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ABSTRACT: Two-dimensional (2D) layered materials such as GaSe recently have

emerged as novel nonlinear optical materials with exceptional properties. Although
exhibiting large nonlinear susceptibilities, the nonlinear responses of 2D materials are
generally limited by the short interaction lengths with light, thus further enhancement via
resonant photonic nanostructures is highly desired for building high-efficiency nonlinear
devices. Here, we demonstrate a giant second-harmonic generation (SHG) enhancement by
coupling 2D GaSe flakes to silicon metasurfaces supporting quasi-bound states in the
continuum (quasi-BICs) under continuous-wave (CW) operation. Taking advantage of both

high-quality factors and large mode areas of quasi-BICs, SHG from a GaSe flake is uniformly

enhanced by nearly 4 orders of magnitude, which is promising for high-power coherent light sources. Our work provides an effective
approach for enhancing nonlinear optical processes in 2D materials within the framework of silicon photonics, which also brings
second-order nonlinearity associated with 2D materials to silicon photonic devices.
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B INTRODUCTION

Nonlinear optics is one of the cornerstones of modern
photonics which founded a broad range of applications in laser
technology, optical microscopy, and quantum optics. Partic-
ularly, second harmonic generation (SHG) corresponds to the
nonlinear process that converts two identical photons into one
photon with doubled frequency.”” As a widely observed
second order nonlinear effect, SHG has been extensively
applied in optical spectroscopy, signal processing, and image
processing.” > Conventional SHG devices generally rely on
bulk nonlinear crystals including lithium niobate (LiNbO;),
beta barium borate (BBO), and potassium dihydrogen
phosphate (KDP),*™'° requiring phase-matching condition
and long interaction length with light.

Recently, 2D layered materials including transition metal
dichalcogenides (TMDCs) and gallium monochalcogenides
are emerging as a promising tool in building on-chip nonlinear
devices with ultrasmall footprints due to their ultrathin
thicknesses and large nonlinear susceptibilities.'" Among
them, 2D gallium selenide (GaSe) exhibits a giant monolayer
7% of ~1700 pm V! under telecom-band excitation,"”
demonstrating exceptional performances for high-efliciency
SHG."*™'® In particular, GaSe with e-type stacking is always
noncentrosymmetric for arbitrary layer thickness. Therefore,
the strength of 7? of e-GaSe can be effectively enhanced by
increasing the layer number.'”'" ™"

Nevertheless, nonlinear optical responses in 2D materials are
seriously limited by their short interaction lengths with light.
Photonic resonators and cavities can tightly confine light both
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spatially and temporally, hence serve as an effective approach
to significantly enhance nonlinear optical interactions at the
nanoscale. In general, in a 2D photonic structure without the
requirement of phase matching, the SH field can be expressed
as

PQw) « /\;)((2)(1', ®)[E,, (r, ®)?dV )

where P(2w) represents the SH field, @ is the second-order
nonlinear susceptibility of material, E;,.(r,®) denotes the local
electric field of pump light, and V is the interaction volume.”
Compared to other optical cavities and resonators such as
photonic crystal nanocavities, metasurfaces enable uniform
field enhancement over a large area, therefore allowing high-
efficiency nonlinear processes with high operation power.
While most of the early research focused on plasmonic
metasurfaces due to their strong enhancement of
E, (r,@),”' ™ all-dielectric metasurfaces with much higher
Q-factors provide an alternative platform for effective nonlinear
interactions with low heat generations and high damage
thresholds.”*™** In particular, recent studies on photonic BICs
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Figure 1. Hybrid device for enhancing the SHG. (a) Illustration of SHG from a GaSe flake laid on the surface of a Si metasurface consist of a
periodic square lattice of T-shaped pillars. Inset: Lattice structure of &-GaSe flake. (b) Diagram of the designed unit cell (the width w and the
asymmetry parameters a and b). (c) Simulated transmission spectrum of x-polarized (red line) and y-polarized (blue line) excitations. (d)
Simulated magnetic filed distribution at quasi-BIC mode in x—y plane, the black arrows indicate in-plane electric field vectors. (e) Simulated
electric field distribution at quasi-BIC mode in y—z plane; the black arrows indicate in-plane magnetic field vectors.

in dielectric metasurfaces have proven their ultrahigh Q-factors
and potential applications in low-threshold lasing,**~**
sensing,‘B_35 and enhancing both linear and nonlinear light—
matter interactions.’”*' BICs are exceptional localized states
with energy embedded in but interestingly entirely decoupled
from the radiative continuum often due to a symmetry
mismatch between the resonant and radiative modes. While
possessing theoretically infinite radiative Q-factors that are
appealing in various applications, BICs suffer from the
inaccessibility of external excitations. A slight symmetry
breaking may be desired to transfer the symmetry-protected
BICs into quasi-BICs with finite radiative losses, thereby
reaching an optimum balance between the Q-factor and the in-
and out-coupling efficiencies.”*~*

As an ideal material for near-infrared dielectric metasurface,
silicon has low optical loss, large refractive index, and mature
fabrication techniques. In particular, in silicon metasurfaces
BICs based on Mie-resonances have been employed to
enhance the nonlinear processes, for instance, four-wave
mixing and third harmonic generation.46 However, even-
order nonlinear susceptibilities vanish in bulk silicon due to the
presence of centrosymmetry, which seriously limits its
applications in nonlinear optics. Integrating 2D materials to
silicon metasurfaces with delicately designed optical reso-
nances offers an efficacious route to introduce the even-order
nonlinearity to silicon photonics. Recently, by combining
TMDCs with Si metasurfaces supporting low-Q quasi-BICs,
SHG enhancement by 3 orders of magnitude was observed
under femtosecond-pulse excitation.'” Nonetheless, continu-
ous-wave (CW) SHG is preferred in practical applications due
to its low-power consumption, which to date is limited to an
enhancement factor of 26 in low-Q metasurfaces.”’

Here, we report a giant enhancement of CW SHG from 2D
GaSe flakes utilizing a high-Q quasi-BIC with large mode area
demonstrated in our recent work.*" Si metasurfaces supporting
quasi-BICs with Q-factors up to 8911 were fabricated in which
symmetric defects are introduced in each unit cell to allow the
transition from BIC to quasi-BIC. Layered GaSe flakes are then
carefully transferred onto the metasurfaces without compro-
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mising their Q-factors. By tuning the excitation laser in
resonance with the quasi-BIC, a giant enhancement of CW
SHG up to ~9400-fold is achieved compared to the same GaSe
flake on the bare substrate. The polarization characteristics of
the SHG further confirms that the enhancement is attributed
to the quasi-BIC mode. Our work demonstrates the feasibility
of developing nanoscale nonlinear photonic devices by
integrating 2D materials with dielectric metasurfaces.

B DEVICE DESIGN

The schematic of the hybrid structure is presented in Figure la
in which the SHG from a GaSe flake is amplified by a Si
metasurface composed of periodically arranged Si meta-atoms
with symmetric defects. The introduction of defects breaks the
rotational symmetry protection of BICs, transferring them into
quasi-BICs that are accessible with free-space excitations at
normal incidence.** To maintain the high-Q factor of the BICs,
symmetric defects preserving the mirror symmetry in the x—z
plane was exploited. Specifically, each meta-atom is designed as
a T-shaped pillar, as confirmed in Figure 1b, defined by the
width w, and the asymmetry parameters a, b. As a result of the
mirror symmetry, the quasi-BICs can only be excited by y-
polarized beams, as shown in Figure lc. Considering the
nanofabrication resolution of ~50 nm in our tools,"* the
parameters are designed as a = 70 nm, b = 140 nm, and w =
360 nm with the Si thickness of 400 nm and the lattice period
Px = py = 580 nm.

The designed structure supports a quasi-BIC mode at the
wavelength of 1331.8 nm with a theoretical Q-factor of 17 612,
calculated by COMSOL Multiphysics. Moreover, as the
simulated magnetic field distribution in the x—y plane unfolds,
the quasi-BIC mode has the nature of a magnetic dipole, which
has been demonstrated to strongly enhance the nonlinear
light—matter interactions,”® as shown in Figure 1d. Figure le
presents the simulated distribution in the y—z plane of the
electric field, where a considerable electric field enhancement
can be noticed on the upper surface of a T-shaped pillar,
ensuring efficient coupling with the GaSe flake.
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B RESULTS

Quasi-BIC metasurfaces of 19 X 19 Si meta-atom arrays are
fabricated via e-beam lithography followed by plasma dry
etching on a silicon-on-insulator (SOI) wafer consisting of a
400 nm top Si layer and 3 pm buried SiO, (Figure 2a). We use
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Figure 2. Characterizations of the Si metasurface and GaSe flake. (a)
Top view scanning-electron micrograph of a 19 X 19 arrays Si
metasurface. Inset: Enlarged image of a unit cell (b) Optical
microscope image of few-layer GaSe flake transferred onto the
metasurface. (c) AFM image of the boundary of GaSe flake (red
frame in (b)). The inset shows the measured thickness with a value of
21.6 nm, corresponding to the layer number of 24. (d) Reflection
spectra for the quasi-BIC mode of metasurface with (black) and
without (red) GaSe flake.

mechanical exfoliation method for the preparation of GaSe
flakes, and then carefully transfer the flake onto metasurface
using polydimethylsiloxane (PDMS) with a yield around 90%.
Optical microscope image of the hybrid structure is presented
in Figure 2b, showing that the metasurface is fully encapsulated
by the GaSe flake. As shown in Figure 2c, the thickness of the
GaSe flake is measured by an atomic force microscope as 21.6
nm, corresponding to 24 layers with the monolayer thickness
of 0.89 nm.* It is worth noting that the GaSe flakes applied in
the study exhibit e-type stacking, which are always in the
absence of centrosymmetry.'> The observation of SHG from
the GaSe shows no layer dependence and its intensity is
linearly scaled with the layer number. To examine the influence
of the GaSe flake on the quasi-BIC mode, we use the
orthogonal polarization method, that is, placing two
orthogonal polarizers at the excitation and collection paths,
to obtain the reflection spectra of the metasurface with and
without the GaSe flake. As is shown in Figure 2d, a redshift
(~10 nm) of the quasi-BIC mode is observed after the
encapsulation of GaSe flake due to the change of the
environmental effective refractive index, while the degradation
of the Q-factor is negligible. The successful integration of the
relatively thick GaSe flake onto the Si metasurface without
compromising the Q-factor is crucial to taking full advantages
of the sharp resonances of the quasi-BICs in our work.

To characterize the SHG from the hybrid structure at room
temperature, a CW laser (1260—1380 nm) was employed to
pump the sample at 1.5 mW. The excitation laser was focused
to a 3 ym-diameter spot via a 20X objective lens (NA = 0.45)
to ensure the mode overlap between the incident spot and the
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quasi-BIC mode. The SHG signal in the reflected direction was
collected and sent to a grating spectrometer (PISP 2758).
Typical measured spectra of pump laser (red line) and the
corresponding SH signal (yellow line) are shown in Figure 3a.
It can be observed that an emission appears at 667.28 nm with
fixed 1334.6 nm of the pump laser, which is an obvious
evidence of frequency-doubled photons generation. Figure 3b
shows the reflected SHG spectra of the GaSe flake on (blue
line) and off (red line) the metasurface, respectively,
confirming an ~9400-fold enhancement with the pump laser
in resonance with the quasi-BIC. Third harmonic generation
(THG) is certainly expected and should be also enhanced by
the quasi-BICs in our experiment. However, the THG signal is
not directly observed in our experiment due to the limited
spectral coverage of our optical setup. It is noted that the SHG
enhancement factor in our work is nearly 3 orders of
magnitude higher than previous demonstration in the same
material platform,* which is attributed to the much higher Q-
factor of the quasi-BIC mode achieved in our hybrid system.
The critical role played by the quasi-BIC in SHG enhancement
is further confirmed by the wavelength dependent SHG
measurement, as shown in Figure 3c. When scanning the
pumping laser across the quasi-BIC wavelength, the SHG
intensity changes drastically, reaching the maximum when the
pump laser is in resonance with the quasi-BIC. The wavelength
dependence of SHG strictly follows the profile of fp,..% in
which fr,,, represents the Fano fitting of the quasi-BIC mode.
The nonlinear nature of the SHG process is verified by the
pump power-dependent SHG measurement in a double
logarithmic plot (Figure 3d). The exponent value of the
power dependence is fitted to be n = 1.97 with Pgyyg = mPyyny
demonstrating a quadratic dependence of the SHG intensity
on the pump power.

Figure 4 displays the polarization characteristics of the SHG
signal. Specifically, y-polarized SHG intensity is monitored
when the polarization of the excitation laser rotates from 0° to
360°. The y-polarized SHG intensity of the GaSe flake on the
metasurface is dominated by the polarization of the quasi-BIC,
which comes to the maximum under a pump laser with y-
polarized as well. On the contrary, the y-polarized SHG
intensity follows a 4-fold rotational symmetry when pumping
off the metasurface (Figure 4b), resulting from the crystalline
symmetry of GaSe.’” It should be noted that we deliberately
aligned the polarization of the quasi-BIC mode to the arm-
chair crystallographic axis of the GaSe flake in order to obtain
the maximal SHG signal along the y-axis.

B CONCLUSION

In conclusion, we demonstrated the successful integration of
2D GaSe flakes on Si metasurfaces supporting quasi-BIC
modes without compromising their high-Q factors. The unique
combination of the high Q-factor supported by the quasi-BIC
mode and the large y® of the few-layered GaSe flake results in
a giant enhancement of CW SHG as high as 9400-fold.
Notably, such a record enhancement factor achieved in this
work is nearly 3 orders of magnitude higher than previous
reports in the same material platform. Our design not only
significantly enhances the nonlinear responses of 2D materials
by using high-Q optical resonances but also brings the second-
order nonlinearity associated with 2D materials into silicon
photonics. We believe that the fusion between 2D materials
and dielectric metasurfaces supporting high-Q quasi-BICs is a

https://doi.org/10.1021/acs.nanolett.1c01975
Nano Lett. 2021, 21, 7405-7410


https://pubs.acs.org/doi/10.1021/acs.nanolett.1c01975?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c01975?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c01975?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c01975?fig=fig2&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.1c01975?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Nano Letters pubs.acs.org/NanoLett

(a) (b)

x10°%

100 N Pum . 401 On Metasurface 1000,\
’:,:\ $ —— Off Metasurface §
< g 30} {750 2
2075} 2 €
Eo050 i %20 500
hel A (7}
S025) ; €10 250 £
= (o] 1) )
2 Y I &

0.00 3 2 0

667 668 1334 1335 666.5 667.0 667.5 668.0

Wavelength (nm) Wavelength (nm)

(c)

z 10| = SHG ;1'0 10%F | = SHG Intensity
3 Srano? 8 . —— Linear Fitting(Slope 1.973)
= 5
2 e
S " o0 2 10%F
E 05 1333 1334 1335 1336 2
o VOl Wavelength (nm) Q
(5] C
3 O 408
< 10°F
£ b
o
z
%o . . . 07 . .
1333 1334 1335 1336 1337 0.25 0.5 1 1.5
Pump Wavelength (nm) Pump Power (mW)

Figure 3. Quasi-BIC enhanced SHG. (a) Normalized spectra of fundamental laser (right) and SHG signal (left) generated from the hybrid
structure of GaSe flake and metasurface at the quasi-BIC resonance. (b) Measured spectra of the SHG from GaSe flake on (blue, integral time 0.5
s) and off (red, integral time 20 s) the metasurface. (c) Dependence of SHG intensity on the pump wavelength. Inset shows the Fano fitting of the
quasi-BIC mode. (d) Measured SHG intensities as a function of pump power. The exponent value obtained from the fitting is 1.973.
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Figure 4. Intensities of SHG as a function of the pump beam polarization for the GaSe flake. (a) On metasurface and (b) off metasurface. 0°
corresponds to the polarization parallel to the y-axis, which is the polarization of the quasi-BIC mode.
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