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Toroidal dipole resonances enhanced
second-harmonic generation with shallow
etching of lithium niobate metasurface
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Lithium niobate (LiNbQO;) has shown great potential for
applications in nonlinear metasurfaces, thanks to its large
second-order nonlinear coefficients and high integration
capabilities. Optical resonances play a crucial role in fur-
ther enhancing the nonlinear optical responses of LiNbO;
metasurfaces (LNMS). In this study, both numerically and
experimentally, we designed and fabricated a metasurface
structure that supports toroidal dipole (TD) resonance to
enhance second-harmonic generation (SHG). This struc-
ture, which consists of an array of shallow-etched square
columns on a continuous thin film, intensifies the SHG sig-
nal at 400 nm within the LiNbO; film by means of strong
local field confinement. Experimental results indicate that
this signal is ten times stronger compared to that of lithium
niobate on insulator (LNOI). These findings emphasize the
potential of TD resonance in enhancing the performance
of LiNbO; in integrated nonlinear nanophotonic applica-
tions. © 2025 Optica Publishing Group. All rights, including for
text and data mining (TDM), Artificial Intelligence (Al) training, and
similar technologies, are reserved.
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Lithium niobate (LiNbO;) is a well-known material endowed
with robust nonlinear optical properties [ 1-5]. When fabricated
into metasurfaces, these nonlinear effects can be substantially
enhanced due to the strong light-matter interactions [6—12] via
local electromagnetic resonance couplings. In the past, a variety
of metasurface structures, including square-column structures
[13], circular-hole structures [14,15], and grating structures [16],
have been utilized to explore the enhanced nonlinear effects
in LiNbO; materials. Among these studies, the majority have
focused on traditional electromagnetic resonance modes aiming
at enhancing the interaction between light and matter. However,
toroidal multipoles represent a unique concept that is not part
of the standard multipole expansion [17]. They constitute the
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third independent family of elementary electromagnetic sources,
rather than just another form of multipole expansion or a high-
order correction of traditional electric and magnetic multipoles
[18]. This provides novel approaches to modulate the nonlinear
properties of LiNbO;. Compared with electric dipoles (EDs)
and magnetic dipoles (MDs), toroidal dipole (TD) resonances
can be highly concentrated [17,19,20], which theoretically leads
to a reduction in radiation loss [18]. Moreover, TD resonances
exhibit strong electromagnetic field localization, high sensitiv-
ity to environmental changes, and high Q-factor line shapes
[21-23]. Integrating TD resonances into LiNbO; metasurfaces
(LNMS) has the potential to significantly enhance their optical
properties, thus highlighting the importance of LiNbO; nonlin-
ear metasurfaces in the development of advanced nanophotonic
devices.

On the other hand, given that LiNbO; is chemically inert,
several challenges exist in the fabrication of lithium niobate
metasurfaces [24]. Firstly, the issue of non-vertical sidewalls is
a cause for concern [25-28]. As the etching depth of lithium nio-
bate increases, reactive ions encounter difficulties in penetrating
the gaps between structures. This results in incomplete etching
and the formation of non-vertical sidewalls. Secondly, high sur-
face roughness is another problem [29]. When using inductively
coupled plasma (ICP) etching [30], factors such as non-uniform
energy distribution or local charge accumulation can lead to
uneven ion bombardment. Consequently, different etching rates
occur in different areas, leading to a rough surface. Fortunately,
reducing the thickness of LiNbO; resonators to hundreds of
nanometers can partially resolve this issue due to shallow etch-
ing. Regarding the sidewall issue, during shallow etching, the
shorter distance that reactive ions need to travel allows them to
enter the gaps between unit structures more easily [31,32]. In
terms of surface roughness, the etching rate can be controlled
by reducing the temperature during the shallow etching [33,34].
This slows down the movement and reaction rate of reactive
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Fig. 1. Linear optical properties of metasurfaces. (a) Schematic
illustration of the LNMS structure. The parameter for the LNMS
is P=478 nm, a =230nm, 2 =100 nm, and H = 360 nm. (b) Calcu-
lated band diagram of the metasurface. The resonance wavelength
is located at 800 nm (indicated by the red line). (c) Calculated linear
transmission spectra of the metasurface.

ions, thereby enhancing the etching uniformity and avoiding the
surface roughness caused by local over- or under-reaction.

This paper numerically and experimentally demonstrates
an efficient and robust approach to achieve second-harmonic
generation (SHG) enhancement based on an all-dielectric meta-
surface. The metasurface is composed of patterned LiNbO;
square columns and a continuous underlying LiNbOj; thin film,
supporting TD resonance induced by the head-to-tail arrange-
ment of MD. For the first time, the TD resonance localizes the
pump fields within the high refractive index LiNbO; film, lead-
ing to a ten-fold increase in SHG from LiNbOs;. In addition, the
ICP dry etching process is capable of meeting the requirements
for large-area metasurface uniform preparation, controllable etch
thickness, steep sidewalls, and smooth structures. This study
presents a novel approach for the etching of LiNbOj;, enabling
multifunctional integration and providing a solution for exper-
imental preparation in micro-/nano- machining. Our work not
only breaks the new ground for developing efficient SHG to be
achieved at a low pump power but also expands the application
of all-dielectric metasurfaces.

Figure 1(a) shows the schematic of the LNMS. The sam-
ple consists of a continuous bottom layer with a thickness of
H =360nm x-cut LiNbO; thin film on an insulating substrate,
capped by a LNMS. For the metasurface building block, we
select a square-shaped nanoresonator, with dimensions of a X a
square (a=230nm) and a height of #=100nm. The array of
meta-atoms is arranged in a square lattice with an array pitch
of P=478 nm. Figure 1(b) illustrates the calculated band dia-
gram of the metasurface (see Section S6 in Supplement 1 for
more details), with the resonance mode located at the cen-
ter of the first Brillouin zone (indicated by the red line). By
carefully designing the structure’s geometry parameters, the
resonant mode can be adjusted to the desired fundamental
wavelength (FW) of 800 nm. The incident light was normally
TE-polarized, with the electric field parallel to the z axis in
Cartesian coordinates. The linear transmission spectra of the
metasurface, depicted in Fig. 1(c), exhibit a narrow resonant
dip at 800 nm with a full width at half maximum (FWHM)
of 3.2 nm.
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Fig. 2. Electric field distributions and the working principle of
the TD resonance mode. (a)—(b) Near-field distributions of the local
electric field (|[E/Ey|) in the x—y plane (a) and y—z plane (b) at the
resonance of the LNSM; the black arrows represent the distribution
of polarization currents. (¢) Schematic of the designed meta-atom
and formation of toroidal dipole modes. (d) Numerically calcu-
lated spectra of the scattered power and corresponding multipoles’
contributions from five different multipoles.

The structure we have designed supports the guided mode
resonance [35,36]. In this structure, the electric field of the res-
onance mode is confined within the slab, as shown in Fig. 2(a).
According to previous studies, the guided mode resonances can
be analyzed as the superposition of different electric and mag-
netic multipoles [35,36]. For example, the resonant mode in
Fig. 2(b) exhibits an electric field distribution with a TD nature
polarizing along the z axis. The blue arrows represent two oppo-
site direction circular current distributions j, one clockwise and
the other counterclockwise. Indeed, the formation of the head-
to-tail arrangement of magnetic dipoles is a strong signature
of the TD excitation. More intuitively, Fig. 2(c) shows the TD
diagram supported by the structure. The maximum field inten-
sity occurs at a height of 290 nm above the substrate in the yz
section. Thus, the TD resonance supported by a dielectric meta-
surface effectively traps the pump fields within the LiNbO; film.
According to the previous studies [37-39], strong optical electric
field confinement is crucial for improving nonlinear responses
in nanophotonic structures.

In Fig. 2(d), the scattering power of multiple multipoles was
calculated by determining the induced current densities in the
nanostructures, following the approach described in Section S1
in Supplement 1. Several peaks are observed at resonant wave-
lengths, including ED, MD, TD, electric quadrupole (EQ), and
magnetic quadrupole (MQ). In particular, the most intense and
robust TD resonance is the dominant multipole in relation to
other moments, observed at a wavelength of 800 nm within the
760 nm—-840 nm range, which is consistent with the TD nature
of the electric field distribution shown in Fig. 2(a). Furthermore,
the field enhancement (|E/E,|) inside the LiNbOs reaches up to
ten times in both Figs. 2(a) and 2(b), thus confirming the field
enhancement capability of the TD resonance mode.

To verify our proposal experimentally, we fabricated the
LiNbO; metasurfaces on the lithium niobate on insulator (LNOI)
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Fig. 3. Nanofabrication process and sample characterization. (a)
Schematic of the fabrication steps involved in achieving a shallowly
etched LNMS. (b)—(c) Top (b) and tilt (c) view SEM images of the
fabricated metasurface. The scale bar is 1 um. The dimension of our
metasurface is 1 mm X 1 mm.

by the electron-beam lithography (EBL) technique. A commer-
cially available x-cut lithium niobate on insulator (LNOI) wafer
was fabricated by ion slicing [40,41]. In our work, the LiNbO;
thin film had a thickness of 460 nm and was bonded to a SiO,
layer of 2um thick, which was grown on a quartz substrate
(NANOLN, Jinan Jingzheng Electronics Co., Ltd., Jinan, Shan-
dong, China). The fabrication process, outlined in Fig. 3(a),
includes steps such as polymethyl methacrylate (PMMA) spin-
coating, electron-beam lithography patterning, chromium mask
fabrication, and inductively coupled plasma etching (see Sec-
tion S5 in Supplement 1 for more details). Shown in Figs. 3(b)
and 3(c), the LiNbO; metasurfaces, measuring 1 mm X 1 mm,
exhibit high quality with vertical sidewalls and uniform sur-
faces, as confirmed by the scanning electron microscope (SEM)
images, with steep sidewall and decent surface morphology.
Figure 4(a) illustrates the schematic of enhancing SHG by the
all-dielectric metasurfaces when excited by near-infrared (NIR)
femtosecond laser pulses. To guarantee that the orientation with
the largest nonlinear coefficient (d;;) is in-plane, we choose the
x-cut LiNbO;. The electric field polarization of the pump light
aligns with the optic axis of LiNbOj; (z axis). Figure 4(b) illus-
trates the transmittance spectrum of the LNMS. The gray line
represents the experimental data, whereas the red line indicates
the result of the three-peak fitting analysis. The peak at 800 nm in
Fig. 4(b) aligns with the theoretical transmission spectrum and
is attributed to the TD resonance. The oscillatory characteristics
of peak 1 and peak 2 observed in the transmission measurement
are likely due to multiple resonances or Fabry—Perot oscillations
[42—44] and may also be due to the interference effect of the thin
film caused by the substrate of the sample [45]. Our metasurface
is fabricated on a quartz substrate with a thickness of 500 pm,
resulting in weak oscillation in the transmission measurements.
The measured resonances are broader compared with the calcu-
lated spectra (see Fig. 1(c)). The theoretical simulation Q-factor
is 262. By fitting the experimental data of transmission spec-
trum using Gaussian curves, the Q-factor of TD resonance is
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Fig. 4. Nonlinear optical properties of metasurfaces. (a) Artist’s
view of SHG enhancement by an all-dielectric metasurface: the
pump laser pulses and the emitted SH polarized along the opti-
cal axis (z axis) of an x-cut LiNbOj3. (b) Transmission spectra of
LNMS. The gray line denotes the experimental data and the red line
represents fit results. (¢) Dependence of the SHG intensity on the
pump polarization directions of LNMS (red dots) and LNOI (black
squares). (d) Log—plot power dependence of the SH signal with a
pump power ranging from 1 mW to 65 mW, and the fitting slope is
2.00591. The SHG counts indicate a squared relationship with the
increasing excited average pump power (as shown in the left inset).

extracted as 104. The deviations between the experiments and
simulations may be attributed to the fabrication imperfections
that are difficult to account for in the simulations. In addition,
the incident light was focused onto the samples in experiments,
while a plane wave source was used in the simulations.

The SHG spectra of the LNMS and LNOI were measured with
our homemade nonlinear optical measurement system, which
was excited by NIR laser pulses with a central wavelength of
800 nm, a repetition rate of 1 kHz, and a duration of 120 fs (see
Fig. S2 in Supplement 1). In Fig. 4(c), it is evident that LNMS
significantly increases the SH signal in comparison to LNOI. The
SH intensity of the LNMS is approximately ten times larger than
that of the LNOI, indicating the critical role of TD resonance
in enhancing SHG. Additionally, we simulate the SHG conver-
sion efficiency from the LNMS sample, as illustrated in Fig. S3
in Supplement 1. At the resonance wavelength of 800 nm, the
LNMS demonstrates a conversion efficiency that is two orders of
magnitude higher than that of LNOL The deviation between the
experiment and the simulation may come from the experimental
Q-factor of the resonant mode smaller than the simulated ones.
The polarization pattern of SHG is mainly determined by the
polarization of the incident light and the nonlinear coefficient of
the material, which presents an eight-shaped pattern (see Sec-
tion S7 in Supplement 1 for more details). Figure 4(d) shows
the SHG intensity from the LNMS as a function of the pump
power ranging from 1 mW to 65 mW, with a linear fit shown in
alog-log plot. The SHG counts showed a quadratic relationship
with an increasing average pump power, as illustrated in the
left inset. The log plot demonstrated a linear dependence with
a slope of approximately 2, indicating a second-order nonlinear
process.
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In conclusion, we have successfully designed and fabricated
high-quality all-dielectric LNMS on the LNOI platform, thereby
achieving SHG enhancement. Our experimental findings indi-
cate that the SH intensity has been enhanced by up to a factor
of 10 compared to that of unpatterned LNOI. The enhancement
of SHG is attributed to the TD resonance, which significantly
confines the pump electric fields within the LiNbO; films. The
precise control of nanoscale structures in LiNbO; was achieved
through the use of multiple gas compositions and ICP etching
techniques. This approach enabled high selectivity and etch-
ing rates, resulting in the optimal steepness of the structures
in our study. Additionally, we can modulate the resonant wave-
length for SHG by fine-tuning the geometric unit parameters
of the metasurfaces, such as length, period, and thickness.
This adjustment allows for the application of SHG across a
broader spectrum of wavelengths, encompassing both the visi-
ble and ultraviolet regions. Our research expands the potential
for the extensive application of LiNbO; in the field of nonlinear
integrated nanophotonics.
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