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Abstract

Atomically thin monolayers of transition metal dichalcogenides (TMDs) emerged as
a promising class of novel materials for optoelectronics and nonlinear optics. However,
the intrinsic nonlinearity of TMD monolayers is weak, limiting their functionalities for
nonlinear optical processes such as frequency conversion. Here, we boost the effective
nonlinear susceptibility of a TMD monolayer by integrating it with a resonant dielec-
tric metasurface, which supports pronounced optical resonances with high quality fac-
tors: bound states in the continuum (BICs). We demonstrate that a WSy monolayer
combined with a silicon metasurface hosting BICs can enhance the second-harmonic
intensity by more than three orders of magnitude compared to a WSy monolayer on
top of a flat silicon film of the same thickness. Our work suggests a pathway to em-
ploy high-index dielectric metasurfaces as hybrid structures for enhancement of TMD
nonlinearities with applications in nonlinear microscopy, optoelectronics, and signal

processing.
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Introduction

Atomically thin two-dimensional (2D) materials beyond graphene, such as monolayers of
transition metal dichalcogenides (TMDs), have attracted widespread attention in recent
years because their electronic and optical properties enable new functionalities beyond ca-
pabilities of conventional bulk materials.t Optically, 2D TMD monolayers are characterized
by a direct bandgap enabling strong luminescence.? Moreover, these structures support ex-

citons characterized by both considerable binding energies and sufficiently large Bohr radii,



enabling strong excitonic response at room temperature.® The optically-accessible valley
degree of freedom in these structures further renders them a very compelling class of ma-
terials for information processing and storage.? Recently, observation of nonlinear optical
processes with TMD monolayers, such as second-harmonic generation (SHG), has attracted
a special research interest,>® as these materials are inherently non-centrosymmetric. Second-
harmonic (SH) microscopy has also become a recognized method to determine the crystalline
structure, the presence of defects, and a number of atomic layers.*"2 Although an SH signal
from a TMD monolayer is observable, the overall frequency conversion efficiency is limited
by the atomic length of the interaction with light, thus preventing their future practical
applications.

The integration of 2D materials with various resonant and waveguiding photonic struc-
tures has been shown to provide a promising way for achieving higher efficiencies of non-
linear optical processes.*?% Plasmonic materials are traditionally associated with high ma-
terial losses and low damage thresholds, which both limit their functionality for nonlinear
applications. Recently, all-dielectric resonant meta-structures with high refractive index
have emerged as an alternative platform to complement and even outperform the capabili-
ties of plasmonic materials benefiting from low optical losses governed by radiation leakage
only. X719 In particular, a recently developed concept of bound states in the continuum (BICs)
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in nanophotonics enables a simple approach to engineer radiative losses for various all-

dielectric structures, ranging from isolated nanoparticles to extended periodic ensembles, to
achieve sharp resonances with a high quality factor (Q factor) in the form of quasi-BICs.22%2>
Moreover, very recently, it was revealed that thin metasurfaces created of dielectric meta-
atoms with broken in-plane inversion symmetry could support high-quality quasi-BICs with
radiative ) factors depending on the asymmetry of the unit cell.?0

Here, for the first time to our knowledge, we demonstrate a sharp enhancement of SHG

from a 2D material coupled to a spatially extended quasi-BIC resonance excited optically in

a dielectric metasurface. For this, we use a tungsten-disulfide (WSy) monolayer placed on



top of a Si metasurface with broken in-plane inversion symmetry (Figure ) We engineer
the asymmetry of the meta-atoms to achieve the regime of critical coupling®” with balanced
rates of radiative losses and all other losses, which provides the maximal field enhancement
inside the WS, monolayer. We fabricate a set of metasurfaces with different asymmetry
parameters and analyze them with SH spectroscopy to select the sample tuned to the criti-
cal coupling regime. We then transfer WS, flakes on top of the optimized metasurface and
a reference bare Si film of the same thickness. We confirm a high quality of WSy mono-
layers by photoluminescence (PL) measurements. Finally, we experimentally demonstrate
the enhancement of SHG from the monolayer placed on a metasurface substrate of at least
1140 times compared to a bulk Si substrate — more than one and a half orders of magnitude
higher than that demonstrated earlier for resonant metasurfaces®® and nearly an order of
magnitude above the best cases utilizing other approaches.*?1¢ By demonstrating the gi-
ant enhancement in the SHG emission from a WS, monolayer, we have tackled one of the
critical limitations of TMD monolayers for practical implementations in nonlinear optics —
their low frequency-conversion efficiency due to one-atom effective interaction length.*® Our
demonstration opens up a new avenue for the deployment of TMD monolayers for efficient

integrated nonlinear photonic and optoelectronics devices.2%30

Results and Discussion

Our hybrid photonic structure is based on a Si metasurface composed of a square lattice of
bar pairs and a WSy monolayer placed on top of the metasurface. The material choice for
the metasurface is explained by mature fabrication technology and centrosymmetric atomic
structure of silicon, which prohibits intrinsic SHG from the material. Each meta-atom con-
sists of two parallel bars of slightly different widths, and the asymmetry parameter « is
defined as a ratio between the width difference d and width of a larger bar L (see Fig-

ure [Ip). Below the diffraction limit, the metasurface supports several distinct quasi-BIC
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Figure 1: Hybrid photonic structure for the enhanced harmonic generation. (a) Schematic
of SHG from a WS, monolayer placed on top of a Si metasurface composed of a square array
of bar pairs. (b) Design of the unit cell with the definition of the asymmetry parameter a.
(c) Near-field distribution of the electric field of quasi-BIC inside the meta-atom (left), and
magnetic dipole moments of the individual resonators m; and ms with the net magnetic
dipole moment of the unit cell (right).

resonances with high () factors and different field profiles and polarizations, which originate
from distortion of symmetry-protected BICs via asymmetry (o # 0).20 We focus on the
quasi-BIC with a field pattern of an in-plane polarized magnetic dipole (Figure ) The
origin of the magnetic dipole pattern is the net magnetic dipole moment of two adjacent
bars. Such an electric field distribution is localized near the bar surface, providing high field
enhancement inside the 2D material.

The field enhancement at the resonance depends on the interplay between different mech-
anisms of mode losses.3Y We engineer the loss rates of the quasi-BIC via control of the
meta-atom asymmetry, which allows maximizing the electric field inside the TMD layer.
Figure 2a schematically shows various mechanisms of losses of the quasi-BIC mode in re-
alistic conditions taking fabrication errors into account. Below the diffraction limit, the
quasi-BIC radiates with the rate v,,4 into a single diffraction channel, which describes the
radiation normal to the surface plane. The rate 7,,q increases with the asymmetry parameter
quadratically, Vraq o< o.28 We denote other mechanisms of losses, including material absorp-

tion, scattering due to surface roughness, and radiation from the edges, as parasitic with the
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Figure 2: (a) Schematic representation of radiative (green) and parasitic (red) losses of

the quasi-BIC mode for a realistic sample of finite size with fabrication imperfections. (b)
Schematic of the evolution of resonant amplitude of the quasi-BIC A(t) [see Eq. ()] coupled
to the radiation continuum via radiation to the zeroth diffraction order (green) and parasitic
losses (red) due to absorption and scattering to all diffraction orders. (c¢) Simulated evolution
of the metasurface transmittance with respect to the meta-atom asymmetry. The spectra
are relatively shifted by 0.5 units.

rate Ypar because they originate from material and fabrication imperfections.32 For dielectric
metasurfaces, surface roughness, spatial disorder, and sample edges can add extra in-plane
momentum to the quasi-BIC,24 which induces parasitic scattering Ypar tO NONZErO angles and
even high-order diffraction channels. We note that 7, is robust to small changes of a. The
total rate of quasi-BIC losses v is given by a sum of all contributions 7 = Yiad + Vpar-

For qualitative analysis of the effect of losses on the field enhancement, we use the tem-
poral coupled-mode theory.?3 We are interested in the wavelength range around 830 nm, for
which the WS, monolayer is non-resonant because its excitonic resonances are at the wave-
lengths below 630nm.** We consider a single-mode resonator tuned to a quasi-BIC mode,
whose resonant amplitude A(t) changes in time due to self-oscillations and excitation by an
external pump (Figure [2b),

dA(t)
dt

_Z[w - i(ﬁYrad =+ Vpar)]A(t) + /ﬁ?Eo.



Here, w is the real part of the quasi-BIC frequency, Fjy is the amplitude of the pump electric

field, and & is the amplitude of coupling between the pump and the quasi-BIC.

The sub-diffractive regime and reciprocity allow to relate x to the rate of radiative losses™?

as kK o< wrlﬁ . The parasitic losses are contributed by material absorption and scattering to
different states of the continuum, including high-order diffraction (Figure 2b). The field

enhancement |u|? at the resonance is given by the relative magnitude of the loss rates (see

Supporting Information),
|A‘2 Vrad(a)
E§ " [aa(@) + Ypa]”

Jul” =

(2)

Here, v;2q has pronounced dependence on the asymmetry parameter.

Analysis of Eq. shows that for constant 7., the maximal field enhancement is achieved
for the condition Yyaq = Ypar, Which is often termed as the critical coupling condition.*” The
rate of radiative losses depends directly on «, and it can be tuned to match the rate of
parasitic losses determined solely by the manufacturing process and material properties.
Equation shows that for the critical coupling condition, the field enhancement A%/E?
scales linearly with the mode @ factor Q = w/. We also note that we omitted the depen-
dence on the mode volume because it changes slowly with a.

Next, we design the metasurface parameters for further fabrication and experimental
analysis. We engineer a quasi-BIC at a wavelength of 832 nm, for which the intrinsic nonlinear
susceptibility of a WS, monolayer has a local maximum, and silicon is transparent. For
simulations, we consider an infinite square array of bar pairs; the period is 500 nm, height
is 160 nm, each bar length is 245 nm, larger bar width is 180 nm, and the distance between
the bars is 100nm. To find a proper design, we vary the width of the smaller bar in the
range of 130, 160, and 180 nm, which corresponds to a ~ 0.28, 0.11, and 0, respectively.
The simulated transmittance for each metasurface is shown in Figure 2. For a@ = 0.28, a
quasi-BIC appears at 830 nm, and it manifests itself as a sharp asymmetric resonance. For
a fully symmetric unit cell (o = 0), this resonant feature disappears.

We use the target design to fabricate a set of metasurfaces with different asymmetry
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Figure 3: (a) Schematic view and SEM image of the fabricated Si metasurface, top view. The
inset shows the designed and fabricated meta-atoms. (b) Measured linear reflected power
and second-harmonic intensity vs. pump wavelength for three different metasurface samples,
with a width of the smaller bar of 120, 130, 140 nm, respectively. The linear and SH spectra
are shifted by 1.2 units, and 250 counts, respectively.

parameters to achieve the critical coupling regime. The meta-atoms are fabricated from hy-
drogenated amorphous Si on a transparent substrate with the pattern size of 30 pm x 30 pm
and smaller bar width varying from 120 to 140 nm (Figure[3a). Additionally, a 50 pm x 50 pm
bulk Si film of the same thickness as a reference sample was fabricated for further comparison
of the SHG efficiencies. We measure the reflection spectrum from metasurfaces with a laser
tunable within the wavelength range of 800 to 900 nm (Figure , left). For each sample, we
observe an asymmetric peak, which has the characteristic Fano lineshape.28 The extracted
Q factor is @) = 35+ 5 (see Supporting Information). We note that although this @ factor
is not exceptionally high, it is sufficient to fully utilize the bandwidth of our fs pulsed pump
and to implement a reasonable range of values for the asymmetry parameter «, thus ensuring
optimal SHG enhancement in the pulsed regime.

To find the optimal sample, we perform SH spectroscopy of fabricated Si metasurfaces

(Figure |3b, right). The observed SH signal is enabled by the artificial asymmetry of the
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Figure 4: (a) Optical microscope images (reflected white light) of the bulk Si film (left) and
metasurface (right) squares after the transfer of monolayer WS, flakes. The outlines of the
Si structure are shown with green dashed lines and those of the flakes with red dashed lines.
(b) PL spectra of the WS, flakes described in (a).

unit cell. The SH intensity is proportional to |u|* and reaches the maximum in the critical
coupling regime. The sample with 140 nm bar width (o = 0.22) exhibits the highest SH
intensity with the peak value precisely at the wavelength of the quasi-BIC, which, within
the fabrication accuracy of about +10nm, agrees well with the simulations. We note, if the
critical coupling regime is realized for this sample, then the peak value of SH intensity must
decrease for samples with the bar width larger than 140 nm. To test this, we fabricated a set
of samples with smaller asymmetry parameters and measured the corresponding SH spectra
(see Supporting Information). The SH spectroscopy of the extended set of metasurfaces
confirms that the critical coupling is realized for the sample with a bar width of about
140 nm.

Next, we transfer mechanically exfoliated monolayer WS, flakes onto the optimized meta-
surface sample and the reference Si film. Figure [4h shows optical microscope images of sam-

ples after the flake transfer. Both the reference Si film and metasurface are partially covered
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Figure 5: (a) The measured SH intensity spectrum from WS, monolayers on top of the
optimized metasurface and on top of the reference Si film with a pump wavelength of 832 nm.
Metasurface (red) and bulk Si film (gray, magnified x500). (b) Measured SH intensity versus
the pump power for WS, monolayers on top of the metasurface (red) and bulk Si film (gray)
(log1o — logyg scale).

by large uniform flakes of about 40 pm x 16 pm and 17 pm x 11 pm size, respectively. Our
transfer method ensures that these flakes are clean and have identical thickness, as we sub-
stantiate below. The quality and the number of layers in the flakes are verified with the
corresponding PL spectra (Figure ) For both structures, the PL spectra demonstrate a
direct exciton peak at the wavelength of 615nm, while for the metasurface, the maximal
intensity is about 5 times higher. The metasurface has not been designed to feature a strong
resonance at this wavelength; hence, the amplification is modest. The PL signal provides
us an unequivocal proof of monolayer structure of the WS, flake,*® while identifying the
number of layers of TMD samples through the use of atomic force microscopy®® and Raman
spectroscopy®” requires an analysis of the complicated interplay between multiple parame-
ters. In particular, the shape of the observed PL spectra is an essential signature of the WSy
monolayer because, for more than one WS, layer, the PL spectrum shows at least one order
of magnitude decrease in intensity and also exhibits an indirect excitonic emission peak at
about 700 nm. =2

To characterize the SH response of the WS, flake placed on top of Si structures, we

illuminate the flakes at the fixed wavelength of 832 nm with laser pulses of 80 fs duration and

10



22mW average pump power. We increase the efficiency of coupling between the pump and
the quasi-BIC resonance by increasing the spot diameter to about 12 pm, which is comparable
to the size of the flakes. Figure |ba shows a comparison between reflected SH spectra of WS,
monolayers on top of the metasurface and on top of the reference film. We observe the
SHG enhancement of about 1140 times for the 2D material on the resonant Si metasurface
compared to a bulk Si film. This enhancement metric may be particularly useful in silicon
photonics and meta-optics, since both rely on nano-structuring thin silicone films on low-
index substrates. We note that the intrinsic SH signal of the bare metasurface is 360 times
lower than that of a hybrid metasurface, and it can, therefore, be neglected (Figure [3p).

In the critical coupling regime, the SHG enhancement is proportional to the square of
the @ factor (see Supporting Information), which is in perfect agreement with the measured
@ ~ 35. We note that the measured value of the @) factor is optimized for the current
excitation setup because it is comparable to the effective () factor of the laser pulse equal
to 90 (see Supporting Information). Furthermore, Eq. shows the highest SHG can be
achieved via optimization of the relative rates of losses rather than maximization of the total
Q factor. For a = 0, the @) factor is maximal, while the field enhancement is zero, and for
the critical coupling regime, the @) factor is not maximal, but the field enhancement is the
highest. The resonant properties of the metasurface at the SH wavelength also shape the
SH intensity.?> However, for wavelengths below 500 nm, SH resonances are smeared out by
strong absorption losses of Si and WS,.* Finally, we conduct an experimental verification
of the SH origin of the observed signal by detecting the average pump power incident on the
sample and average SH power captured by the collection objective. Figure shows that
power-to-power dependence demonstrates an explicit quadratic behavior for both samples,

which points to the SHG regime before saturation.

11



Conclusion

Our results demonstrate, for the first time to our knowledge, a strong enhancement of nonlin-
ear response from a hybrid structure of a 2D monolayer combined with a resonant dielectric
metasurface. The magnitude of SHG from a WS, monolayer on an engineered asymmetric
silicon metasurface has been directly shown to be at least 1140 times higher compared to that
from a WSy monolayer on a silicon film of the same thickness. The observed enhancement has
been boosted by optical bound states in the continuum, and it is more than one and a half
orders of magnitude higher than earlier reported for resonant dielectric metasurfaces. Hybrid
metasurfaces supporting quasi-BIC resonances integrated with TMD monolayers promise a

range of novel applications for optoelectronics and nonlinear microscopy.
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