environmental perturbations and material loss.
One-dimensional E,,, profiles (Figure 4d) further confirm that
the field is strongly confined within the WS, layer for second-
order modes (GM,,4 and BIC,,4,). In contrast, the first-order
mode (GM,y and BIC,y,) primarily localizes the field within
the SiN layer rather than the WS, monolayer, resulting in poor
coupling and lower enhancement factors.

The designed freestanding metasurface was fabricated for exper-
imental characterization of its optical properties. Figure S1
displays the angle-resolved transmission for the fabricated free-
standing metasurface (P =560 nm). As predicted, the BICs exhibit
a narrowing linewidth that approaches zero at normal incidence.
In contrast, the GMs maintain strong resonances at normal
incidence. Since the SiN membrane used in this work exhibits
defect-related states, a broad-band PL emission is observed under
optical pumping (Figure S4), allowing the investigated GMs and
quasi-BICs to be coupled to this PL band. The 488 nm CW laser
used for PL excitation is linearly polarized. Prior to the measure-
ments, the polarization axis of the laser beam was confirmed by
using a polarizer. To ensure consistency with the simulation, the
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(P = 560 nm) resonances, respectively.

metasurface was mounted on a rotation stage under an optical
microscope (OM). We aligned the x-axis of the metasurface
parallel to the pre-determined linear polarization direction of the
488 nm pump beam. Figure 5a presents experimental PL spectra
from freestanding metasurfaces with varying lattice periods P
(420 to 600 nm) before the WS, monolayer was transferred.
PL spectra reveal multiple emission peaks corresponding to
optical resonances. As expected from simulations, the resonance
wavelengths redshift with increasing lattice period due to the
enlarged optical path. For the lattice period of 420 nm, a group of
resonances appears near a wavelength of 550 nm, corresponding
to first-order modes, and shifts to a wavelength of 750 nm for
a 600-nm lattice period. At 460, 480, and 500-nm periods, the
first-order modes occur around 620 nm, overlapping with the
exciton emission wavelength of WS,. In addition, second-order
modes emerge at shorter wavelengths (at 510 nm for a 440-nm
lattice period). For 560, 580, and 600-nm periods, the second-
order modes overlap with the exciton emission wavelength of
WS,. For GMs, the GM,, at 590.2 nm with a Q-factor of 138
(460 nm lattice period) and GM,,4 at 582.6 nm with a Q-factor of
55 (560 nm lattice period) near the exciton emission wavelength
WS,. The PL spectra with a narrow range to highlight the first-
and second-order quasi-BICs are shown in Figure 5c,d. For a

460-nm period (Figure 5c), the multi-peak group is decomposed
into Lorentzian components corresponding to BICy;, BIC,,
and BIC,y; at 598.7, 601.5, and 605.4 nm with Q-factors of 214,
143, and 162, respectively. For a 560-nm lattice period (Figure 5d),
the first-order group decomposes into BIC,,4;, BIC,,4,, and
BIC,,q3 at 607.7, 613.7, and 616.9 nm with Q-factors of 122, 173,
and 251, respectively. These results experimentally demonstrate
that the freestanding metasurface architecture can support both
first- and second-order optical modes across the visible spectrum
by tuning the lattice period, providing a versatile platform for
enhancing light-matter interactions with 2D materials such as
TMD monolayers.

To verify the PL enhancement arising from the enhanced fields
of the optical modes, WS, monolayers were transferred onto
the freestanding metasurfaces (Figure 6). OM images of the
fabricated structures before and after the WS, transfer are
shown in Figure 6a,b, respectively. Figure 6c,d presents the PL
spectra obtained from the metasurfaces supporting first-order
and second-order modes. In Figure 6c, the metasurfaces with
lattice periods P = 460, 480, and 500 nm support first-order
modes that spectrally overlap with the WS, exciton emission
band. The emission spectra from bare metasurfaces (dashed
curves) and from WS, on an unstructured membrane (black
solid curve) are provided for reference. As shown in Figure 6c,
the PL intensities from these periods show no significant differ-
ences, indicating that the first-order modes couple only weakly
to the WS, monolayer. The observed minor PL enhancement
primarily originates from the partially freestanding nature of
the WS, over the air holes, which reduces substrate-induced
quenching and nonradiative recombination, rather than from
the optical resonance effects of the first-order modes. This is
further confirmed by PL mapping across large areas (Figure
S5), which demonstrates consistent enhancement across the
patterned regions that significantly exceeds the fluctuations in
the unstructured regions. Figure 6d displays the PL intensities
for metasurfaces with P = 560, 580, and 600 nm, which support
second-order modes overlapping with the WS, emission band.
For P = 560 nm, the PL is substantially enhanced as the second-
order quasi-BICs spectrally align with the WS, emission peak,
with a secondary contribution from the second-order GM appear-
ing around 582 nm. At P = 580 nm, the PL enhancement remains
high, benefiting from the simultaneous contribution of both the
second-order GM and quasi-BIC at 605 and 630 nm, respectively.
Notably, at P = 600 nm, the PL enhancement is significantly
greater than that observed at other periods. This superior per-
formance is attributed to the precise spectral overlap between
the second-order GM and the WS, emission band, alongside the
high spatial overlap between the second-order mode’s surface-
localized field and the WS, monolayer. This facilitates efficient
exciton-photon coupling, resulting in a markedly intensified PL
peak. These experimental findings are in excellent agreement
with our simulations (Figure 4), which predicted that the second-
order GM would exhibit high absorption and robustness, leading
to strong PL enhancement. Figure 6e presents the average PL
intensity calculated from 16 different locations on the patterned
metasurface (red dashed square) compared to 16 locations on
the unstructured membrane (black dashed square). The inset
of Figure 6e shows the corresponding PL intensity mapping,
with error bars representing the standard deviation. These results
confirm the high quality of the transferred WS, and validate the
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FIGURE 6 | Enhanced PL emission from WS, monolayers via first-order and second-order resonances in freestanding metasurfaces. (a, b) Optical
microscope images of the freestanding metasurfaces with lattice periods of P = 420, 440, 460, 480, 500, 520, 540, 560, and 580 nm in the top five rows, and
P = 300, 400, 500, 600, 700, and 800 nm in the bottom row, shown (a) before and (b) after transfer of the WS, monolayer. (c, d) PL spectra of WS,
monolayers coupled with (c) first-order modes (P = 460, 480, and 500 nm) and (d) second-order modes (P = 560, 580, and 600 nm). The PL spectrum
of WS, on an unstructured freestanding membrane (black solid curve) and the PL spectra of the bare metasurfaces (dashed curves) are provided for
reference. (e) Comparison of the peak PL emission intensities for the WS, monolayer on the metasurfaces versus the unstructured membrane. Error bars
represent the standard deviation calculated across 16 measurement points. Inset: PL intensity mapping at the peak emission wavelength and a schematic
indicating the sampled areas. The average intensities were calculated from the regions indicated by the red (metasurface) and black (unstructured
membrane) dashed squares. The scale bar is 20 pm. (f) PL enhancement factor for the metasurface with a 600 nm period, defined as the ratio of the PL

intensity on the metasurface to that on the unstructured membrane, demonstrating the superior performance of the second-order guided mode.

reported enhancement factors. The enhancement factor, defined
as the ratio of PL intensity on the metasurface to that on the
unstructured membrane, reaches a peak of 193 for the second-
order GM at P = 600 nm. Even the second-order quasi-BIC
resonance yields a substantial enhancement factor of 84, both of
which far exceed the maximum enhancement of 15 observed for
the first-order modes.

3 | Conclusions

We have demonstrated that freestanding metasurfaces can host
both first- and second- order optical modes across the visible
spectrum, enabling efficient coupling with WS, monolayers.
While first-order modes primarily confine fields inside the free-
standing metasurface, second-order modes provide strong field
enhancement on the top surface of the freestanding metasurface
that overlaps with the WS, monolayer. As a result, second-order
resonances provide significantly stronger PL enhancement—
exceeding one order higher than first-order counterparts. Our
experimental and simulation results demonstrate second-order
modes in freestanding metasurfaces as a powerful design prin-
ciple for enhancing light-matter interactions in 2D materials

such as TMD monolayer. The proposed freestanding metasurface
serves as a versatile photonic platform for enhancing light-matter
interaction in a broad range of 2D materials. The resonance
wavelength can be readily tuned across the visible and near-
infrared spectrum by adjusting the lattice period, enabling
spectral matching to the excitonic transitions of various TMDs
(e.g., MoS,, MoSe,, and WSe,). Moreover, the strong field con-
finement at the top interface makes the structure compatible with
other atomically thin materials, including graphene for enhanced
photodetection and hBN for quantum emission applications. This
scalability highlights the generality of the platform for diverse
2D material systems. Furthermore, our analysis indicates that
while the dispersion behaviors of the first- and second-order
modes are fundamentally similar (Figure S8), the structured PL
in momentum space is dictated by the radiative channels of these
resonant modes. By aligning the excitonic transitions of WS, with
specific points in the metasurface dispersion, the optical modes
provide a platform for controlling the radiation directivity [22].

Beyond PL enhancement, this approach opens new pathways
for engineering strong exciton-photon coupling, nonlinear pro-
cesses, and quantum optical functionalities in 2D material-
based nanophotonic devices. Notably, the open-system nature
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of these freestanding structures connects our findings to the
emerging field of non-Hermitian physics. Recent progress in
non-Hermitian photonics has shown that radiative loss and dis-
sipation can lead to exceptional points (EPs), where eigenvalues
and eigenstates simultaneously coalesce, enabling unconven-
tional wave control and enhanced functionalities. EPs have
been demonstrated in metasurfaces and open photonic systems
[40, 41]. While our work focuses on resonances in passive
structures, their open-system nature connects to non-Hermitian
physics and suggests opportunities for future EP engineering.
Such developments could further expand the utility of this
platform toward active topological photonics and ultra-sensitive
sensing applications.

4 | Methods
4.1 | Numerical Simulations

The far-field reflectance spectra of the freestanding metasurfaces
and the near-field electric field profiles of their resonant modes
were numerically analyzed using the rigorous coupled-wave
analysis method (DiffractMOD, RSoft Design Group, USA). The
simulations employed periodic boundary conditions along the x-
and y-directions. The complex refractive indices (n, k) for the SiN
membrane, polymer resist, and WS, monolayer were experimen-
tally determined via spectroscopic ellipsometry, with the resulting
dispersion data provided in Figure S6. The wavelength resolution
of the simulation is 10~ um. A plane wave was used as the
incident source, propagating along the z-axis. The electric field E
was normalized to the amplitude of the incident field. The electric
energy density was calculated as U, =2 /Re[s:(r’)]lEl2 dV, where
E is the electric field, € is the spatially dependent permittivity, and
V is the volume of the simulation domain.

4.2 | Fabrication

A triangular lattice hole-array pattern was defined in the poly-
mer resist on the 50 nm-thick SiN membrane using electron-
beam lithography. The SiN membranes were provided by Nor-
cada, Inc. The nanorod patterns were drawn on a positive
electron-beam resist (AR-P6200 (CSAR 62), Allresist, Germany),
using a high-resolution electron-beam-drawing instrument (ELS-
BODEN, ELIONIX, Japan) as shown in Figure S7.

4.3 | Preparation for WS, monolayer

WS, films were grown via standard chemical vapor deposition
(CVD) using a one-zone horizontal quartz tube furnace (2-
inch diameter). Tungsten trioxide (WO;, Sigma-Aldrich, 99.9%,
100 mg) served as the tungsten source and was placed in the
central heating zone along with c-plane sapphire substrates. The
central zone was heated to 960°C and maintained for 15 min to
enable film growth. Sulfur powder (S, Sigma-Aldrich, 99.99%,
3 g), pre-solidified prior to use, was positioned upstream in
a quartz boat and heated to 145°C using an external heat-
ing belt. Sulfur heating began 10 min before the center zone
reached the target temperature. Prior to the growth process,
the quartz tube was evacuated to base pressure and purged

with a carrier gas mixture of Ar (200 sccm) and H, (40 sccm)
at a pressure of 20 torr. After growth, the furnace was natu-
rally cooled to room temperature while maintaining the Ar/H,
flow.

Transfer of WS, films was achieved through a polydimethylsilox-
ane (PDMS)-assisted wet-etching technique. A home-prepared
PDMS stamp was laminated onto the WS, surface by natural
adhesion. The sapphire substrate was subsequently etched away
in a KOH solution, releasing the WS, film onto the PDMS.
The PDMS/WS, assembly was then aligned and brought into
contact with the freestanding metasurface, followed by vacuum
treatment for 1 h to improve adhesion. Finally, gentle heating at
60°C for 10 min facilitated detachment of the PDMS, leaving the
WS, film successfully transferred onto the metasurface.

4.4 | Optical Characterization

The excitation light was focused onto the sample using a 5x
objective lens. Photoluminescence (PL) spectra of the freestand-
ing metasurfaces were measured with a confocal laser microscope
system (alpha300 R, WITec, Germany). A continuous-wave (CW)
laser with a wavelength of 488 nm served as the excitation source.
The excitation light and the emission light were focused and
collected, respectively, by objective lenses with magnifications of
5 X% (NA = 0.25, corresponding to an angle within 5.7° in air). The
excited emission was collected and analyzed with a spectrom-
eter. The emission intensity distributions were obtained using
a motorized x—y-sample scanning stage for confocal emission
imaging.
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