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Efficient Second-Harmonic Generation from Silicon Slotted
Nanocubes with Bound States in the Continuum

Cizhe Fang, Qiyu Yang, Qingchen Yuan, Linpeng Gu, Xuetao Gan,* Yao Shao, Yan Liu,*
Genquan Han, and Yue Hao

Optical materials with centrosymmetry, such as silicon and germanium, are
unfortunately absent of second-order nonlinear optical responses, hindering
their developments in efficient nonlinear optical devices. Here, a design with
an array of slotted nanocubes is proposed to realize remarkable second
harmonic generation (SHG) from the centrosymmetric silicon, which takes
advantage of enlarged surface second-order nonlinearity, strengthened
electric field over the surface of the air-slot, as well as the resonance
enhancement by the bound states in the continuum. Compared with that
from the array of silicon nanocubes without air-slots, SHG from the slotted
nanocube array is improved by more than two orders of magnitude. The
experimentally measured SHG efficiency of the silicon slotted nanocube array
is high as 1.8 × 10−4 W−1, which is expected to be further engineered by
modifying the air-slot geometries. The result can provide a new strategy to
expand nonlinear optical effects and devices of centrosymmetric materials.

1. Introduction

Silicon is one of the most promising materials for developing ad-
vanced photonic[1–3] and optoelectronic devices.[4,5] First, its high
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refractive index allows the compact foot-
print of silicon-based photonic integrated
circuits,[6] which also supports multi-
ple Mie resonance modes for versatile
metadevices.[7,8] Second, beneficial from
the mature complementary metal-oxide-
semiconductor (CMOS) technology,
silicon photonic devices have great ad-
vantages of low-cost and large-scale pro-
ductions over other materials, including
III–V compound semiconductors,[9,10]

lithium niobate,[11,12] polymers, etc.
Third, it is possible to combine silicon
photonic devices with well-developed
silicon microelectronic devices for
constructing optoelectronic integrated
circuits. Remarkably, silicon has sig-
nificant third-order nonlinear optical
responses,[13,14] providing an extra de-
gree of freedom to expand the functions

of photonic devices, such as all-optical switch,[15] generation of
entangled photons,[16,17] and phase conjugation.[18] In nonlinear
optics,[19–22] the second-order nonlinearity (𝜒 (2)) has susceptibili-
ties about ten orders of magnitude higher than third-order non-
linear susceptibilities (𝜒 (3)), which is much preferred in typical
nonlinear photonic devices.[23,24] Unfortunately, silicon is a cen-
trosymmetric crystal, making it absent of bulk second-order op-
tical nonlinearity.[25–27]

The broken centrosymmetry is allowed at silicon surface or
interface, enabling a possibility to realize silicon-based second-
order nonlinear optical responses. Unfortunately, the surface
second-order nonlinearity only happens in few-atom thicknesses.
The corresponding nonlinear responses are very weak due to
the ineffective light–matter coupling.[28] The employment of
silicon nanoparticles[25] or nanowires[29] with large surface-to-
volume is one solution to improve the second-order nonlin-
earity by effectively enlarging the surface area. Another way is
the utilization of optical resonators, which could confine light
for a long time to effectively interact with the silicon surface,
such as microrings[30] and microcavities,[31,32] photonic crystal
cavities,[26,33] Mie resonators.[13,14] Recently, it was revealed that
second harmonic generation (SHG) can be observed in high-
Q Si metasurfaces with broken in-plane inversion symmetry.[34]

This approach opens new perspectives for SHG physics and
device applications under normal excitation conditions. How-
ever, the efficiencies of second-order nonlinear responses from
silicon realized in these strategies still have rooms to be
improved.
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Figure 1. a,b) Structure and mode distribution of a silicon nanocube without air-slot. c,d) Structure and mode distribution of a silicon nanocube with
an air-slot.

In this work, we demonstrate that surface second-order non-
linearity of silicon could be greatly improved by fabricating an
array of slotted nanocubes, giving rise to an efficient SHG. It ben-
efits from the simultaneous employment of surface nonlinearity
and optical resonance. The air-slot in the nanocube not only en-
larges the surface area with second-order nonlinearity but also
boosts the surface optical field governed by the continuous con-
dition of the normal electric displacement. In addition, by arrang-
ing the slotted nanocubes into an array, quasi-bound states in the
continuum (BIC) modes with high quality (Q) factor are formed,
which could localize the optical field around the silicon surface
for a long time for effective light–matter interaction.

2. Structure Design and Theoretical Analysis

Figure 1a schematically displays a silicon nanocube without
air-slot located on a sapphire substrate. It has a thickness of t
and a side length of l. Owning to silicon’s high refractive index,
the nanocube could support Mie resonance modes though its
dimension may be smaller than the resonance wavelength.[35]

With the mode simulation based on a finite element method (see
the Experimental Section for details), a magnetic-dipole (MD)
type Mie resonance mode of the silicon nanocube is obtained,
as shown in Figure 1b. With l = 440 nm, the resonance wave-
length locates at 1687 nm and the quality (Q) factor is 5.7. The
electric field of the resonance mode is mostly localized inside
the nanocube with a doughnut spatial distribution, which has no
contribution to the SHG due to the absence of bulk 𝜒 (2). While
there exist mode leakages at the boundaries of the nanocube, the

electric field is much weaker than the bulk counterpart, which
cannot yield strong surface SHG.
To solve the awkwardness, an air-slot is introduced in the mid-

dle of the nanocube, as schematically shown in Figure 1c, which
has a width of a and a depth of b. The slotted nanocube could still
support theMie resonance.With a= 110 nm, b= 110 nm, anMD-
type resonance mode is obtained at the wavelength of 1555 nm,
which is blueshifted with respect to the nanocube without air-
slot. TheQ factor is about 5.3 and the correspondingmode distri-
bution is displayed in Figure 1d. A strong electric field emerges
inside the air-slot, which is about three times higher than the
maximum value inside the nanocube. This could be attributed to
the continuous condition of the normal component of the elec-
tric displacement at the interface (i.e., 𝜖0Eair = 𝜖SiESi).

[36] Given
silicon’s high refractive index, the electric field can be obviously
enhanced at the air-slot boundaries. This strengthening could be
improved significantly by arranging the slotted nanocubes into
an array, as discussed below. From the comparison, there are
two merits for facilitating surface SHG: i) the electric field in-
teracting with the surface is significantly increased around the
air-slot and ii) the surface area is enlarged for providing more
surface 𝜒 (2).
For a single slotted nanocube, the Q factor of the Mie reso-

nancemode is still small. In an optical cavity, the localized electric
field is proportional to theQ factor. To realize stronger SHG from
the slotted nanocube, theQ factor should be improved greatly. In
addition, by comparing the localized electric fields in the single
nanocubes with and without air-slot (shown in Figure 1b,d), the
boosting effect on the electric field by the air-slot is not remark-
able enough, which is caused by the strong mode leaking of the
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Figure 2. a) Dependence of Q factors on the array size for the arrayed slotted nanocubes. Inset: Schematic of a slotted nanocube array with a size of
3 × 3. b) Electric field distribution in the slotted nanocubes with an array of 11 × 11. Inset: Electric field vector plot of the central slotted nanocube. c)
Comparison of the calculated SHG from the arrays of nanocubes with and without air-slots. d) Enhancement factors of the electric field over the sidewall
surface of the air-slot and the overall SHG as functions of the slot width a.

single nanocube. If the Q factor could be improved to reduce the
mode leaking, the air-slot-assisted strengthening on the electric
field is expected to present. As schematically shown in the inset
of Figure 2a, slotted nanocubes are arranged into an array to im-
prove the Q factor. In the array, the Mie resonance mode of indi-
vidual nanocubes would couple with each other, which provides a
possibility to decrease the far-field radiation with the destructive
interference among the leakymodes. Furthermore, from the view
of future developments in practical nonlinear optical devices, an
array of nanocubes is more promising than a single nanocube. It
is a challenge to focus an optical beam into a size matching with
the single subwavelength nanocube. With the slotted nanocubes
in an array, the device dimension could be designed large enough
to be compatible with the beam size of the excitation laser. Fi-
nally, the large nanocube array could provide much more silicon
surfaces second-order nonlinearity to enhance SHG than a single
nanocube.
Figure 2a shows the calculated Q factors of the resonance

modes from the slotted nanocube array with different array
sizes. Here, the slotted nanocube has parameters of l = 440 nm,
a = 110 nm, b = 110 nm, and the lattice constant of the array is
660 nm. The Q factor increases rapidly as the array size is en-
larged. It has a value larger than 103 with an array size of 11 × 11.
The highQ factor would support the effective interaction between
the resonance mode and silicon surface. We attribute the high Q
factor to the appearance of the quasi-BIC mode.[37–40] A periodic
array of nanocubes without air-slots can achieve the symmetry-
protected BIC.[41] This mode can stably exist above the lightline
with infiniteQ factor, as verified by the band structure calculation

shown in the Supporting Information. Once the broken symme-
try is introduced, the mode turns into a leaky mode with high Q
factor.[37,42] Here, the existence of the air-slot and substrate can
be regarded as the broken symmetry to the symmetry-protected
BIC, resulting in a quasi-BICmode with highQ factor in the slot-
ted nanocube array.
The mode distribution of the resonance mode from an 11 × 11

array is displayed in Figure 2b, and the inset shows a zoomed im-
age of the central slotted nanocube. A circulating electric field is
still observed within each nanocube. Interestingly, the innermost
nanocube shows the largest field enhancement while the outer-
most nanocubes show smaller field enhancements, which will
be explained in the next section. Note the central nanocube has
a significantly boosted electric field at the boundary of the air-
slot. By comparing with an array of nanocubes without air-slot,
the electric field at the air-slot boundary of the slotted nanocube
array is about eight times stronger than that inside the nanocube
array without air-slot. The arrows in the inset display the electric
field directions, indicating the electric fields across the air-slot
are mainly the x-component. By increasing the array size, not
only the electric field at the air-slot boundaries can be enhanced,
more air-slot boundaries are generated for providing surface 𝜒 (2)

nonlinearity.
To further describe the surface SHG process of the silicon

slotted nanocubes, the nonlinear polarization (i.e., Psurface) is ex-
panded as three nonzero contributions[27]

P(2)⟂⟂⟂ = 𝜒 (2)
⟂⟂⟂

[
E2⟂

] ∧
e⟂ (1a)
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P(2)⟂‖‖ = 𝜒 (2)
⟂‖‖

[
E2‖

] ∧
e⟂ (1b)

P(2)‖‖⟂ = 𝜒 (2)
‖‖⟂

[
E⟂E‖

] ∧
e‖ (1c)

where 𝜒 (2) is the second-order nonlinear susceptibility, ‖ and ⊥

represent the directions parallel and perpendicular to the surface.
According to Figure 2b, the electric field of the resonance mode
around the air-slot is along the x direction. Consequently, the en-
hancement in the SHG at the air-slot is dominated by Ex.
We then calculate the surface SHG from the periodic array

of slotted nanocubes (l = 440 nm, a = 110 nm, b = 110 nm,
and lattice constant of 660 nm), which is enhanced by introduc-
ing the air-slot as well as the quasi-BIC state. For comparison,
SHG excited from a periodic array of nanocubes without air-slots
(l= 440 nm and lattice constant of 660 nm) is also calculated. The
SHG intensity is calculated as follows[43]

ISHG = ∫
A

⃖⃗SSH ⋅ n̂da (2)

where ⃖⃗SSH is the Poynting vector of the SHG field and n̂ is the
unit vector normal to a surface A. SHGs from all surfaces of the
nanocube are calculated and added together to obtain the overall
SHG. Figure 2c displays the calculated SHG spectra from the ar-
rays of nanocubes with and without air-slots. Beneficial from the
extra air-slots, the SHG is enhanced by nearly 200 times from the
periodic array of silicon nanocubes.
Like the perturbation of the symmetry-protected BIC,[41,42] the

dimension of the air-slot would determine theQ factor of the BIC,
which consequently modifies the enhanced electric field over the
sidewall surface of the air-slot as well as the SHG process. In
Figure 2d, we plot the enhancement factors of the electric field
and the SHG as functions of the air-slot width a with respect
to the values obtained with a = 0 nm, i.e., nanocubes without
air-slots. Here, the considered electric field is defined as the av-
erage value over the sidewall surface of the air-slot (the red area
in the inset). As a decreases, the enhancement factor of the elec-
tric field approaches 300, and the SHG enhancement factor is
increased to 106 gradually. The reduction of a leads to a situation
that the radiation loss gradually decays for a symmetry-protected
BICmode. In consequence, there produces strong field enhance-
ment thus corresponding to a strengthened SHG intensity.[19,44]

At a = 0 nm, i.e., no air-slot, the SHG only originates from the
weak surface effect at the nanocube boundary and hence has low
efficiency. Moreover, we study the dependences of the Q factors
and SHG enhancements on other air-slot geometries, i.e., the air-
slot depth and the shift of air-slot from the nanocube center, as
discussed in the Supporting Information. With the decrease in
the air-slot depth, both Q factor and SHG enhancement are im-
proved, which is similar to that with the varied air-slot width. It
could be ascribed to that the variations of the air-slot depth or
the air-slot width could both be considered as the changes in the
perturbation of broken-symmetry, which should have equivalent
effect to the supported quasi-BIC.[42] As for the fixed air-slot, the
Q factor and SHG enhancement can be improved by shifting the
air-slot from the nanocube center gradually. Only for large air-

slot shifts, the improvement in the Q factor and SHG enhance-
ment is significant. The simulation results confirm the crucial
role of the electric field enhancement on the Si surfaces in the
improvement of the SHG enhancement. These phenomena em-
phasize that the air-slot geometries are important in the proposed
strategy.

3. Experimental Results and Discussions

To experimentally verify our proposal, arrays of nanocubes with
varied air-slot widths are fabricated on a silicon slab with the
techniques of electron beam lithography and inductively coupled
plasma etching (for details, see the Experimental Section). The
array of the slotted nanocubes is 20 × 20 with a lattice constant
of 740 nm. The nanocube has a length of 480 nm. The air-slot
widths are changed while the depths are fixed at 123 nm. Scan-
ning electron microscope (SEM) images of a fabricated device
are displayed in Figure 3a, showing decent surface morphology.
We first characterize their linear optical responses by measuring
their reflection spectra in a home-built microscope (see the Ex-
perimental Section for details), as shown in Figure 3b. For the
devices with different air-slot widths, all of them show prominent
reflection peaks. The resonance wavelengths locate at 1551.8,
1544.8, 1539.3, 1533.4, and 1531.5 nm, respectively, for the de-
vice with the air-slot widths of 116, 134, 153, 184, and 194 nm.
The Q factors of these resonances have values of 651, 489, 440,
365, and 300. The Q factors reduce with the increase of air-slot
widths, accompanied by a blueshift in the resonance wavelength.
Note that the measured Q here is a combination of the radia-
tive (Qr) and nonradiative (Qnr) contributions.

[34] As a structure
supporting the symmetry-protected BIC, Qr can be adjusted by
the broken-symmetry perturbation. However, the existence of the
nonradiative losses, including nonideal factors caused by the fab-
rication process and the finite array, leads to the attenuation in the
measured Q factor (for details, see the Supporting Information).
Considering that these two contributions are inevitable in the ex-
periments, the measured results manifest themselves as lowerQ
factors compared with the calculated ones.
According to Figure 2b, the x component of the electric field

can be enhanced due to the continuous condition of electric
displacement across the air-slot boundary. It means that the x-
polarized component can inspire the resonance mode effectively.
To confirm this point, we measure the reflection intensity of the
sample with a = 116 nm by rotating the polarization of the on-
resonance laser, as shown in Figure 3c. A linear polarization de-
pendence along the x-direction with a ratio of 0.76 is obtained.
Figure 3d displays the spatial distribution of the resonance mode
examined under the far-field excitation and collection. The mode
localizes around the center of the array. In an infinite array with
the symmetry-protected BIC, the normal radiative decay of the
mode is compensated by driving terms arising from the local field
at the positions of the nanocubes.[45,46] However, as a finite array,
nanocubes around the boundary can only be partially compen-
sated, resulting in an extra leakage. Thereby the center area of
the structure has a stronger ability of field confinement. Notably,
this extra leakage is inevitable for a practical device and finally
leads to the decline in the Q factor.
SHG processes from the fabricated devices are then character-

ized using a reflection system (see the Experimental Section for
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Figure 3. a) SEM images of the fabricated slotted nanocube array. b) Measured reflection spectra of the slotted nanocube arrays with different air-slot
widths. c) Normalized polarization dependence of the reflection intensity from a slotted nanocube array with the excitation of an on-resonance laser. d)
Spatial mappings of the mode distribution with the excitation of an on-resonance laser. The white dashed frame implies the boundary of the sample.

details). Figure 4a displays the measured SHG spectra from two
arrays of the nanocubes with and without air-slots. There is no
detectable SHG from the structure without air-slots because the
SHG signal is so weak that it is out of the measurement sensitiv-
ity of our system. On the contrary, a significant SHG signal can
be observed in the structure with slotted nanocubes (a= 116 nm).
SHG is expected to show a quadratic dependence on the pump
power. In Figure 4b, we display a log-log plot of the SHG versus
the pump power at the resonance wavelength. The fitted slope is
1.82 ± 0.03, indicating a typical quadratic relation between the
pump and signal in the SHG process. The polarization depen-
dence of the SHG is shown in Figure 4c. The SHG intensities
reach the maximal values for x-polarized excitation, which has
the same polarization dependence as that in the reflection spec-
trum shown in Figure 3c. Note the extinction ratio of the SHG
polarization dependence (i.e., 0.98) is much higher than that of
the resonance mode. It is because an x-polarized pump light can
inspire the resonance mode effectively and the SHG process has
a quadratic function of the pump light. The spatial mapping of
the SHG signal with the on-resonance pump is also carried out,
as shown in Figure 4d. A similar spatial distribution to that of the
resonance mode is observed because the SHG is excited by the
resonancemode. Note, the size of the SHGdistribution is smaller
than that of the resonance mode considering the quadratic func-
tion in the SHG process between the pump laser and the SHG
signal.

The link between the resonance-enhanced SHG and the res-
onance mode of the slotted nanocube array is visualized by
the pump-wavelength dependence of the SHG signals. Here, a
picosecond laser with the tunable wavelength range of 1530–
1560 nm is employed. It is focused onto a samplewith a= 153 nm
at the resonance wavelength of 1539.3 nm. Figure 5a displays the
SHG spectra obtained with the pump lasers at different wave-
lengths. When the pump wavelength is scanned across the reso-
nance wavelength, SHG reaches the maximum at the resonance
wavelength and dramatically decreases under the off-resonant
conditions. In Figure 5b, we plot the dependence of the SHG
intensity on the pump wavelength. The experiment result is
well fitted by the quadratic Fano function because the SHG is
a resonance-enhanced nonlinear frequency conversion process.
The near field distribution of the structure is calculated at differ-
ent wavelengths, as shown in Figure S4 in the Supporting Infor-
mation. At the resonance wavelength, there is a significant im-
provement in the electric field enhancement at the surface of the
slotted nanocube. The intensity of the electric field decays rapidly
once the wavelength is shifted away from the resonance wave-
length. Such surface overlapping of the resonance modes sup-
ported by the slotted nanocubes can lead to the SHG enhance-
ment compared with the off-resonance case. It is confirmed that
the SHG enhancement originates from the field concentration
at the quasi-BIC mode. As discussed above, the air-slot-assisted
SHG enhancement can be governed by varying the air-slot width
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Figure 4. a) Experimentally measured SHG spectra from the arrays of nanocubes with and without air-slots. b) Log-log plot of SHG power-dependence
on the pump powers (black dots) and their linear fitting (red curve). c) Normalized polar plots of the SHG signals (black dots) and their fitting (red
curve). d) Spatial mapping of the SHG pumped with the on-resonance laser.

Figure 5. a) Evolution of the SHG spectra at different pump wavelengths. b) Wavelength dependence of SHG intensities when the pump wavelength is
tuned across the resonance wavelength, where fFano is the Fano function used to fit the resonance wavelength (see details in the Experimental Section).
The blue area represents the resonance-enhanced SHG. c) Dependence of the measured SHG intensities on the varied air-slot widths.

(l = 480 nm, b = 123 nm, and the lattice constant is 740 nm).
To verify it, we measure SHG intensities from the devices with
varied air-slot widths, as shown in Figure 5c. With the decrease
in a, the SHG intensities gradually increase, which is in agree-
ment with the dependence of the calculated results shown in Fig-
ure 2d. Finally, we estimate the SHG conversion efficiency in a
structure (l = 515 nm, a = 117 nm, b = 101 nm, and the lattice
constant of 632 nm), defined as 𝜂 = PSHG/P

2
pump. With a pump

power of 3.74 mW, the SHG with a power of 2.53 nW was mea-
sured. The normalized conversion efficiency is 1.8 × 10−4 W−1

(≈10–14 W–1 in bulk silicon[47]), which is larger than that obtained
from the photonic crystal nanocavity based on Si.[26] Compared
with silicon nanoparticles,[25] our structure can achieve a com-

parable SHG efficiency (6.8 × 10–7) at a much lower pump peak
intensity (≈0.5 GW cm−2).[48] It should be pointed out that the
SHG efficiency can be affected by the pulse duration (for details,
see the Supporting Information). With the same pulse energy, a
shorter pulse duration would result in a higher SHG efficiency.
Enhancing surface SHGs with nanoslots or nanogaps have also
been demonstrated in metal plasmonic nanostructures,[49–57]

such as bow-ties,[49] nanogrooves,[52] and nanocube arrays.[55]

Compared with them, the SHG conversion efficiency achieved
in our proposed array of Si slotted nanocubes can be sev-
eral orders of magnitude higher (see Table S1, Supporting In-
formation). In addition, given the plasmonic structures suffer
from high losses and Joule heat, the Si-based structure displays
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the advantages of low loss and CMOS-compatible fabrication
process.

4. Conclusion

In conclusion, an array of silicon slotted nanocubes is designed
and fabricated to boost the second-order nonlinearity from the
centrosymmetric silicon. The air-slot in the silicon nanocube
could provide enlarged surface area to utilize the surface second-
order nonlinearity. On the other hand, the air-slot promises a
significantly enhanced optical field due to the continuous condi-
tion of the normal component of the electric displacement. Fur-
ther, the slotted nanocubes are arranged into an array to form the
quasi-BIC with high Q factor, which ensures the effective light–
matter interaction in excitation the surface second-order nonlin-
earity of silicon. Consequently, SHG from the slotted nanocube
array is improved by more than two orders of magnitude com-
pared with that from the array of silicon nanocubes without air-
slots. The experimentally measured SHG efficiency of the silicon
slotted nanocube array is high as 1.8 × 10−4 W−1, which could be
further engineered by modifying the air-slot geometries, such as
the width and depth of the air-slot, and the shift of the air-slot
from the nanocube center. Moreover, recently emerged strate-
gies, including doubly resonant enhancement[31,32] and the inte-
gration with 2Dmaterials,[58] provide novel approaches to further
boost the SHG. As more strategies are proposed, we believe that
the surface SHG effect in silicon nanostructures can be further
improved. Our results could provide a new strategy to develop
second-order nonlinear optical effects and devices with high effi-
ciency from centrosymmetric materials.

5. Experimental Section
Numerical Simulations: Numerical calculations were carried out using

the finite-element method (COMSOLMultiphysics). The silicon nanocube
(n= 3.48) placed on a sapphire substrate (n= 1.75) was illuminated by the
normal incident plane wave with a polarization along the x-axis. Perfectly
matching layers were used at the input and output ports. The quality fac-
tors were evaluated by the eigenmode solver. For a periodic array of the sil-
icon nanocubes, periodic boundary conditions were applied along the x/y
directions.[59] Second harmonic generation from the slotted nanocubes is
modeled through two electromagnetic simulation steps in the frequency
domain. First, the linear scatterings at the pump wavelength are simu-
lated, and the induced nonlinear polarizations are derived. Second, these
nonlinear polarizations are set as the sources for the SHG fields at the
doubled frequency. In all simulations, the nanocube thickness t is fixed at
230 nm.

Sample Fabrication and Characterization: The sample used for the de-
vice fabrication is a silicon-on-sapphire wafer with a 230 nm thick silicon
layer. The wafer was diced in 1 cm × 1 cm pieces, which were cleaned inN-
methyl-2-pyrrolidone, isopropyl alcohol, and deionized water for 10 min.
After that, AR-P 6200.13 was spun on the sample at 4000 rpm to have a
thickness of about 400 nm. The resist was then baked on a hot plate at
180 °C for 2 min. Electron beam lithography was performed on the sam-
ples to transfer the pattern on the resist. Subsequently, the pattern was
transferred into the silicon using inductive coupled plasma with SF6 and
C4F8 as etchants. Finally, the residual resist was chemically removed with
N-methyl-2-pyrrolidone and piranha solution. The morphology of samples
was assessed by a SEM (FEI Verios G4).

Optical Characterizations: The samples were characterized using a
home-built setup, which has both reflection and transmission configu-
rations. For linear optical responses, samples were illuminated by the

light from a broadband supercontinuum laser (Yangtze Soton Laser pho-
tonics, SC-Pro). The spectra of reflected light were collected by means
of an objective (50×, numerical aperture (NA) of 0.42), which was sub-
sequently coupled to an infrared spectrometer (Andor tech., DU490A-
1.7). Moreover, to evaluate the Q factors of the resonance modes accu-
rately, samples were illuminated by a narrowband tunable laser (Yenista
Tunics T100S-HP) and reflected signals were measured using a telecom-
band photodiode. The measured data were fitted by the Fano function
fFano = ((q + (𝜔−𝜔0)/𝛾)

2 + 𝛾2)/(1 + ((𝜔−𝜔0)/𝛾)
2) to obtain the Q

factor.[60] Here q is the asymmetry factor, 𝜔0 is the resonance frequency,
and 𝛾 represents the damping rate. The SHG is collected by a 20 × /0.4 NA
microscope objective when pumped by a fiber-based pulsed laser with a
pulse width of 8.8 ps and a repetition rate of 18.5 MHz. The signals were
then coupled to a visible spectrometer (Princeton Instruments, SP 2558
and 100BRX). The powers of the transmitted SHG are measured by a visi-
ble photomultiplier tube. During the measurement, a polarizer and a half-
wave plate were utilized to control the linear polarization of the pump laser
illuminated on the sample. The spatial mappings are measured using a
setup with a reflection configuration. The sample was mounted on a 2D
piezo-actuated stage. To characterize the resonance mode, a narrowband
tunable laser (Yenista Tunics T100S-HP) with an on-resonance wavelength
is focused onto the sample using a 50 × /0.42 NA microscope objective.
The reflected powers are monitored using a telecom-band photodiode. As
for the far-field radiations of the SHG, they were monitored using a visible
spectrometer (Princeton Instruments, SP 2558 and 100BRX) when a pi-
cosecond laser was utilized to generate the fundamental beamwith the on-
resonance condition (pulse duration 8.8 ps and repetition rate 18.8 MHz).
Homemade LabVIEW programs were designed to synchronously control
the 2D piezo-actuated stage and a telecom-band photodiode/visible spec-
trometer for measuring the spatial mappings of the structure.
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