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A B S T R A C T

Two-dimensional transition metal dichalcogenides (TMD) monolayers are recognized as a promising platform for 
realizing strong coupling due to their exceptionally large binding energies of excitons. Various types of optical 
resonances, including DBR-based Fabry-Perot resonances, plasmonic resonances, Mie resonances, and guided 
mode resonances, have been proposed to facilitate strong coupling between excitons in TMD monolayers and 
optical nanocavities. However, there has been limited research on the strong coupling between multiple reso
nances and excitons in TMD monolayers. In this study, we propose a heterostructure composed of a WS2-Si3N4 
nanohole array and an Ag film to achieve robust strong coupling among surface transverse waveguide modes, 
surface lattice resonances (or guided mode resonances), and excitons in a WS2 monolayer. Such a hybrid het
erostructure inherits both advantages of surface lattice resonances in a Si3N4 photonic crystal slab with the 
surface plasmon-like modes at the dielectric-Ag interface, resulting in low-loss optical resonances and excellent 
field confinement. Consequently, the light-matter interaction among the surface transverse waveguide mode, 
surface lattice resonances, and excitons in the WS2 monolayer is significantly enhanced. Utilizing angle-resolved 
scattering spectra measurements and numerical simulations, we observe substantial Rabi splitting and shifts in 
resonant peaks, which are indicative of hybrid mode coupling. The experimental results closely align with the 
simulations, thereby confirming the hybrid coupling of the surface transverse waveguide mode, surface lattice 
resonances, and excitons. Notably, we show that Rabi splitting, an indicator of the coupling strength, is signif
icantly increased to 318 meV, thereby entering the strong coupling regime within a three-oscillator framework. 
These results not only deepen the understanding of hybrid mode interactions within dielectric photonic struc
tures but also promote advancements in high-performance optoelectronic applications.

1. Introduction

The two-dimensional (2D) transition metal dichalcogenides (TMD) 
have received tremendous attention due to their superior electronic and 
optical properties [1–3]. Notably, they are evolved from indirect 
bandgap semiconductors to direct bandgap semiconductors as the layer 
number is decreased from multilayers to monolayer limit, thereby 
enabling large quantum yields and giving rising to a remarkable pho
toluminescence (PL) in TMD monolayer [4]. On the other hand, the 
exciton resonance that dominates the PL spectrum has an exceptionally 
large binding energy [5]. This renders them an ideal candidate of 

studying strong coupling of exciton–polariton [3,6]. When TMD 
monolayers are integrated with different types of resonant nano
structures, strong light-matter interactions between optical resonances 
and exciton resonances in TMD monolayer can be induced [7–10], thus 
promising many interesting applications in quantum manipulation [11], 
ultrafast switching [12], and low-threshold lasers [13].

The phenomenon of strong coupling between optical resonances and 
excitons in monolayer TMD has garnered significant attention and has 
been successfully demonstrated across a variety of optical cavities, 
ranging from individual nanocavities to planar optical microcavities at 
ambient temperature [14–16]. At the level of single nanoparticles, 
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strong plasmon-exciton coupling has been achieved due to excellent 
field localization at the surface of nanoparticles, yielding a Rabi splitting 
in the range of 80–120 meV [17–19]. This coupling can be further 
improved in nanoparticle-on-film configurations that incorporate 
embedded monolayer TMD, resulting in Rabi splitting values of 
120–170 meV [20,21]. Furthermore, when TMD are integrated with 
periodic structures, the Rabi splitting of the hybrid system can exceed 
300 meV [22], and in the ultra-strong coupling regime, values sur
passing 600 meV have been reported through the utilization of random 
metallic multi-singular nanostructures [23].

Except for plasmonic nanocavities, dielectric nanostructures have 
emerged as an alternative platform to enhance light-matter interactions 
with TMD [24–27]. Similar to the metallic nanostructure, all-dielectric 
structures support multipolar electric and magnetic Mie resonances. 
Comparing to plasmonic resonances, dielectric nanostructures have 
much lower loss, thus providing an alternative pathway for achieving 
strong coupling [28]. For instance, both theoretical and experimental 
investigations have suggested enhanced strong coupling of excitons in 
TMD with dielectric metasurfaces that support high-quality (high-Q) 
modes [29–33]. The interaction between excitons in WS2 and Si3N4- 
based photonic crystals has been successfully demonstrated at low 
temperatures [34], while the strong coupling of discrete excitons in WS2 
monolayers with surface-transverse-waveguide mode in Si3N4-based 
slabs has been introduced at room temperature [35]. Despite tremen
dous progress made in the past few years, the Rabi splitting observed in 
such systems remains relatively modest, primarily due to the inherent 
limitations in field enhancement associated with dielectric nano
structures [36]. To mitigate this constraint, alternative strategies have 
been explored, one of which involves the hybridization of multiple 
resonances with excitons, significantly enhancing the Rabi splitting 
within the hybrid system [26,37,38]. This approach capitalizes on the 
synergistic effects of various resonant modes to amplify light-matter 
interactions, thereby presenting a novel avenue for achieving stronger 
coupling. Numerous studies have concentrated on micro- and nano
cavities that facilitate three-dimensional confinement of light. Addi
tionally, the intricate mutual coupling among multiple resonances 
complicates the direct and intuitive comprehension of exciton-photon 
coupling. In a prior investigation, we demonstrated that a dielectric- 
metal heterostructure can support transverse electric (TE) polarized 
surface waves that are confined to the surface of the Si3N4-Ag hetero
structure [39], which we refer to as surface transverse waveguide modes 
(STWMs). The STWM exhibits a significantly enhanced factor for the in- 
plane electric field, suggesting a more robust interaction with the two- 
dimensional material integrated within the heterostructure. The opti
cal characteristics of surface lattice resonances (SLR), including mode 
volume, dispersion, and linewidth, can be independently modified 
through geometric design, thereby offering a distinctive opportunity to 
tailor exciton-photon coupling [2]. In two-dimensional systems, SLR and 
STWM present an excellent platform for the investigation and manipu
lation of exciton-photon interactions due to their geometric 
compatibility.

In this study, we propose a hybrid WS2-Si3N4 photonic crystal slab- 
Ag film structure, to promote strong coupling among various resonant 
modes. Such a hybrid heterostructure combines the advantage of low 
loss surface lattice resonances and extreme field confinement at the 
interface of dielectric-Ag film, thus significantly enhancing light-matter 
interactions. By utilizing the remarkable excitonic properties of WS2 
monolayers in combination with the SLR of a Si3N4 nanohole array sit on 
an Ag film-SiO2 substrate, we aim to investigate the hybrid coupling of 
STWM, SLR, and excitons. Our approach includes both extensive nu
merical simulations and angle-resolved scattering spectra measurements 
to elucidate the dynamics of coupling and mode interactions within this 
hybrid system. The results indicate significant energy splitting and shifts 
in resonant peaks, which serve as evidence of effective hybrid mode 
coupling. Notably, we observe an enhanced Rabi splitting of 318 meV, 
highlighting the existence of strong coupling within a hybrid three- 

oscillator framework.

2. Materials and methods

2.1. Sample preparation and characterization

An Ag film with a thickness of 50 nm was deposited onto a silicon 
dioxide (SiO2) substrate using electron beam evaporation. Subsequently, 
a silicon nitride (Si3N4) layer was applied over the Ag film through high- 
frequency plasma-enhanced chemical vapor deposition (HF-PECVD), 
utilizing a precursor gas mixture of SiH4 and NH3. The flow rates for 
SiH4 and NH3 were maintained at 3 sccm and 7.5 sccm, respectively. The 
radio frequency (RF) power, deposition pressure, and substrate tem
perature were set at 30 W, 60 Pa, and 80 ◦C, respectively. The Si3N4 
layer with a thickness of 100 nm was achieved based on the deposition 
duration, and its optical constants were assessed using ellipsometry. 
Nanohole array with a hole diameter of 300 nm and a period of 500 nm 
within the Si3N4 layer were fabricated through electron beam lithog
raphy (EBL) and reactive ion etching (RIE). WS2 monolayers were 
initially synthesized on a 300 nm SiO2-Si substrate utilizing Chemical 
Vapor Deposition (CVD) techniques. A quantity of 1 mg of WO3 was 
positioned on the substrate, with a blank wafer placed face-down 
approximately 2 to 3 mm above it. This assembly was subsequently 
enclosed within a pre-cleaned quartz tube, with 100 mg of sulfur posi
tioned upstream, all within a larger tube furnace. The temperature 
gradually increased to 550 ◦C at a rate of 20 ◦C/min, followed by a 
further increase to 750 ◦C at a rate of 3 ◦C/min, where it was maintained 
for 5 min before allowing for natural cooling. The growth process was 
conducted under an argon flow of 100 sccm, resulting in the formation 
of triangular WS2 monolayers. The WS2 monolayer was then wet- 
transferred onto the nanoholes in the Si3N4 layer, effectively covering 
them [35]. The suspended 1L WS2 subsequently disintegrated, forming a 
nanoporous WS2 film. The morphology and composition of the nano
holes were further examined using a scanning electron microscope 
(SEM) (Gemini 500, Zeiss).

2.2. Optical characterization

The Kretschmann-Raether configuration is utilized to stimulate 
STWM in Si3N4-Ag and WS2-Si3N4-Ag heterostructures, as illustrated in 
Fig. 1a. To activate the surface waveguide mode, s-polarized white light 
is introduced into the heterostructures through total internal reflection 
at the prism’s surface. This occurs when the angle of incidence surpasses 
the critical angle (i.e., θ > θc ≈ 43◦). The white light source utilized in 
this study is produced by a halogen lamp (OSRAM, 12 V/100 W). The 
scattered light from the nanohole is then collected using a 50 × objective 
lens attached to an inverted microscope (Axio Observer A1, Zeiss) and 
directed to a spectrometer (SR-500i-B1, Andor) for spectral analysis or 
to a color charge-coupled device (DS-Ri2, Nikon) for imaging purposes.

2.3. Numerical simulation

The numerical analysis of the reflectance spectra for planar Si3N4-Ag 
film heterostructures and the scattering spectra of the nanohole array in 
Si3N4-Ag film and WS2-Si3N4-Ag film heterostructures was conducted 
using the finite-difference time-domain (FDTD) method (Lumerical 
FDTD, https://www.lumerical.com). For regular arrays of nanoholes 
with varying periods, periodic boundary conditions were implemented 
in the lateral directions (x and y directions). The refractive index of 
Si3N4 was based on measured data, while the dielectric constants of Ag 
and WS2 monolayers were obtained from the literature [40,41]. The 
resonant energy of excitons in the WS2 monolayer was determined to be 
2.01 eV. The thicknesses of the WS2, Si3N4, and Ag layers were set to 1.0 
nm, 90 nm, and 50 nm, respectively. To ensure converged simulation 
results, the smallest mesh size was set to 0.5 nm.
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3. Results and discussion

To introduce hybrid coupling in dielectric photonic structures with 
TMD monolayers, we utilize the hybrid system shown in Fig. 1a. This 
system comprises a WS2-Si3N4 nanohole array placed on an Ag film (50 
nm)-SiO2 substrate. The structure is illuminated using a prism-coupled 
white light source to excite hybrid modes of the systems, including 
STWM and SLR supported by the Si3N4 nanohole array-Ag film hetero
structure. STWM with strong field enhancement and low radiation loss is 
generated at the interface of a dielectric slab coated on a metallic film. 
This phenomenon is analogous to surface plasmon polaritons observed 
at a dielectric-metal interface; however, it is excited by a TE-polarized 
wave and exhibits reduced radiation loss, as detailed in prior studies 
[35,39,42]. Since STWM cannot be generated directly at the dielectric- 
air interface, a prism is used to couple the light with matching mo
mentum to excite the STWM and the dispersion of the STWM can be 
changed via the incident angle (Fig. S1). Additionally, the prism-coupled 
illumination method provides an easy way to change the incident angle 
of the white light in our setup, allowing us to introduce the angle-resolve 
spectra results in the following. It is important to note that such a 
structure can also be studied using common reflectance/transmittance 
spectra measurement, which can yield similar results. However, incor
porating this method into our system is not as straightforward, so we 
focus mainly on the scattering spectra for collaboration with experi
mental demonstration.

Introducing a periodic nanohole structure in the dielectric slab 
generates a new mode from the SLR [43], which couples with the STWM 
of the pure slab. This coupling is confirmed by the scattering spectra 
shown in Fig. 1b, where the two-mode coupling causes the spectra to 
split into two new hybrid modes. It has been observed that the spectrum 
contains two supplementary peaks characterized by weak resonances, 
which may be attributed to higher-order SLR. These peaks do not 
demonstrate substantial field confinement or significant overlap with 
the exciton of WS2. Consequently, they do not play a meaningful role in 
the hybrid coupling mechanism being examined. Thus, the subsequent 
discussion will concentrate on the two primary resonances, which are 
essential to the strong coupling process. By incorporating a WS2 
monolayer into the system, which supports strong excitonic responses in 
the visible range (as indicated by the dielectric function in Fig. 1c), 
hybrid coupling between STWM, SLR, and excitons can be realized. This 
coupling is further confirmed by the mode splitting observed in Fig. 1b. 
More details on the hybrid system will be provided from both simulation 
and experimental perspectives in the following sections. In the context 

of lattice resonance modes within periodic structures, the composition 
and dispersion of polaritons are typically adjusted by modifying the 
geometries of nanoparticles and lattices. This approach facilitates the 
design of various properties within the system and enables the coexis
tence of multiple resonances characterized by distinct physical proper
ties. This study demonstrates the strong coupling between STWM waves 
and excitons in the WS2 monolayer. Furthermore, introducing a new 
resonance mode, such as SLR, can prolong the oscillation time of the 
resonance mode and yield substantial Rabi splitting energy. Here, the 
interaction between SLR, induced by nanohole arrays, and STWM 
waves, in conjunction with the localized electric field intensity of a 
dielectric film surface, results in a significantly higher Rabi splitting 
energy compared to STWM and WS2 excitons in isolation.

Fig. 2a presents the simulated two-dimensional scattering spectra 
(color map) for the base Si3N4 nanohole array structure illuminated by 
the prism-coupled light source at varying incident angles. A prominent 
anti-crossing behavior is observed, indicating the strong coupling be
tween the STWM and SLR modes. As discussed previously, the STWM 
mode changes significantly with varying incident angles, while the SLR 
mode remains nearly constant in wavelength, facilitating the anti- 
crossing behavior. To confirm that the observed coupling arises from 
the interaction of STWM and SLR modes, we examine the electric field 
distribution in the X-Z and X-Y planes of the upper polariton (UP) band 
with the wavelength of 540 nm at zero detuning angle (49◦), as shown in 
Fig. 2b and 2c. These distributions demonstrate contributions from both 
coupled modes. The electric field is mainly confined to the surface and 
corners of the remaining Si3N4 structure, indicating that the light fields 
of the two modes interact at the surface. In the top view of the electric 
field in Fig. 2c, the field is distributed on both sides of the hole, con
firming the contribution from the SLR mode originating from the peri
odical structure.

To quantitatively characterize the coupling between the STWM and 
SLR modes in the Si3N4 hole system, the widely used coupled oscillator 
model (COM) with two oscillators is adopted to understand the coupling 
system [44,45]: 
⎛

⎜
⎝

ESTWM − i
γSTWM

2
g

g ESLR − i
γSLR

2

⎞

⎟
⎠

(
α
β

)

= E±

(
α
β

)

(1) 

where ESTWM and ESLR are the resonant energies of the STWM and SLR, 
γSTWM , and γSLR are the corresponding damping rates, g is the coupling 
strength between the two oscillators, E± are the eigenenergies of the 

Fig. 1. (a) Schematic illustrating the excitation of a WS2-Si3N4 nanohole array-Ag film heterostructure using prism-coupled STWM. The inset shows the strong 
coupling among the three oscillators: STWM, SLR, and excitons. (b) Scattering spectra of the nanohole cavity without the WS2 monolayer (blue) and with the WS2 
monolayer (red). (c) Complex permittivity of the WS2 monolayer used in the simulations. ε1 and ε2 represent the real and imaginary parts of the permittivity, 
respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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hybrid states, and α and β are the eigenvectors satisfying |α|2 + |β|2 = 1 
(Fig. S2). The eigenenergies E± can be derived as follows [19,46]: 

E± =
ESTWM + ESLR

2
±

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

4g2 + (δ − i
2 (γSTWM − γSLR))

2
√

2
(2) 

where δ = ESTWM − ESLR is the detuning energy of the two resonances. 
The Rabi splitting energy can be obtained at zero detuning energy of 
ESTWM = ESLR: 

ℏΩ =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

4g2 −
(γSTWM − γSLR)

2

4

√

(3) 

The values of damping rates γSTWM and γSLR can be extracted from 
simulation spectra. There are two criteria for strong coupling, the first 
one is the appearance of anti-crossing behavior in the energy diagram, as 
shown in Fig. 2a. The second is that energy splitting should satisfy the 
condition of ℏΩ > (γSTWM + γSLR)/2 [47]. The fitting results by COM with 
coupling strength g = 81.5 meV are shown in Fig. 2a as the solid lines 
with the coupling between the STWM and SLR modes in the system. In 
this case, Rabi splitting is obtained as ℏΩ = 163 meV from the fitting 
results at the incident angle of zero detuning. The damping rate of 
STWM in the fitting process is derived from the reflection spectra of the 
Si3N4–Ag film heterostructure, as γSTWM = 44 meV, which was elabo
rated upon in our prior research [35]. Additionally, the damping rate of 
SLR is obtained as γSLR = 165 meV through the fitting of the angle- 
resolved spectra presented in Fig. 2a. Thus, the second criterion for 
the strong coupling condition is satisfied in our simulation, meaning the 
coupling between STWM and SLR of Si3N4 nanohole enters the strong 
coupling region.

Since the electric field distribution of the coupled STWM and SLR 
system is confirmed to be confined at the surface of the structure, this 
offers an opportunity to enhance interaction with monolayer 2D 

materials. Therefore, we investigate the hybrid nanohole system 
composed of a Si3N4 nanohole array with a WS2 monolayer, as shown in 
Fig. 2d. The inherent thinness of the WS2 monolayer renders it vulner
able to collapse when positioned on the nanopore of the Si3N4 array. We 
performed a comparative analysis of the strong coupling characteristics 
between the collapsed and non-collapsed WS2 monolayers located on 
the nanopore (refer to Fig. S3). Notably, the Rabi splitting energy 
associated with the hybrid mode of strong coupling appears to be only 
marginally affected by the state of the WS2 monolayer, regardless of 
whether it is collapsed or non-collapsed. Interestingly, the collapsed WS2 
monolayer demonstrates a slightly larger Rabi splitting energy. Conse
quently, the hybrid coupling of STEW, SLR, and excitons can also be 
incorporated into the structure featuring a non-collapsed monolayer of 
WS2 on the Si3N4 nanohole array. In light of the considerations 
regarding the practicality of preparation and optical losses, lattice pa
rameters were chosen to position the SLR mode at approximately 2.1 eV. 
The minor detuning between the SLR and the excitonic state of WS2 
contributes to a reduction in non-radiative losses, while also alleviating 
broadening effects. This detuning further enables hybridization with 
other optical modes present in the system, thereby optimizing field 
constraints and enhancing interaction strength.

The simulated 2D scattering spectra demonstrate that the coupled 
STWM and SLR modes interact with the excitons of the WS2 monolayer, 
leading to the formation of three hybrid states—upper polariton (UP), 
middle polariton (MP), and lower polariton (LP)—in the scattering 
spectra as the incident angle varies. The coupling of the three modes is 
quantitatively characterized by using the COM but with three oscillators 
rather than two oscillators in the bare Si3N4 nanohole structure [37,48]: 

Fig. 2. (a) Evolution of the scattering spectra of the Si3N4 nanohole array structure with varying incident angles in simulation (color map). The solid lines represent 
the fitting using COM with two coupled oscillators. The dashed lines denote the uncoupled STWM and SLR modes, respectively. (b), (c) Electric field distribution of 
the designed structure in the X-Z plane (b) and X-Y plane (c) at the wavelength of 540 nm. (d) Evolution of the scattering spectra of the WS2-Si3N4 nanohole array-Ag 
film heterostructure with varying incident angles in simulation (color map). The lines represent the fitting using COM with three coupled oscillators. The dashed lines 
denote the uncoupled excitons, STWM, and SLR modes, respectively. (e), (f) Electric field distribution of the designed structure in the X-Z plane (e) and X-Y plane (f) 
at the wavelength of the UP at zero detuning.
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Ĥ = ℏ
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⎜
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⎠
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where ESTWM, ESLR, and Eex are the resonant energies of the uncoupled 
STWM, SLR, and exciton, respectively. γSTWM, γSLR, and γex denote the 
corresponding dissipation rates of different modes. gSTWM− SLR, gSTWM− ex, 
and gSLR− ex represent the coupling strengths between the STWM and the 
SLR, that between the STWM and the exciton, and that between the SLR 
and exciton, respectively.

By fitting the angle-resolved spectra from simulation by using Eq. 
(4), the dispersion and coupling strength of different resonances can be 
extracted. It is noted that the coupling strength between optical reso
nance modes and excitons in the system depends on several key pa
rameters. These include the exciton oscillator strength, which 
determines the interaction efficiency, and the spectral overlap between 
excitonic and optical resonances, ensuring efficient energy exchange. 
Additionally, the quality factor of the resonant modes influences the 
field confinement. The fitted dispersion curves of the hybrid polaritons 
are shown in Fig. 2d, with blue, orange, and red solid lines representing 
the LP, MP, and UP, respectively. In this case, the coupling strengths 
between different modes are obtained to be gSTWM− SLR = 88 meV, 
gSTWM− ex = 61 meV, and gSLR− ex = 70 meV, respectively. It is noted that 
the coupled strength between STWM and SLR is slightly larger than that 
of the case without WS2 upon, which can be explained as follows. The 
presence of excitons facilitates the interaction between the STWM and 
the SLR. In the coupling of these three modes, excitons contribute 
additional hybridization pathways, thereby augmenting the coupling 
between STWM and SLR. Consequently, this phenomenon illustrates an 

enhanced strong coupling between light and excitons through the 
incorporation of a hybrid structure that couples STWM and SLR. The 
energy splitting (Rabi splitting) of ℏΩ ≈ 296 meV obtained at zero 
detuning angle 49◦ in our simulation confirms this enhancement. The 
increased coupling with the WS2 monolayer is further validated by the 
electric field distribution in Fig. 2e and 2f, where the electric field ex
tends into the WS2 area rather than being confined only to the sides of 
the nanohole. Our simulation suggests a method to achieve large energy 
splitting in the hybrid structure with a WS2 monolayer, which will be 
further verified experimentally in the following sections. It is important 
to determine the coupling of the hybrid system, which obeys the criteria 
in a three-oscillator system [22]: 

ℏΩ > WUPγUP +WMPγMP +WLPγLP (5) 

where WUP, WMP, and WLP represent the weighting coefficients of UP, 
MP, and LP branches of the system, γUP, γMP, and γLP are the linewidths of 
the three hybrid branches (Fig. S4), respectively. In our case, the strong 
coupling criteria for the STWM, the exciton, and the SLR modes can be 
derived (see Supporting Information Note 4): 

ℏΩ > 41.4%γSTWM +37.5%γex +21.1%γSLR (6) 

whereγSTWM = 40 meV, γSLR = 160 meV, and γex = 33 meV are the 
corresponding linewidth of three oscillators. In this case, the criterion 
for strong coupling is satisfied with ℏΩ ≈ 296 meV obtained from our 
simulation results, meaning the hybrid coupling of the system enters the 
strong coupling regions based on the simulation.

After organizing the results from simulations and COM of hybrid 
strong coupling in the system, we proceed to the experimental investi
gation of hybrid strong coupling in the hybrid WS2-Si3N4 nanohole array 
structure. Fig. 3a illustrates the experimental setup of a custom-made 
angle-resolved scattering spectra measurement, and further details can 

Fig. 3. (a) Schematic of the experimental configuration. A prism is used to couple the incident light into the hybrid system to excite the STWM. (b) SEM image of the 
hybrid nanohole structure. (c), (d) EDS images of the hybrid nanohole structure, confirming the presence of W atoms (c) and N atoms (d), respectively. The nanohole 
array with a diameter of 300 nm and a periodicity of 500 nm is fabricated. (e), (f) Optical images of the hybrid nanohole structure captured using bright-field 
microscopy (e) and dark-field microscopy (f). (g) PL spectrum of the WS2 monolayer used in forming the hybrid nanohole structure.
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be found in previous works [26,35,39]. It is noted that the system may 
be influenced by various parameters, including environmental temper
ature and humidity. Temperature has a significant impact on exciton 
binding energy, linewidth broadening, and resonance shifts in WS2 
monolayers. Elevated temperatures typically lead to a reduction in 
exciton binding energy and an increase in linewidth due to phonon in
teractions, which may compromise strong coupling [44]. However, the 
experiments were conducted in a controlled environment with regulated 
temperature and humidity, thereby minimizing external influences on 
the system. Consequently, the effects of environmental temperature and 
humidity can be considered negligible in the context of our experiment. 
For sample fabrication, a 90 nm thick Si3N4 slab was first deposited on 
an Ag film (50 nm)-SiO2 substrate. Subsequently, a nanohole array with 
a diameter of 300 nm and a periodicity of 500 nm was fabricated on the 
Si3N4 slab. Finally, a CVD-grown WS2 monolayer was transferred onto 
the well-fabricated nanohole structure to form the hybrid WS2-Si3N4 
nanohole array structure. The CVD-grown WS2 monolayer was charac
terized using Raman spectroscopy, as shown in Fig. S5, and the results 
are consistent with existing literature [3]. After fabricating the hybrid 
structure, the sample was characterized using SEM and energy disper
sive spectroscopy (EDS) measurements, as shown in Fig. 3b-d. The SEM 
image in Fig. 3b clearly shows the nanohole structure. It is noted that the 
WS2 tends to break and fill into the hole structure due to strain, as 
confirmed by EDS measurements. The distribution of W atoms from the 
WS2 monolayer is similar to that of N atoms from the Si3N4, indicating 
that the WS2 monolayer conforms to the nanohole structure of Si3N4. 
Thus, we confirm the successful fabrication of the hybrid WS2-Si3N4 
nanohole structure in our experiments. To better illustrate the sample, 
optical images from bright-field and dark-field microscopies were taken, 
as shown in Fig. 3e and 3f, further confirming the fabricated structures. 
Another important factor is the quality of the WS2 monolayer which may 
affect the measurements in the strong coupling experiment. 

Photoluminescence (PL) measurements were performed on the WS2 
monolayer sample, as shown in Fig. 3g. The PL spectrum shows a single 
peak around 2.05 eV with an FWHM of 50 meV, confirming the high 
quality of the WS2 monolayer in the hybrid structure.

After fabricating and characterizing the hybrid WS2-Si3N4 nanohole 
array-Ag film heterostructure, we performed experiments on the hybrid 
system. For the bare Si3N4 nanohole array structure, the angle-resolved 
scattering spectra are shown in Fig. 4a. Mode splitting behavior is 
observed in the scattering spectra, and the resonant frequencies blue- 
shift with increasing incident angle. Numerical simulations, incorpo
rating the true parameters from experimental data in Fig. 3, were con
ducted to match the experimental results. These simulations, shown in 
the right panel of Fig. 4a, agree well with the experimental results. It is 
noted that some small peaks appear in the spectra, particularly at small 
incident angles. These peaks are likely caused by higher-order lattice 
resonances in the periodic structure and do not significantly affect the 
main result of strong mode coupling. To quantitatively characterize the 
coupling between the STWM and SLR modes, we applied COM with two 
oscillators in Eq. (1) to fit the resonant peaks extracted from the 
experimental results (dashed curve in Fig. 4a). This fitting shows good 
agreement with the experimental results, as shown in Fig. 4b. The Rabi 
splitting, obtained from the fitting results, is 171 meV. Fig. 4c shows the 
fractions of STWM and SLR in the UP state within the coupled system, 
which results in the formation of hybrid polaritons characterized by 
energy transfer between the two phenomena. It is evident that the 
contributions of STWM and SLR become equal at zero detuning, each 
accounting for 50 %. This indicates that the UP exhibits properties that 
are equally derived from STWM and SLR, signifying a strong coupling 
between these two processes. The experimental findings indicate that 
the damping rate of the STWM is approximately 48 meV, while a value 
of around 170 meV is derived from the fitting of angle-resolved scat
tering spectra, which agrees with the simulation results. This 

Fig. 4. (a) Experimental (left) and simulated (right) angle-dependent scattering spectra of the Si3N4 nanohole array on Ag film/SiO2 structure. The upper structure 
shows the direction and method of excitation in the experiment. (b) Dispersion curves of the hybrid nanohole structure as a function of incident angle. Green and red 
spheres represent the resonant peaks extracted from the experimental spectra in (a). The solid lines are fitted using the COM with two oscillators. The dashed lines 
represent the uncoupled STWM and SLR modes, respectively. (c) Fractions of STWM and SLR in the UP state of the system. (For interpretation of the references to 
color in this figure legend, the reader is referred to the web version of this article.)
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observation fulfills the criterion for strong coupling, suggesting that the 
interaction between the STWM and the SLR within the Si3N4 nanohole 
array has transitioned into the strong coupling regime.

Fig. 5 shows the experimental results of the angle-resolved scattering 
spectra for the WS2-Si3N4 nanohole array-Ag film heterostructure, using 
the experimental setup illustrated in Fig. 3a. This hybrid system exhibits 
energy splitting in the scattering spectra, with three resonance peaks, as 
expected from the simulated results in Fig. 2. The resonances blue shift 
with increasing the incident angle, similar to the behavior observed 
experimentally in the bare Si3N4 nanohole array system shown in Fig. 4. 
Experimental results closely replicate the simulation results for the WS2- 
Si3N4 nanohole array-Ag film heterostructure, confirming the hybrid 
STWM-SLR-exciton coupling in the system. It is observed that the 
spectra presented in Fig. 5a exhibits more than three modes, with the 
additional weak resonant peaks arising from fabrication imperfections 
in the etched nanohole array, which result in minor structural varia
tions. The identification of pertinent optical modes was conducted 
through a synthesis of numerical simulations and angle-resolved scat
tering spectra. Our analysis concentrated on the modes that demonstrate 
strong coupling with excitons, as evidenced by their spectral positions, 
linewidths, and field distributions obtained from simulations. The 
weaker, unintended peaks exert a negligible influence on the hybrid 
coupling mechanism and do not substantially alter our conclusions. To 
further investigate the strong coupling in the system, the wavelengths of 
the resonant peaks were extracted and fitted using COM with three os
cillators in Eq. (4), as shown in Fig. 5b. The Rabi splitting in the 
experimental results is enhanced to 318 meV compared to the system 
without WS2 monolayers. Furthermore, Fig. 5c shows the fractions of 
three coupled modes in the MP state of the system, indicating the energy 
exchange among the different modes. It is evident that the exciton and 
SLR predominantly contribute to the MP state, and their contributions 
can vary with changes in the incident angle and wavelength. This 
variation ensures the energy exchange between different modes (refer to 

Supporting Information Note 4 for further details).
In the hybrid system exhibiting robust coupling among STWM, SLR, 

and excitons, experimental measurements have established an energy 
splitting of ℏΩ = 318 meV. The damping rates of the corresponding 
modes with γSTWM ≈ 55 meV, γSLR ≈ 170 meV, and γex ≈ 50 meV fulfill 
the criteria for strong coupling in a three-oscillator framework, as 
delineated in Eq. (6). Consequently, it can be inferred that the in
teractions among STWM, SLR, and excitons within the WS2-Si3N4 
nanohole array-Ag film heterostructure are situated within the strong 
coupling regime. This observation signifies a notable enhancement in 
coupling strength relative to the STWM-exciton interactions observed in 
the absence of the nanohole architecture. It is also pertinent to mention 
that the detuning of resonances within the hybrid system is achieved by 
varying the incident angle during experimentation; alternatively, this 
can be accomplished by adjusting the period of the Si3N4 array to modify 
the resonance wavelength of the SLR mode (Fig. S6). Furthermore, we 
conducted numerical simulations by altering the polarization from s- 
polarization to p-polarization and examined the resultant scattering 
signals (see Supporting Information Note 7). Our findings indicate that 
transitioning to p-polarized light incidence leads to the absence of a 
discernible scattering signal. These results substantiate the notion that 
hybrid coupling can be effectively influenced by the incident polariza
tion, aligning with our earlier observations. Moreover, it is crucial to 
recognize that the coupling strength may be further increased through 
the careful design of the nanohole structure, which could enable the 
incorporation of stronger resonances with high-quality factors, such as 
guided-mode resonances or bound states in the continuum (BIC) within 
dielectric structures [49].

4. Conclusions

In conclusion, we have successfully demonstrated a heterostructure 
comprising a WS2-Si3N4 nanohole array and an Ag film, which exhibits 

Fig. 5. (a) Experimental (left) and simulated (right) scattering spectra of the WS2-Si3N4 nanohole array-Ag film heterostructure with various incident angles. The 
upper structure shows the direction and method of excitation in the experiment. (b) Dispersion curves of the hybrid nanohole structure as a function of incident angle. 
Colored spheres represent the resonant peaks extracted from the experimental spectra in (a). The solid lines are fitted using COM with three oscillators. The dashed 
lines represent the uncoupled STWM, exciton, and SLR modes, respectively. (c) Fractions of STWM, exciton, and SLR in the MP state of the system.
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strong coupling between STWM, SLR, and excitons. Both experimental 
and simulation results indicate significant energy splitting in the scat
tering spectra, thereby confirming the presence of hybrid coupling 
within the system. The angle-resolved scattering spectra further 
revealed that the resonant peaks exhibit a blue shift with increasing 
incident angles, a behavior that aligns with that of the bare Si3N4 
nanohole array-Ag film heterostructure. Our numerical simulations 
closely matched the experimental findings, thereby validating the exis
tence of hybrid STWM-SLR-exciton coupling. The extracted resonant 
peaks, along with their fitting using COM with three oscillators, quan
titatively assessed the coupling strength, revealing an enhanced Rabi 
splitting of 318 meV. The strong coupling criterion was fully satisfied in 
our hybrid system, demonstrating a significant enhancement compared 
to the STWM-exciton coupling observed in the absence of the nanohole 
structure. These findings represent a substantial advancement in the 
manipulation of hybrid modes within dielectric photonic structures in
tegrated with TMD monolayers.
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