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ABSTRACT: Nonlinear metalens has revolutionized the generation
and focusing of nonlinear harmonic waves, significantly enhancing the
performance of nonlinear frequency converters and expanding the
applications of metalens from linear optics to nonlinear optics.
However, current nonlinear metalens are typically constructed using
low-nonlinear-susceptibility materials, impeding further advancements
in the field. Here, we have developed a nonlinear metalens utilizing
crystallized lithium niobate (LN), a material with a large second-order
susceptibility and a broad transparent window. The meta-atoms of the
LN metalens consist of elliptical nanoholes, fabricated by using a self-
developed multiatmosphere cooperative etching technique. With a
diameter of 200 μm, our fabricated metalens can focus the second
harmonic wave at 390 nm to a 0.7-μm-wide spot with a focus length of 100 μm, resulting in a numerical aperture of 0.7. The peak
intensity of the focus plane is enhanced by 40 times. Our LN metalens has potential applications in versatile nonlinear meta-optic
devices for highly efficient frequency converting, high-resolution imaging, and bright entangled photopairs.
KEYWORDS: lithium niobate, metasurfaces, second harmonic generation, metalens, ultraviolet focus

■ INTRODUCTION
In recent years, metasurfaces have garnered significant
scientific and technological attention due to their ability to
modulate amplitude, phase, and polarization in a compact
space using a spatially engineered planar array of subwave-
length artificial resonators.1−6 These ultrathin structures have
the powerful ability to shape and control complex optical
wavefronts, leading to the emergence of flat metalens. Metalens
have already brought evolutionary technological breakthroughs
to traditional optical lens systems and imaging7−11 and have
enormous potential applications in high-resolution imag-
ing,12,13 virtual reality/augmented reality,14,15 depth sensing,16

color routing,17,18 optical zoom,19 and polarization detection.20

The most critical aspect of designing metalens is creating a
spatially varying phase profile, which can be achieved through
the resonant phase,21 the propagation phase,22 and the
Pancharatnam−Berry phase.23,24 While early research on
metalens relied on linear optical interactions to generate
local phase gradients, pioneer works have introduced nonlinear
optical effects in metasurfaces,25 opening up new possibilities
such as all-optical mode control and generating nonlinear
optical vortices, especially generating entangled photon pairs.
Also, nonlinear metalens have been developed based on these
nonlinear metasurfaces, and they permit focusing light at new
frequencies that are difficult to reach with linear metasurfaces,
such as deep ultraviolet light.26,27 Additionally, in strong-field

laser techniques, two-color laser fields are widely used to
manipulate light−matter interactions, which usually require the
simultaneous generation and focusing of second harmonics.
Nonlinear metalens, therefore, have great potential applications
in strong laser physics.
Second harmonic generation (SHG) is one of the most

important nonlinear optical processes. Nonlinear metalens
based on SHG have been reported.26 Early demonstrations
used metal nanostructures with 3-fold rotation symmetry,
whose nonlinear PB phase is engineered to generate spherical
phase distributions.28 However, metals usually have a vanished
intrinsic second-order susceptibility. Moreover, inherent ohmic
loss and a low laser-damaged threshold of metals impede the
efficiency of nonlinear frequency conversion. Very recently,
ZnO, an all-dielectric material that is a counterpart of metal
nanoresonators, was used to construct nonlinear metalens for
generating and focusing violet light.26 However, the χ(2) of
ZnO is ∼0.2 pm/V, which is weaker than those of most
conventional χ(2) materials. Some other χ(2) materials with
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relatively large χ(2), such as GaAs and InP, are opaque in the
visible spectrum, limiting their utility in metalens design.
To address these limitations, attention has shifted toward

the lithium niobate (LN) material, often labeled as the “silicon
of photonics”.29 LN offers exceptional properties such as
remarkable electro-optic performance, superior optical bi-
refringence, thermal characteristics, and, most notably, minimal
loss across a wide bandwidth and exceptional second-order
nonlinear performance.30−34 These attributes render it an ideal
candidate for nonlinear metalens applications. Nonetheless, the
stable crystal structure of LN presents significant challenges in
achieving precise nanostructuring.33 At present, LN nanostruc-
tures are mainly employed for enhancing SHG,34−37 electro-

optics,38,39 quantum optics,40,41 and on-chip integration42−46;
however, no attempts have been made to develop a nonlinear
nanoscale metalens using LN due to the limitations of LN
nanofabrication technology.
In this work, we report the conversion of near-infrared light

(780 nm) to ultraviolet light (390 nm) while simultaneously
focusing the ultraviolet light using an LN metalens. This
achievement is facilitated by our self-developed multiatmo-
sphere cooperative etching technique for LN materials,
enabling the fabrication of LN nanostructures with high
precision. Our metalens exhibits a high numerical aperture of
0.7 and enhances SHG by nearly 40 times at the focal point.
The measured full width at half-maximum (fwhm) of the focal

Figure 1. LN ultraviolet nonlinear metalens design. (a) Idealized schematic. Inset: Geometric parameters of the meta-atom: thickness: H = 300
nm; period: P = 480 nm. (b) Simulated transmission and reflection spectra. Inset: Calculated band diagram of the meta-atoms. The resonance
wavelength is located at 780 nm. (c) Calculated average enhancement factor of the electric field. Inset: Near-field distributions of the local electric
field (|E/E0|) in the y−z plane. (d,e) Phase (d) and amplitude (e) of the second harmonic waves varying with the major and minor axis lengths of
the ellipses.
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spot is 0.7 μm, approaching the diffraction limit. This work not
only addresses a significant gap in the field of nonlinear
metalens based on LN but also provides crucial technical
support for the integration of LN materials in micro- and
nanophotonics, nonlinear photonics, and on-chip integration.

■ RESULTS AND DISCUSSION
Nonlinear Metalens Design. Figure 1a shows a schematic

of the designed nonlinear LN metalens. The building blocks
are elliptical nanoholes (see the inset of Figure 1a). They are
arranged carefully so that the generated second harmonic
waves can be focused due to the spatially varying phase profile,
as will be shown below. Since the LN material has intrinsic
anisotropy, the nonlinear geometric phase resulting from the
rotation symmetry of the LN structure will be very
complicated. Therefore, we consider the resonant phase,
where the phase of SHG is continuously controlled near a

resonance associated with the fundamental waves. We chose
circular nanoholes as initial meta-atoms. A periodical array of
LN nanoholes supports guided resonant modes (see the energy
band in the inset of Figure 1b and simulation details in
Supplementary Note I). At the Γ point of the Brillouin zone,
the resonant wavelength is 780 nm, and the Q factor is ∼70.
Figure 1b shows the transmission and reflection spectra, where
the resonant structures around 780 nm are obvious. The
guided mode resonances can enhance the local field inside the
high-index region, as shown in the inset of Figure 1c, which is
commonly used to improve the nonlinear frequency
conversion efficiency. Figure 1c shows the calculated average
field enhancement factor, which is defined as ∫ LN|E/E0|dV/V,
where E is the local electric field, E0 is the incident electric
field, and V is the volume of the LN region. The field
enhancement factor is ∼4.5 at 780 nm. The simulated SHG
efficiency of the LN nanohole structure is ∼10 times higher

Figure 2. Simulation results of the LN metalens. (a) Meta-atom structures with elliptical holes of different sizes (geometry, second harmonic phase,
and second harmonic amplitude). (b) Layout of the nonlinear metalens. A color code is imposed on the meta-atoms with different sizes to illustrate
the phase profile encoded on the metalens. An enlarged image of the phase profile is shown as the inset. (c) Simulation of the enhancement factor
in the y-direction. (d,e) Simulation of the focusing effect of the metalens in the x−y plane (d) and y−z plane (e).
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compared with that of bare LN films. We note that, due to the
large intrinsic χ(2) of the LN material, the SHG efficiency of
LN films (∼10−5 at a pump intensity of 4.05GW/cm247) is
much higher than most nonlinear metamaterial/metasurfa-
ces.26,28 Hence, our patterned LN films are expected to radiate
brighter SHG. Considering that it is difficult to simulate the
SHG efficiency of the whole structure, we simulated the SHG
efficiency of a single structure to simulate the approximate
conversion efficiency, which is detailed in the Supporting
Information Note I, Figure S2. We calculated the efficiency of
periodic arrays of LN structures and the pure LN film
separately at a pumping power density of 4.34 × 108 W/cm2.
The conversion efficiency of periodic arrays of LN structures is
1.4 × 10−4, and the conversion efficiency of the pure LN film is
2.7 × 10−6 in 780 nm. In our simulation, the simulated SHG
efficiency of periodic arrays of LN structures is improved by
more than an order of magnitude compared to that of bare LN
films. This computation allows us to estimate the simulated
metalens’ nonlinear conversion efficiency, which will be higher
than that of other typical nonlinear metalens. To generate the
phase gradient of SHG and create spherical phase distributions
for metalens, we deform the circular nanohole into an elliptical
nanohole. The major (minor) axis of the elliptical nanohole
ranges from 200 to 400 nm. The simulated phases (Figure 1d)
and amplitudes (Figure 1e) of the emitted second harmonic
waves (wavelength 390 nm) vary continuously (the specific
points of phase and amplitude chosen have been marked in the
figure using black dots). The second harmonic phase covers
the 2π range, which can generate a meta-atom library for
nonlinear metalens.
We have selected 25 meta-atom sizes, and their correspond-

ing meta-atom sizes, SHG phases, and amplitudes are shown in
Figure 2a. We ensure that the SHG phases of the selected
elliptical holes range from −π and π, and meanwhile, the
amplitudes cover a large value as much as possible. The
variations in the SHG amplitudes of the selected nanoholes do
not exceed 20%, as shown in Figure 2a. These elliptical
nanoholes are arranged according to the phase distribution
formula of a spheritic lens:

= +r f r f( )
2

( )2 2
(1)

Here, r denotes the distance between the meta-atom’s position
and the center of the metalens, f = 100 μm is the focus length,
and λ = 390 nm is the wavelength of the second harmonic
waves. As a result, the phase distribution of every meta-atom is
shown in Figure 2b. The diameter of the designed metalens is
200 μm, and thus, the numerical aperture (NA = n* sin (θ)) is
∼0.7. The inset images of Figure 2b display enlarged views of
the phase profiles, demonstrating that meta-atoms of different
sizes can achieve phase coverage from 0 to 2π. For evaluating
the performance of the designed nonlinear metalens, we
simulate the propagation of the generated second harmonic
waves. The optical field μ0 in the incident plane (x = 0, the
crystal coordinate systems are employed here where the light
propagates along the x-axis) is set according to the SHG phase
shown in Figure 2b and the corresponding amplitudes shown
in Figure 2a. The propagation of the SHG is then calculated by
the Rayleigh−Sommerfeld algorithms. In this way, optical
intensity distribution I(x, y, z) in the whole space can be
obtained. As shown in Figure 2c, the focal spot fwhm is only
0.68 μm, almost approaching the diffraction limit. The SHG
intensity of the brightest point in the focus plane is 220 times
stronger than the average intensity of the incident plane,
indicating the high-intensity enhancement of SHG. Figure 2d,e
show the SHG intensity in the x−y section (I(x, y, z = 0 μm))
and in the y−z section at the focus plane (I(x = f, y, z)),
respectively (for focusing simulations, see Supplementary Note
II). These simulation results confirm the focusing ability of the
generated second harmonic waves from the LN metalens.
Fabrication of Nonlinear Metalens. The samples of LN

films (300 nm thick, x-cut) on the SiO2 substrate (purchased
from Jinan Jingzhen Corporation) are used to fabricate the LN
metalens. These films are patterned by using electron beam
lithography and inductively coupled plasma enhanced reactive
ion etching (ICP-RIE), in which a multiatmosphere cooper-
ative etching technique is proposed for LN nanostructure
fabrication (for specific process principles, see Supplementary
Note III). This multicomponent atmosphere etching process
allows us to obtain LN nanostructures with excellent
morphology and a high selectivity ratio (for preparation of
LN nonlinear metalens, see Supplementary Note IV). To
observe the preparation effect of the nanoholes at different

Figure 3. SEM images of the metalens (52° tilted and vertical view). (a) Complete metalens. (b) Pattern of central section arrangement. (c) Details
of the edge of the metalens.
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view fields more clearly, we characterized the structural
morphology of the LN metalens using an optical microscope
(see Supplementary Note V) and SEM (Figure 3a presents a
macroscopic picture, exhibiting a clean and residue-free surface
of the LN nanohole structure metalens). The diameter of the
fabricated metalens is 200 μm. Additionally, in Figure 3b, the
metalens clearly exhibits a gradual distribution of LN nanohole
sizes and shapes at different phase designs. The edges of the
nanoholes are sharp and uniform. Figure 3c shows a magnified
close-up of the local morphology at the edge of the metalens,
where one can clearly see that the sizes of the LN nanoholes
are accurately consistent, with good steepness and smooth side
walls, ensuring the metalens’ excellent operational efficiency.
This guarantees better performance in nonlinear focusing and
imaging, enabling more accurate and efficient nonlinear
focusing and imaging capabilities. These SEM images
demonstrate that we have achieved the processing of LN
nanostructure arrays across scales and shapes and that the
edges of the nanoholes are sharp and uniform and have high
processing precision.
Optical Measurement of the Nonlinear Metalens. The

optical measurement systems of the SHG focusing for the
fabricated metalens are shown in Figure 4a. The driven light
source is a commercial supercontinuous picosecond laser, a
spectra range of 450−2400 nm, and a pulse duration of ∼150
ps. The bandpass filter with a central wavelength of 780 nm

and a bandwidth of 10 nm is employed to generate the
fundamental beam. The power of the incident light is ∼5 mW,
and the beam size is ∼2 mm. A polarizer combined with a 1/2
waveplate is used to make the incident light polarize along the
optical axis of the LN crystal. After passing through the LN
metalens, part of the fundamental light was converted into
second harmonic light, while the rest was transmitted through.
We employed an objective lens to collect the second harmonic
light emitted from the metalens and the transmitted light and
then used a linear polarizer to ensure the collected light also
polarizes along the optical axis of LN. Subsequently, the SHG
and transmitted light pass through a tube lens and a bandpass
filter (center wavelength 390 nm and band wavelength 10 nm)
and then enter into a camera. In order to scan the intensity
distribution of the second harmonic light field at different
longitudinal positions, we mounted the objective lens, a second
linear polarizer, the bandpass filter, and the CCD camera on a
displacement stage controlled by a stepper motor. The integral
time constant of the CCD is 1 s.
We utilized the optical testing system described above to test

the nonlinear focusing characteristics of the metalens. The
measured cross-sectional intensity profiles cross the optic axis
in the x−y plane (Figure 4b) and the x−z plane (Figure 4c).
The focusing of the SHG light is obviously observed. In both
pictures, the vertical distance of the brightest point away from
the metalens is 99 μm, which is close to the designed focus

Figure 4. Optical measurement of the second harmonic nonlinear metalens. (a) Experimental setup: λ/2, half-wave plate; LP, linear polarizer; O,
objective; TTL, telescoping telescopic lens; BPF, bandpass filter; CCD, camera; (b,c) Images of the focusing point on different planes: (b) Image of
the focusing point on the x−y plane (x = 99 μm); (c) Image of the focusing point on the x−z plane (x = 99 μm). (d) Image of the focusing spot (x
= 99 μm). (e,f) Cross sections of the metalens focusing spot, including Gaussian fits in the (e) y-direction and (f) z-direction.
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length (100 μm). Figure 4d plots the intensity profile at 99 μm.
One can see that the focused spot occupies only a small
number of pixels on the CCD (for the three-dimensional focal
point image, see Supplementary Note VI). Figure 4e,f displays
SHG intensity profiles in the y and z cross sections passing
through the focus. By fitting these two curves with the
Gaussian function, the half-maximum (fwhm) value of the two
intensity profiles is obtained as 0.7 μm, which is in excellent
agreement with the theoretical simulation, indicating a good
focusing effect. To further evaluate the performance of the
metalens, we extracted and analyzed data from its focal plane
(see Supporting Information Note VI for the counts figure).
This analysis included the focus, the focal plane, and the LN
film. The focusing capability of the metalens can be quantified
by the intensity enhancement factor, defined as the ratio of the
maximum counts (brightest pixel) to the average counts across
the focal plane. This factor was measured to be 40, which is
five times lower than the simulated results�a discrepancy we
attribute to manufacturing imperfections. Additionally, we
characterized the SHG emission capabilities of the metalens
and compared them to those of the LN film of the same
thickness. As illustrated in Figure S8, the LN film exhibits an
average SHG integration intensity four times greater than that
of the focal plane and one-tenth of that at the focus. Given the
inherently high second-order nonlinear coefficient of LN, we
conclude that the nonlinear conversion efficiency of the
metalens is on the same order of magnitude as that of the
intrinsic film. When focusing is taken into account, the
efficiency is expected to be 1 order of magnitude higher,
significantly exceeding the nonlinear conversion efficiency of
the conventional dielectric metalens. These findings demon-
strate the successful realization of a nonlinear LN metalens
with a high numerical aperture (NA = 0.7) and exceptional
second-order nonlinear conversion efficiency. The experimen-
tal results align closely with the simulations, underscoring the
advanced fabrication capabilities for LN-based devices.

■ CONCLUSIONS
By combining metasurface photonics with LN nonlinear optics,
we have demonstrated that an LN nonlinear metalens not only
serves as a compact nonlinear medium for generating second
harmonic light but also effectively focuses the produced second
harmonic wavefront. The fabricated nonlinear metalens
achieves a large numerical aperture of up to 0.7 and a small
focal spot of 0.7 μm. Moreover, due to the high second
nonlinear susceptibility of LN, we can observe SHG focusing
with the excitation of a picosecond supercontinuous laser. At
the same time, our metalens has a much higher nonlinear
conversion efficiency compared to currently common metal-
ens, and the SHG intensity at the focal point is 10 times higher
than that of an LN film of the same thickness and 40 times
higher than that of a focal plane. Our metalens exhibits
excellent focusing capability, and its numerical aperture can be
designed and prepared based on the metalens requirements
(see Supplementary Note VII for an LN metalens with N.A. =
0.3 and a diameter of 180 μm). Given the flexibility of the
design, more new functionalities can be expected. For example,
spontaneous parametric down-conversion (SPDC) metasurfa-
ces can generate entangled photon states. Furthermore, the
wavelength affects the lens’s image resolutions. Higher
resolutions can be achieved with light with shorter wave-
lengths. Our LN nonlinear metalens with small focal point

characteristics thus has broad application prospects in short-
wavelength optical imaging.

■ METHODS
Fabrication. A 100 nm thick layer of Mo mask was

deposited onto a 300 nm thick commercially available LN thin
film by using a magnetron sputtering device (JSP4). A 500 nm
thick layer of e-beam resist (AR-P 6200) was spin-coated onto
the Mo mask. After coating, the sample was baked at 150 °C
for 1 min. Patterns were exposed using an electron beam
lithography system (6300FS, JEOL0) and then developed in a
mixture of MIBK and IPA (1:3) for 40 s. It was subsequently
rinsed with isopropyl alcohol for 30 s and blow-dried with
nitrogen gas. The patterned layer of the AR-P 6200 electron
beam resist was used as a mask, and ICP-RIE (Heverlee
Pishow A) was used to etch the Mo mask layer for pattern
replication and transfer, ultimately obtaining the desired Mo
mask pattern. Subsequently, the sample with the Mo mask
pattern was placed into an RIE chamber and etched with
oxygen to remove any remaining photoresist residue. Finally,
the dry etching process was executed in the ICP-RIE system
(Plasma lab System 100 ICP180, Oxford) with a mixed
reactive gas of Cl2 to etch the LN. Finally, a scanning electron
microscope (Helios 600i, FEI) was used to characterize the
morphology of the metalens samples.
Design. The use of COMSOL Multiphysics software

allowed for the simulation of both linear and nonlinear
properties of the LiNbO3 meta-atoms. The optical constants of
LiNbO3 were obtained from ellipsometry measurements, while
the refractive index and extinction coefficient of the glass were
set for the simulations. In the nonlinear simulation, the specific
values for the refractive index and extinction coefficient of the
LiNbO3 nanoresonators at the harmonic wavelength were
used. Although exact material data for glass at 390 nm was not
available, previous research indicated that the effect of the glass
substrate and capping layer on the performance of dielectric
metasurfaces at the fundamental and harmonic wavelengths
was minimal. As a result, the refractive index and extinction
coefficient of the glass substrate were set to specific values in
the nonlinear simulation in order to streamline the design
process (n = 1.45). The absorption of LiNbO3 at 390 nm was
found to affect the SHG signal strength but did not shift the
resonance position. Periodic boundary conditions were
employed in the simulation, and additional details can be
found in the Supporting Materials.
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