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Abstract: Nonlinear emission phenomena observed in transition metal dichalcogenides (TMDCs)
have significantly advanced the development of robust nonlinear optical sources within two-
dimensional materials. However, the intrinsic emission characteristics of TMDCs are inherently
dependent on the specific material, which constrains their tunability for practical applications.
In this study, we propose a strategy for the selective enhancement and modification of second-
harmonic generation (SHG) emission in a multilayer WS, flake through the implementation
of a silicon (Si)-based circular Bragg grating (CBG) structure positioned on an Au/SiO; sub-
strate. By selectively exciting the region of the circular Bragg grating with the grating oriented
either parallel or perpendicular to the linearly polarized pump beam, we successfully achieved
wavelength-tunable SHG intensity peaks at 402.5 nm and 425 nm for the respective alignments.
Our experimental findings, corroborated by numerical simulations, indicate that the enhancement
of SHG intensity is highly sensitive to the orientation of the grating region of the CBG. Power-
dependent SHG spectra further validate the quadratic dependence of SHG, while comparative
analysis with WS, flakes on a bare Si/Au/SiO; substrate highlights the critical role of the CBG
structure in modulating SHG. This research underscores the potential of CBG-augmented TMDCs
for the control of nonlinear optical emissions, suggesting promising applications in photonic
devices and selective emission technologies.

© 2025 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

The investigation of two-dimensional (2D) materials has attracted considerable scholarly interest
in recent years [1], primarily due to their distinctive optical and electronic properties that set
them apart from their bulk equivalents [2]. These materials, which typically consist of only a
few atomic layers [3], demonstrate exceptional attributes such as a high surface area, mechanical
flexibility, and outstanding electronic and optical properties [4]. Among the diverse array of 2D
materials, TMDCs have emerged as significant candidates for applications in various domains,
including electronics, photonics, and energy storage [3]. A particularly intriguing feature of
TMDC:s is their nonlinear optical behavior, which arises from their unique crystal structures
and symmetry characteristics [5—7]. Specifically, SHG has emerged as a potent technique for
probing the symmetry and electronic structure of these materials [8—10]. In the SHG process,
two photons interact to produce a new photon with double the energy (and consequently half
the wavelength) of the incident light [11]. This property renders SHG especially valuable for
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characterizing materials that lack inversion symmetry [12]. Enhancing SHG in TMDCs is crucial
for advancing applications in photonics, optoelectronics, and quantum information technologies,
thereby facilitating the development of efficient light sources and detectors that leverage the
exceptional properties of these 2D materials [13].

Despite the inherent nonlinear optical characteristics of multilayer TMDCs, the efficiency of
SHG emission can be limited by several factors, including material thickness [14], layer stacking
[9], and the local environment surrounding the material [15—17]. For instance, variations in the
number of layers can significantly affect the material’s symmetry [12], thereby influencing its
nonlinear optical response. Additionally, the effects of optical confinement and enhancement can
be influenced by the substrate and overall device architecture [16]. To address these challenges,
researchers have explored various strategies to enhance SHG, including the utilization of
structured substrates designed to optimize light-matter interactions [18,19]. Notably, self-forming
cavities that utilize multilayer MoS, on thin metal films (such as Au or silver) have demonstrated
substantial enhancements in SHG emission [15]. Furthermore, optical resonances in patterned
TMDC nanostructures have proven effective in augmenting SHG for multilayer TMDC structures
[20-24], providing a novel avenue for investigating TMDC-based nonlinear phenomena [13,25].

Another promising strategy involves the use of external optical cavities through meta-structures
to amplify SHG intensity in layered TMDCs [26,27], thereby opening new pathways for exploring
the nonlinear properties of these materials. Dielectric CBGs, in particular, have shown significant
potential in manipulating light-matter interactions through engineered photonic structures [28-30].
These gratings are specifically designed to create resonant conditions that enhance the electric
field in localized regions, leading to improved SHG emission from the underlying material [30].
By meticulously adjusting the geometrical parameters of the CBGs, such as their period and
depth, researchers can precisely control the wavelength and directionality of the emitted light,
paving the way for advanced applications in integrated photonics [31]. While previous studies
have successfully demonstrated the use of CBGs to enhance photoluminescence and SHG in
monolayer TMDCs [27,32,33], there remains a notable gap in the literature regarding the effects
of CBGs on multilayer TMDC flakes. This gap presents a unique opportunity to investigate how
a CBG structure can modify the nonlinear emission characteristics of multilayer TMDC flakes.

In this study, we demonstrate the selective enhancement and modification of SHG from
a multilayer WS, flake positioned atop a Si-CBG structure on an Au/SiO, substrate. Our
research aims to elucidate how the geometry and orientation of the selective region of the CBG
significantly influence the SHG emission characteristics of the multilayer WS, flake. By employing
a combination of numerical simulations and experimental measurements, we analyze the electric
field distributions and enhancement factors that contribute to the observed enhancements in
SHG intensity and wavelength selectivity. This comprehensive approach enables us to elucidate
the underlying mechanisms driving SHG modulation in multilayer TMDCs, providing valuable
insights into the design of photonic structures optimized for nonlinear optical performance.
Our findings not only address critical aspects of SHG enhancement in multilayer WS, but also
underscore the importance of external engineering in the pursuit of efficient nonlinear optical
devices. Furthermore, this work may inspire future research into the integration of TMDCs
with advanced photonic platforms, facilitating the realization of sophisticated functionalities,
including integrated light sources, efficient photodetectors, and nonlinear optical devices for
signal processing.

2. Materials and methods

2.1. Sample preparation and characterization

For the sample fabrication, a crystalline Si (c-Si) film was successfully transferred from a silicon-
on-insulator (SOI) wafer to a quartz substrate through a process that integrates adhesive wafer
bonding with chemical polishing, adhering to methodologies established in previous research
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[34]. The preparation of the SOI wafer involved the deposition of a 50 nm Au layer, followed by
a 15 nm SiO; layer, onto a 220 nm c-Si film supported by a 2 um-thick SiO, layer. Subsequently,
an ultraviolet-curable adhesive (NOA61) was applied to the SOI wafer via spin-coating, which
was then bonded to a quartz substrate. The silicon substrate was selectively removed through a
combination of chemical polishing and dry etching techniques. The final transfer of the c-Si film
to the quartz substrate was achieved by dissolving the SiO, layer of the SOI with hydrofluoric acid
(HF). The patterning process for the silicon CBG was executed using electron-beam lithography
and dry etching techniques. Initially, a 400 nm layer of resist (ARP6200.09) was spin-coated onto
the sample for electron-beam lithography, which was conducted using an EBPG5000Plus system
(Raith) at an accelerating voltage of 100 kV. The exposed resist was developed in xylene, and the
pattern was subsequently transferred to the c-Si layer using an inductively coupled plasma (ICP)
tool (Oxford Instruments). The morphology of the resulting silicon nanopillars was characterized
by using scanning electron microscopy (SEM) (Auriga, Zeiss), as detailed in the following
sections. Finally, multilayer WS, flakes were mechanically exfoliated from bulk crystals onto
polydimethylsiloxane (PDMS) stamps utilizing the Scotch-tape method and were then transferred
onto the well-prepared CBG/ Au/SiO; structure using an all-dry-transfer method.

2.2. Optical characterization

The optical properties of the hybrid multilayer WS, flake situated on the CBG/Au/SiO, substrate
were investigated utilizing an inverted microscope (Observer A1, Zeiss) equipped with both white
light and femtosecond laser excitation sources. A femtosecond laser (Mira 900S, Coherent; pulse
duration of 130 fs and repetition rate of 76 MHz) was employed to excite the multilayer WS, flake
on the CBG/Au/SiO; structure via focusing with a 40x objective lens, with polarization controlled
by a custom-built polarizer. The resultant SHG emissions from the WS, flake were collected
through the same objective lens and subsequently directed either to a spectrometer (SR-500i-B1,
Andor) for spectral analysis or to charge-coupled devices (DU970N, Andor) for imaging purposes.
SHG signal mapping across the hybrid multilayer WS, flake on the CBG/Au/SiO; structure was
conducted using a confocal laser scanning microscope (A1MP, Nikon).

2.3. Numerical simulation

The enhancement of the electric field in a multilayer WS, flake situated on a CBG/Au/SiO;
film structure was modeled using the finite-difference time-domain (FDTD) method, specifically
through the application of Lumerical FDTD Solutions software. In this simulation, the multilayer
WS, flake was characterized as a planar structure with a thickness ranging from 60 to 70 nm,
with its refractive index parameters obtained from the relevant literature [35]. The dimensions
of the Si CBG structure were adjusted according to experimental measurements derived from
SEM images, with the layer thicknesses set at 220 nm for the CBG structure, 50 nm for the
gold film, and 5 nm for the SiO, layer. The dielectric constants for Au and Si were referenced
from the literature [36,37], while the refractive index for SiO, was assigned a value of 1.45. A
self-adaptive mesh was utilized throughout the entire structure to ensure high precision, and
perfectly matched layers (PML) conditions were implemented in all directions to effectively
confine the simulation domain.

3. Results and discussion

Figure 1(a) shows a schematic representation of the modification of SHG emission from
a multilayer WS, flake positioned on a Si CBG structure over an Au/SiO; substrate. The
incorporation of a thin Au film within the structure enhances the reflection of waves from the
substrate, thereby amplifying the experimental signal. The Si-based CBG structure, which
has been meticulously fabricated using EBL and RIE, is illustrated in the SEM image inset in
Fig. 1(a). The dimensions of the CBG are specified as follows: the width of the ring is 100
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nm, the inter-ring distance is also 100 nm, and the radius of the central disk is approximately
80 nm, as shown in the lower left section of Fig. 1(a). Furthermore, the multilayer WS, flakes
were mechanically exfoliated from bulk crystals and subsequently transferred onto the precisely
prepared CBG/Au/SiO; structure using an all-dry-transfer method. Given that the dimensions
of the CBG are approximately 10 um—substantially larger than the pump laser spot size of
approximately 1 um—SHG emission from the multilayer WS, flake can be selectively observed
at various locations on the CBG structure. For the linearly polarized pump beam, the CBG
structure is categorized into two distinct regions: one aligned with the polarization direction and
the other oriented perpendicularly. This configuration facilitates the selective enhancement of
SHG emission from the multilayer WS, flake, driven by the CBG structure. The corresponding
SHG spectra for the WS, flake in both the parallel and perpendicular regions are presented in
Fig. 1(b). For comparative purposes, the SHG spectrum of the WS, flake positioned directly on
the Au film, absent the CBG structure, is represented as a gray line. Notably, the presence of
the CBG structure increases the SHG intensity by approximately fivefold in both configurations
compared to the scenario without the CBG. Additionally, the wavelength of maximum SHG
enhancement is influenced by the orientation of the CBG grating relative to the pump beam
polarization; specifically, enhancement is observed at 402.5 nm for the grating aligned with the
polarization and shifts to 425 nm for the perpendicular orientation.

Figure 1(c) provides a detailed examination of the WS, flake situated atop the CBG on the
Au/SiO, substrate, with the CBG structure delineated by circles. The multilayer WS, flake was
acquired through mechanical exfoliation from bulk WS, crystal and subsequently transferred
onto the CBG structure, as elaborated in our previous research [15,16]. The optical image
corroborates the successful transfer of the multilayer WS, flake onto the CBG, indicating that
two CBG structures are indeed covered by the WS, flake, as highlighted by the red and green
circles. The variation in colors within the multilayer WS, flakes corresponds to differences in
layer thickness, a characteristic commonly observed in mechanically exfoliated TMDCs. Notably,
the flake in the lower left region appears thicker than that in the upper right, which significantly
affects the modification of SHG emission, as demonstrated by the SHG mapping obtained through
two-photon microscopy in Figs. 1(d)-(g). In the lower left region, the SHG emission mappings
indicate that the emission pattern is influenced by the polarization of the pump beam, with
enhanced SHG occurring where the underlying CBG structure is aligned parallel to the pump
beam polarization for both x (Fig. 1(d)) and y (Fig. 1(e)) orientations. It is essential to note that
the SHG mapping is not uniform across the entire WS, flake on the CBG structure, due to minor
variations in layer thickness of WS, flake from mechanical exfoliation. The centrosymmetric
structure of even-numbered H-phase TMDCs suppresses SHG emission, as discussed in previous
studies [12,14]. The white dashed lines in Figs. 1(d) and (e) represent the boundaries between
different layers of the WS, flake, accounting for the dark regions observed even above the CBG
structure. For comparative purposes, Figs. 1(f) and 1 g illustrate another area of the thinner WS,
flake on the CBG structure, where the modification of SHG emission is notably weaker than in
the thicker WS, flake depicted in Figs. 1(d) and 1(e). Consequently, our focus will remain on the
regions marked by dashed lines to further investigate the modification of SHG emission in the
WS, flake attributable to the CBG structure in subsequent discussions.

To elucidate the mechanism underlying the selective enhancement of SHG emission in the
multilayer WS, flake facilitated by the CBG structure, we performed numerical simulations
utilizing the FDTD method. These simulations were employed to calculate the electric field
distribution and enhancement within the WS, flake positioned atop the CBG grating. In our
modeling, the WS, flake was represented as a planar structure with variable thickness to accurately
reflect the experimental layer distribution, as illustrated in Fig. 2(a). Two specific regions of the
CBG structure-aligned both parallel and perpendicular to the linearly polarized pump beam-are
indicated by yellow arrows. To correspond with the SHG emission spectra observed for the
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Fig. 1. (a) Schematic of SHG emission from a multilayer WS, flake positioned on a Si
CBG/Au/SiO; structure and illuminated by a femtosecond laser. The insets in the lower
panels show the parameters and an SEM image of the CBG structure used in the experiment.
(b) SHG spectra of the multilayer WS, at three regions: without the CBG/Au/SiO; structure
(gray), with grating direction parallel to the pump beam polarization (red), and with grating
direction perpendicular to the pump beam polarization (blue). The measurement was
conducted with a pump power of 1.5 mW. (c) Optical image of the multilayer WS, flake on
the CBG/Au/SiO; structure, with circles indicating the CBG structure locations. The red
circle indicates the CBG/Au/SiO, structure located beneath the WS, flake, as referenced in
panels (d) and (e). The green circle highlights a similar structure corresponding to panels
(f) and (g), whereas the black circles represent CBGs that are not completely covered by
WS,. (d), (e) SHG intensity mappings of the WS, flake on the CBG/Au/SiO, structure
under x-polarized (d) and y-polarized (e) pump laser excitation. White dashed lines indicate
regions of differing WS, flake thickness. (f), (g) SHG mappings for a different region of the
multilayer WS, flake on the CBG/Au/SiO, structure, captured under identical conditions as
in (d) and (e), for comparison.

multilayer WS, flake on the CBG structure, a Gaussian beam with a numerical aperture (NA)
of 0.6 was focused on the vertical center of the CBG structure to induce excitation. Given the
variability in thickness of the multilayer WS, flake resulting from mechanical exfoliation, this
simulation accommodates random layer thickness. For the calculation of the SHG emission
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enhancement factor, we employed a standard approach that integrates the fourth power of
the electric field over the area of the WS, flake. This methodology effectively illustrates the
two-photon absorption process I? that drives both SHG and two-photon photoluminescence
[38,39], as represented by the following equation:

1
Pes / \Ews, /Eol*dV

where |Eyws, /Eo| represents the electric field enhancement within the multilayer WS, flake, and
V is the volume of the WS, flake situated on top of the CBG structure.

Fig. 2. Simulated electric field enhancement factor of the hybrid multilayer WS-
CBG/Au/SiO; structure. (a) Schematic of the multilayer WS, on CBG/Au/SiO, structure,
showing selective excitation regions where the grating is either parallel (red rectangular
outlined region) or perpendicular (green rectangular outlined region) to the pump beam’s
polarization. (b) Illustration of the multilayer WS,-CBG/Au/SiO; structure under Gaussian
beam illumination in the simulation, with a numerical aperture (NA) of 0.6 focused at
the CBG structure’s center. (c), (d) Wavelength-dependent electric field enhancement
factor for the multilayer WS,-CBG/Au/SiO, structure at regions with the grating direction
perpendicular (c) and parallel (d) to the polarization of the incident beam, with varying WS,
layer thickness.

The wavelength-dependent electric field enhancement factors for regions aligned both parallel
and perpendicular to the incident beam are illustrated in Figs. 2(c) and 2(d). These factors
were calculated for a WS, flake thickness ranging from 60 to 70 nm, as determined through
optical imaging conducted during the experiment. In the region where the grating is oriented



Research Article Vol. 33, No. 1/13 Jan 2025/ Optics Express 1562

perpendicular to the polarization of the pump beam, the enhancement factor reaches its maximum
near 850 nm, and this peak can be adjusted by varying the thickness of the WS, flake. The
enhancement factor increases with WS, thickness beyond 64 nm and stabilizes for thicker layers.
Conversely, in the region where the grating direction is aligned parallel to the polarization of the
pump beam, the electric field enhancement factor peaks around 805 nm. Notably, similar to the
perpendicular orientation, the enhancement factor also increases with WS, thickness beyond
64 nm. Consequently, the wavelength-selective SHG enhancement observed in the multilayer
WS, flake, as noted across different regions of the CBG structure (Fig. 1(b)), can be qualitatively
elucidated by the wavelength-specific electric field enhancement. This selective electric field
enhancement presents a novel strategy for optimizing nonlinear emission in multilayer TMDC
flakes.

After understanding the mechanism underlying the selective enhancement of SHG emission in
the WS, flake on the CBG structure, we will explore the insights regarding directional emission
derived from the SHG mapping presented in Figs. 1(d) and 1(e), which are informed by numerical
simulations. In this context, a linearly polarized plane wave is employed as the excitation source
to replicate the experimental mapping results. Figure 3(a) depicts a lateral view of the hybrid
structure utilized in the simulation, which includes an electric field detector positioned at the
center of the WS, flake. To accommodate the variations in thickness of the WS, flake resulting
from mechanical exfoliation, the simulation permits adjustments to the flake thickness to align
with the experimental outcomes. Specifically, we present electric field distributions for WS,
flake thicknesses of 60 nm (illustrated in Figs. 3(b) and 3(c)) and 30 nm (shown in Figs. 3(d) and
3(e)) atop the CBG structure. The fundamental wavelengths of 805 nm and 850 nm were selected
based on the electric field enhancement factors depicted in Figs. 2(c) and 2(d), which represent
peak wavelengths for the grating regions aligned parallel and perpendicular to the pump beam

Fig. 3. (a) Schematic of the simulated multilayer WS,-CBG/Au/SiO, structure, with
varying WS, thicknesses of 60 nm and 30 nm. The red horizontal line indicates the position
of the electric field detector. (b)-(d) In-plane (x-y plane) electric field distributions at the
center of the multilayer WS, for two excitation wavelengths: 805 nm (left column) and 850
nm (right column), with 60 nm thickness (top row) and 30 nm thickness (bottom row).
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Fig. 4. (a) Second-harmonic generation (SHG) spectra of the multilayer WS, flake coupled
with the CBG/Au/SiO; structure under pump wavelengths from 780 to 820 nm at 3 mW
power. The SHG mapping image shows regions with excitation beams aligned parallel to
the grating, indicated by red arrows. (b) Power-dependent SHG spectra of the multilayer
WS,-CBG/Au/SiO; structure excited by an 810 nm laser. The inset shows the SHG image
obtaining from the camera. (c) Variation of peak SHG intensity as a function of excitation
wavelength. (d) Log-log plot of SHG intensity versus pump power at 810 nm, illustrating
the power dependence of SHG emission.

polarization. It is observed that the electric field distribution at 805 nm is enhanced in the region
where the grating direction is parallel to the polarization of the pump beam, while enhancement
occurs in the region where the grating direction is perpendicular to the polarization at 850 nm.
Notably, the polarization of the pump beam remains consistently directed along the x-axis for both
wavelengths, resulting in a wavelength-selective SHG emission pattern in the experiment that
arises from the differential electric field enhancement in the WS, flake. For comparative analysis,
the electric field distributions from the thinner 30 nm WS, flake are displayed in Figs. 3(d)
and 3(e), revealing enhancement solely in the region where the grating is perpendicular to the
pump beam polarization at 805 nm. Conversely, at 850 nm, the electric field exhibits minimal
enhancement, leading to observable SHG emission in only one direction, which is consistent
with the findings presented in Figs. 1(f) and 1 g. This simulation qualitatively elucidates the
selective SHG emission behavior of the multilayer WS, flake on the CBG structure, suggesting
its potential for selective nonlinear signal emission in information processing applications.
Building upon our understanding of the wavelength-selective enhancement of SHG emission
from the WS, flake situated on the CBG structure through numerical simulations, we will
further investigate the SHG spectra from an experimental standpoint. Initially, we analyze
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Fig. 5. (a) SHG spectra of the multilayer WS,-CBG/Au/SiO; structure for pump wavelengths
between 830 and 880 nm at 2 mW power, with the grating aligned perpendicular to the
excitation beam’s polarization. The SHG mapping image highlights regions excited with
beams perpendicular to the grating, indicated by red arrows. (b) Power-dependent SHG
spectra of the multilayer WS,-CBG/Au/SiO; structure with excitation at 855 nm, showing
the grating perpendicular to the beam’s polarization. The inset shows the corresponding
SHG image obtained from the camera. (c) Variation in peak SHG intensity as a function of
excitation wavelength under a 2 mW pump. (d) Log-log plot showing the dependence of
SHG intensity on pump power at 855 nm, illustrating the SHG response to power changes.

the scenario in which the grating region is aligned parallel to the polarization of the pump
beam, with the corresponding SHG spectra presented in Fig. 4(a). The spectra reveal a peak
at the SHG wavelength of 405 nm, which corresponds to a pump wavelength of 810 nm, with
intensity decreasing on both sides of this wavelength, as demonstrated by the extracted SHG peak
evolution illustrated in Fig. 4(c). This peak evolution is in strong agreement with the numerical
simulations of electric field enhancement factor depicted in Fig. 2(d), thereby confirming the
wavelength-selective enhancement enabled by the CBG structure. Furthermore, it is essential to
comprehend the power dependence of the emission signal for nonlinear excitation. We maintain
the pump wavelength close to the peak value, specifically, at §10 nm, to examine the power law
governing SHG emission from the WS, flake on the CBG structure. The power-dependent SHG
spectra are illustrated in Fig. 4(b), indicating that SHG intensity increases with increasing pump
power, exhibiting a linear relationship within the utilized range, as corroborated in Fig. 4(d). The
slope of the SHG intensity peak, derived from the linear fit, is determined to be 1.89, suggesting
that signal manifesting the second-order nonlinear process in a non-saturated region.
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Fig. 6. (a) SHG spectra of the multilayer WS, on an Si/Au/SiO; substrate area without the
CBG structure for pump wavelengths between 780 and 820 nm, with an excitation power of
3 mW. (b) Power-dependent SHG spectra of the multilayer WS, on an Si/Au/SiO; substrate
area without the CBG structure under excitation from an 810 nm laser beam. The inset
shows the corresponding SHG image obtained from the camera. (c) Variation in peak SHG
intensity as a function of the incident beam’s excitation wavelength. (d) Log-log plot of
SHG intensity versus pump power at 810 nm, illustrating the relationship between SHG
intensity and input power.

Conversely, Fig. 5 illustrates the SHG emission from the grating region oriented perpendicular
to the polarization of the pump beam. In this configuration, the polarization of the pump beam
remains consistent with that utilized in Fig. 4, while the sample is rotated by 90° to align the
grating region perpendicularly to the pump beam, as illustrated in the inset of Fig. 4(a). Drawing
upon insights from the numerical simulations presented in Fig. 2(c), we employed a pump beam
with wavelengths ranging from 820 nm to 880 nm to investigate the pump wavelength-dependent
SHG spectra of the WS, flake, as shown in Fig. 5(a). The results indicate a pronounced peak in
the SHG spectrum at a pump wavelength of 855 nm, as demonstrated by the SHG peak evolution
with respect to wavelength in Fig. 5(c), which correlates well with the numerical simulation of
electric field enhancement factors depicted in Fig. 2(c). Notably, the wavelength distribution
is broader than that observed in the scenario where the grating region is parallel to the pump
beam polarization; the half-peak intensity spans from 830 to 860 nm in Fig. 5(c), whereas it is
confined to 800 to 815 nm in Fig. 4(c). This broader distribution is attributed to the differing
bandwidths of the electric field enhancement factors in the two scenarios, as indicated by the
numerical results in Figs. 2(c) and (d). The power dependence of SHG emission from the WS,
flake in the grating region oriented perpendicular to the pump beam polarization at 855 nm is
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presented in Figs. 5(b) and (d), revealing a slope that is consistent with that observed in Fig. 4.
This finding demonstrates that the CBG plays a comparable role in modifying SHG emission in
the WS, flake, albeit at different wavelengths for the varying orientations of the grating.

In the preceding analysis, we have presented the wavelength-dependent SHG spectra of a WS,
flake situated on a CBG structure, as illustrated in Figs. 4 and 5. Additionally, we performed
comparative experiments to evaluate the SHG emission from a bare WS, flake placed on a
Si/Au/SiO; substrate, which lacks the CBG structure, as shown in Fig. 6. The SHG spectra
exhibit a peak near 815 nm in Figs. 6(a) and 6(c), which can be attributed to the intrinsic
second-order nonlinear susceptibility of multilayer WS,. The power-dependent SHG spectra at a
pump wavelength of 810 nm are depicted in Fig. 6(b), where the SHG intensity increases with
rising pump power. In the logarithmic plot of power versus SHG intensity presented in Fig. 6(d),
the slope is calculated to be 2.02, indicating the occurrence of pure two-photon absorption in the
WS, flake, which is consistent with our prior investigations into SHG emission from multilayer
TMDCs. Furthermore, the SHG power observed in this configuration is significantly weaker
than that recorded for the WS, flake on the CBG structure, underscoring the lack of electric field
enhancement afforded by the CBG structure, in alignment with the results illustrated in Fig. 1(b).

4. Conclusions

In conclusion, we have demonstrated the ability of a WS,-CBG/Au/SiO; configuration to
significantly enhance and modulate SHG emission in the multilayer WS, flake. The extent of
this enhancement is influenced by both the wavelength and the polarization alignment. Distinct
regions of the grating within the CBG, oriented either parallel or perpendicular to the polarization
of the pump beam, yielded peak SHG intensities at specific pump wavelengths of 805 nm and
850 nm, as supported by numerical simulations of selective electric field enhancements. Power-
dependent analyses further confirmed the quadratic relationship characteristic of two-photon
absorption in SHG processes. Moreover, comparative studies involving WS, without the CBG
structure highlighted the critical role of the CBG in enabling selective control over SHG. This
research underscores the potential of CBG structures to engineer nonlinear optical responses
in multilayer TMDCs, indicating promising applications in photonic devices and information
processing technologies. Additionally, the selectively enhanced and modified SHG emission
achieved through coupling with CBG may be applicable to other van der Waals materials with
strong nonlinear susceptibility, such as GaSe [40] and TMDCs exhibiting a 3R phase [14,21].
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