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Nonlinear Lithium Niobate Metasurfaces for Second
Harmonic Generation

Junjun Ma, Fei Xie, Weijin Chen, Jiaxin Chen, Wei Wu, Wei Liu, Yuntian Chen, Wei Cai,
Mengxin Ren,* and Jingjun Xu*

Second harmonic generation (SHG) is a coherent nonlinear phenomenon that
plays an important role in laser color conversion. Lithium niobate (LN), which
features both a large band gap and outstanding second-order nonlinearities,
acts as an important optical material for nonlinear frequency conversion
covering a wide spectral range from ultraviolet to mid-infrared. Here, LN
metasurfaces with controllable SHG properties are experimentally
demonstrated. Distinct enhancements for the SHG efficiency are observed at
Mie-resonances. And by changing the geometric parameters, thus the
resonances of the metasurfaces, the authors manage to selectively boost the
SHG efficiency at different wavelengths. The results would pave a way for
developing with high flexibility the novel compact nonlinear light sources for
applications such as biosensing and optical communications.

1. Introduction

Second harmonic generation (SHG) plays a key role in extend-
ing spectral coverage of laser sources to wavelengths that are dif-
ficult to access by standard laser gain media. Such effect holds
profound impacts on multiple applications including biological
imaging microscopy, displays, and communications.[1,2] Because
the intrinsic nonlinearities of materials are weak, the SHG ef-
ficiency is traditionally improved by increasing either the ma-
terial lengths or pump intensities. And careful phase matching
between fundamental and the SH waves is further required to
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guarantee constructive accumulation of
nonlinear waves along the macroscopic
sized materials. Nowadays, as we are en-
tering the nano era, realizing nanoscaled
nonlinear optical devices has become
a prominent research goal. Obviously,
the adoption of the bulk media in the
small devices will become impractical, in
the meantime the above phase match-
ing strategy would hardly play a role
within subwavelength dimensions. Alter-
natively, artificial optical resonant nanos-
tructures have been adopted to confine
electromagnetic energy within nanome-
ter scales to boost light-matter nonlinear
interactions for improving the SHG effi-
ciency.

As a typical kind of artificially nanostructured materials, op-
tical metasurfaces which consist of subwavelength meta-atoms,
provide us with a revolutionary concept to engineer nonlinear re-
sponses from the nanoscales.[3–5] The meta-atoms act as optical
resonators and squeeze the electromagnetic energy into spaces
even beyond the diffraction limit. Such tight field concentration
strongly promotes the nonlinear effects. Furthermore, by ma-
nipulating the individual design and lattice arrangement of the
meta-atoms, unprecedented freedom is obtained to control at will
the polarization, spectrum, direction, phase or radiation profiles
of the nonlinear electromagnetic radiations in both near- and
far-fields. This benefits manufacturing with high flexibility the
ultracompact photonic devices with multiple nonlinear optical
functionalities.[6,7] And the distinguished low profile feature of
the metasurfaces enables integration of multiple nonlinear opti-
cal functionalities onto a single ultra-thin photonic chip.
Metallic plasmonic resonance was among the first exploited

mechanism for the nonlinear metasurfaces. Employing the
second-order nonlinearity originated from broken symmetry at
the interfaces where the light fields are confined tightly, en-
hanced SHG has been observed.[8–10] But the high ohmic loss
of metals has limited their practical use. In recent years, di-
electric metasurfaces have emerged as promising alternatives
to the metallic nanostructures. III–V semiconductors with non-
centrosymmetric crystal structures and intrinsic second-order
nonlinear responses, such as gallium arsenide (GaAs),[11–13] alu-
minum gallium arsenide (AlGaAs),[14,15] and gallium phosphide
(GaP)[16] have become the widely used constitutive materials.
Benefiting from the high-quality Mie-resonances supported by
their high refractive indices, the nonlinear interactions hence the
SHG efficiencies are boosted efficiently. However, their available
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SHG spectral ranges are limited as a result of the relatively nar-
row band gap (about 1.4 to 1.5 eV): fundamental wave (FW) can
hardly enter the visible range, and the SH with frequency above
the band gap is absorbed resulting in suppression of the nonlin-
ear efficiency. Moreover, growing crystalline III–V semiconduc-
tors on transparent substrates remains challenging because of
the poor lattice match at the dielectric–semiconductor interfaces,
therefore it is still rather challenging to engineer the SH prop-
erties in transmission direction through the substrate of these
metasurfaces.[17] And due to the off-diagonal nature of the second
order susceptibility tensor of these materials, the SH emission
normal to the metasurface is usually prohibited, which imposes
further constraints on their applicability.[13]

Thus to find a material for constructing the SHG nonlinear
metasurfaces that can overcome above constraints has become an
urgent problem to address. Lithium niobate (LN) can be an excel-
lent solution. Thanks to its large band gap of 4 eV and outstand-
ing second-order nonlinearities, the LN allows the SHG in a wide
spectral range from ultraviolet to mid-infrared.[18,19] Particularly,
a breakthrough has been made recently in fabricating and com-
mercializing thin-film LN on insulator (LNOI).[20,21] The large re-
fractive index contrast between the LN film and the transparent
substrate (such as silica) leads to a well opticalmode confinement
and high optical intensity within the nanometers-thin LN layer,
which makes LNOI very attractive and competitive for nonlin-
ear integrated photonics applications.[22–24] And the SHG from
the LNOI micro- and nano-structures have been a subject under
continuous researches in recent years such as LN nanowires,[25]

photonic crystals,[26–29] waveguides,[30,31] hybrid LN-plasmonic
nanopillars,[32] and micro-ring[33] or micro-disks.[34–37] On the
other hand, researches of the LN metasurfaces are still in its in-
fancy. Despite some theoretical studies of the SHG from the LN
metasurfaces have been carried out,[38–41] experimental realiza-
tion is hindered by several obstacles in fabricating the LN meta-
surfaces, for example, lattice damages and ion-contamination are
inevitably introduced to the LN in dry etching such as ion beam
etching[42,43] or focused ion beam milling (FIB)[44]; and the re-
deposition is serious during the fabrication because the meta-
atoms are too compactly arrayed with subwavelength interval.
All of these situations lead to an optical lossy amorphous layer
at the surface of the meta-atoms which suppresses the optical
resonance and the second order nonlinearities. Only until re-
cently, the barriers in fabricating the LN metasurfaces have been
removed using the FIB and dry etching with great carefully ad-
justed processing parameters.[45–47] And efficient tuning over the
spectral resonance through varying the structural parameters has
been demonstrated, which makes it possible to resonantly con-
trol the SHG from the LN metasurfaces. Recently the properties
of angular distributions of the SH from the LNmetasurfaces have
been studied.[47]

In this paper, we demonstrate both numerically and experi-
mentally the SHG from the LN nanograting metasurfaces over a
broad spectral range. Both electric- and magnetic-natured Mie-
resonances are steadily supported in the nanostructures, by
which the SHG is observed to be resonantly enhanced. We man-
age to selectively boost the SHG efficiency at different wave-
lengths by tuning the geometric parameters and thus the reso-
nances of the metasurfaces. The SHG efficiency as large as about
2×10−6 is achieved under a FW intensity of 2.05 GW cm−2, re-

sulting in twofold SHG enhancement by the metasurfaces com-
pared with that by unstructured LN film. In the meantime, such
SHG enhancement reaches fivefold when the FW is polarized
along the grating. It is expected that apart from the SHG, our LN
metasurfaces could be extended to engineer other frequency con-
version nonlinearities, such as sum-frequency generation, four-
wave mixing, parametric down conversion, etc., which can find
a wide range of applications in communications, and quantum
optics, et al.

2. Results and Discussion

A schematic of the SHG from the nonlinear LN metasurface is
shown in Figure 1. The metasurface consists of an array of LN
nanogratings residing on a fused quartz substrate. The nanograt-
ing nanostructure design is adopted here not only because it is
easy to fabricate, but also it can support Mie-resonances for lo-
cal field enhancement[45] which is essential to boost the non-
linear optical interactions. The LN ridge width is presented by
d and grating period by D. Height h is 235 nm which is deter-
mined by thickness of the LN film (LNOI by NANOLN corpora-
tion) used for the metasurface fabrication. In order to utilize the
largest second-order susceptibility (𝜒 (2)

eee ) of the LN, an x-cut LNOI
wafer was used whose crystallographic optical axis (z-axis in Fig-
ure 1a) located within the film plane. We fabricated the meta-
surfaces using a recently published procedure that involves FIB
(Ga+, 30 kV, 24 pA).[45] And entire footprint of each metasurface
array is 27×27 𝜇m2. Due to the angle divergence and scattering
of the Ga+ ion beams, cross sections of the fabricated ridges de-
viate the ideal rectangular design and are round shaped on the
top. Inset of Figure 1 gives a typical scanning electron micro-
scope (SEM) image of the cross section of the fabricated meta-
surface with D=600 nm. The FW illuminates the metasurfaces
from the LN side along the -x direction. And the SHG is col-
lected in the transmission direction. The FW polarization per-
pendicular or parallel to the ridge direction is denoted as s- or
p-polarization, respectively.
First of all we study the linear optical responses of the meta-

surfaces in visible and near-infrared wavelength range. And
Figure 1b–e exemplifies the results of the metasurface with
D=600 nm. Left and right columns present the results for s-
and p-polarized incidence, respectively. Figure 1b presents ex-
perimental transmission spectra measured by a commercial
microscopic-spectrometer (IdeaOptics Technologies). We can
identify a distinct resonance dip at about 820 nm for the s-
polarized incidence and 730 nm for the p-polarization. And trans-
mission plateaus are observed at longer wavelength for both po-
larizations. To compare ourmeasured spectra with theory, we per-
formed numerical simulations using the finite element method
(COMSOLMultiphysics software). The LN ridges’ geometric pro-
files in our models were extracted from the FIB cross section im-
ages of the fabricated samples (inset of Figure 1a). The LN bire-
fringent optical constants were taken from ellipsometric mea-
surements. And the refractive index of the fused quartz under-
neath was set as 1.45. Periodic boundary conditions were used.
The simulation results are shown in Figure 1c, whichmatch well
with the experimental ones particularly for the resonance wave-
length positions. However, the experimental resonance dips are
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Figure 1. Schematic of LN nonlinear metasurfaces. a) The metasurfaces
are fabricated on a x-cut LN film residing on a fused quartz substrate. The
LN principal crystallographic coordinate is used as the experimental coor-
dinate system. Geometries of the metasurfaces are defined by ridge width
d, period D, and height h. The grating ridges are oriented orthogonally to
the optical axis of the LN (z(e)). Linearly polarized FW excites the meta-
surface from top, and the SH is collected on the opposite side. The light
polarization perpendicular or parallel to the ridge direction is denoted as s-
or p-polarization, respectively. Left inset gives a typical SEM image of cross
section of the metasurface with D=600 nm. Right inset presents the mea-
sured second-order susceptibility of the LN film used in this study. Dots
are experimental data and solid lines are eye-guides. b,c) Experimentally
measured and numerically simulated linear transmission spectra for array
with D of 600 nm for orthogonally polarized incidence. d) Calculated lin-
ear scattering power spectra contributed by electric dipole (ED, solid line),
magnetic dipole (MD, dashed line), electric quadrupole (EQ, dash-dotted
line), and magnetic quadrupole (MQ, dotted line) under differently polar-
ized excitations. e) Field maps of the D = 600 nm array at wavelengths
marked by dots in (d). For s-polarization, displacement current density Jd
are presented by black arrows. For p-polarization, crosses represent the Jd
along +y direction, and dots mean along −y direction.

shallower with lower contrasts compared with the simulated re-
sults, which implies that the real samples have smaller resonance
quality factors (Q-factors) than the numerical models. Such dis-
crepanciesmay result from theGa+ contamination and the lattice
damage during the FIBmilling,[44] all of which would deteriorate
the optical performance of the LN, but were not considered in
our simulations.
In order to understand the nature of the spectral resonances,

we performed cylindrical multipolar decomposition inside the
nanogratings.[48,49] And the calculated scattering power from
different multipolar moments are shown in Figure 1d. We only
retain the dipole and quadrupole components for clarity, and
other higher-order components are negligible. It is clear that for
the s-polarized incidence, the transmission dip correspond to
a pronounced excitation of magnetic dipole (MD, dashed line).
The near-field distributions on the ridge cross section at the MD
resonance wavelength are plotted in left panel of Figure 1e. The
resonant responses are characterized by the local field hot-spots
(color maps) and displacement currents Jd (arrows) formed
within the grating layer. The ridges are infinite in length, thus as
a result of translational symmetry restriction, the electric field Ey
is zero under the s-polarization incidence. In the meanwhile, Ez
shows two hot spots confined in the close vicinity to the top and
the bottom interfaces. And they are oscillating out-of-phase lead-
ing to an almost canceled effective electric dipole (ED) moment
in the ridge, as indicated by the solid line in the left panel of
Figure 1d. Circulating displacement currents are formed on the
cross-section plane, which generates a hot spot in Hy field and a
strong MD dipole along the ridge direction. Such MD gives effi-
cient multipolar scattering in the transmission direction leading
to a pronouncedMD peak. On the other hand, for the p-polarized
incidence, the transmission resonance includes the overlapped
contributions from ED, MD, and magnetic quadrupole (MQ).
The electric hot-spots mainly localize near the top of the ridge
and bottom of the air gaps (right panel of Figure 1e). Moreover,
resulting again from the translational symmetry restriction,
the Jd only has the y-component. Despite the currents show
no circulating features, however antiparallel currents are
formed between the top and the bottom of LN ridge, hence
the effective magnetic responses can be excited following the
Ampere’s circuital law (dashed and dotted lines in right panel of
Figure 1d).
The employment of resonant nanostructures has an advantage

of flexible spectral tunability. Considering that the LN shows a
low optical dispersion in the studied wavelength range, thus by
exploiting the scalability of Maxwell’s equations, the resonance
wavelength could be easily tuned by scaling the metasurface ge-
ometries. For example, by changing the D from 600 to 700 nm
while fixing its ratio to the d as 8:5, the spectra could be efficiently
red shifted, as shown in Figure 2. It is worth noticing that the
transmission resonances become sharper as D decreases (both
for experimental and simulated results in Figure 2a,b). Such ten-
dency is consistent with the stronger and narrowed multipo-
lar resonances for smaller D shown in Figure 2c. This implies
that the larger local field magnitudes and better enhanced light-
matter interactions for nanostructures with smaller D.
The SHG relates to the second-order susceptibility 𝜒 (2) of the

materials. Under strong enough FW excitation, the nonlinear
displacement currents J(2𝜔) would be generated inside the LN
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Figure 2. Linear spectral properties of different LN nanograting metasur-
faces. a) Experimentally measured transmission spectra for the metasur-
faces with different D for orthogonal polarizations. Green, red and blue
lines correspond to D of 600, 650, and 700 nm. b) Simulated transmis-
sion spectra. c) Multipolar decomposition of scattering power spectra.
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The J(2𝜔) oscillates at twice the frequency of the FW fields
(E(𝜔)) and acts as the secondary source radiating the SH to the far
field. The LN crystal belongs to point group 3m. Resulting from
the symmetry restriction, the 𝜒

(2) has 11 nonvanishing compo-
nents, in which only 4 elements are independent: 𝜒 (2)

ooe, 𝜒
(2)
eoo, 𝜒

(2)
ooo,

and 𝜒
(2)
eee . The values of 𝜒

(2)
ijk element of the LN (for SH between

370 and 500 nm) used in the simulations are measured based on
the methods reported in ref. [50] (given in the inset of Figure 1a).
We used the coupled electromagnetic waves frequency domain
interfaces of COMSOL to numerically study the SHG properties
of the LNmetasurfaces.[50,51] The incident fundamental pump in-
tensity was set as 2.05 GW cm−2 which was the same as our non-
linear experiments introduced in below. The spectra of the non-
linear current density |J(2𝜔)| in different LN metasurfaces are
shown in Figure 3a. Distinct spectral resonances are observed in
the |J(2𝜔)| spectra around the wavelengths corresponding to the
FW resonances given in Figure 2. To better gain the physical in-

Figure 3. Nonlinear responses from LN metasurfaces. a) Numerically
simulated nonlinear displacement current density |J(2𝜔)| excited inside
the different metasurfaces. b) Multipolar decomposition of scattering
power by the nonlinear current J(2𝜔).

Figure 4. Spectral dependence of SHG efficiencies 𝜂 from metasurfaces.
a) Simulated SHG efficiencies from the different metasurfaces for orthog-
onal FW polarizations. b) Experimentally measured SHG efficiencies for
the different metasurfaces and unstructured LN film. Dots are experimen-
tal data and solid lines are eye-guides.

sight into the SHG from themetasurfaces, we further performed
the multipolar decomposition using the J(2𝜔) induced inside the
LN, and the spectra are shown in Figure 3b. It is obvious that the
ED is shown to dominate in all situations. And the nonlinearmul-
tipoles excited under the s-FWpolarization are about one order of
magnitude larger than the p-counterpart, which implies stronger
nonlinear interactions under s-polarized FW excitation. Further-
more, two peaks are observed in each spectrum here, which is
in a distinct contrast to the single peak structure appears in the
linear cases shown in Figure 2c.
We simulated the SHG power by integrating the Poynting

vector over the output plane on the transmission side in the
COMOSL models, which is further divided by the incident FW
power to calculate the SHG conversion efficiency 𝜂 = PSHG∕PFW,
as shown by solid lines in Figure 4a. The 𝜂 curves show a strong
dependence on the wavelength, and present prominent enhance-
ments around the wavelengths that correspond to the linear Mie
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resonances. Analogous to the spectral shifting in the linear trans-
mission, the 𝜂 peaks are also shown to efficiently red-shift by in-
creasing theD. Similar to the two peak structure in the nonlinear
current density and multipolar spectra in Figure 3, the 𝜂 spectra
also show two peaks. The 𝜂 under the s-polarized pump is about
one order of magnitude stronger than that of the p-excitation.
This is because the electric near fields are polarized parallel to
the optical axis of the LN crystal under the s-pump (shown in
Figure 1e), while E fields are orthogonal to the optical axis for p-
pump, thus the 𝜒 (2)

eee (which is more than three times larger than
other 𝜒 (2) components as shown in Figure 1a) is more efficiently
utilized by the s-pump. And the 𝜂 achieves about 4.2 × 10−6 and
peaks at 410 nm for D = 600 nm under s-polarized FW.
To experimentally characterize the SHG from the metasur-

faces, the samples were illuminated by a tunable femtosecond
laser (Mai Tai, Spectra-Physics, 200 fs, 80 MHz). The pump laser
beam was focused onto the LN metasurfaces by a 10× objective
(N.A. = 0.25) forming a spot with a radius of 4.7 µm. The SH sig-
nal was collected in the transmission side using an UV-objective
(Thorlabs, 20×, N.A.= 0.38) whereas the transmitted pumpwave
was filtered-out using a short-pass filter (BG40 colored glass).
Wemeasured the SHG signal by sweeping the pump wavelength
across a range from 740 to 1000 nm in a step of 20 nm and record-
ing the SHG intensity spanning from 370 to 500 nm. The inci-
dent average pump power was kept constant at around 23 mW
corresponding to a peak irradiance of about 2.05 GW cm−2. And
the SH power was evaluated using a calibrated spectrometer. As
shown in Figure 4b, the experimental 𝜂 curves clearly show res-
onant peaks, whose wavelength positions are consistent with the
simulated ones and also show red-shifts for the larger D. It is
worth noticing that the larger SHG is achieved for smaller D.
Such phenomenon is consistent with the stronger linear multi-
pole resonances for the smallerD shown in Figure 1d, which im-
plies that the LN nanostructures interactmore efficiently with the
incident FW field. The maximum 𝜂 in our experiment achieves
about 2 ×10−6 from the D = 600 nm metasurface for s-polarized
FW incidence, which is about two times larger than that of the
unstructured LN film (grey line). Furthermore, consistent with
the numerical prediction, the 𝜂 under p-FW polarization is about
one order of magnitude smaller than that of the s-counterpart. In
the meantime, up to fivefold 𝜂 enhancement is achieved for the
D = 600 nm metasurface around the SH wavelength of 400 nm
compared with that by unstructured LN film. The experimental
𝜂 curves show smaller magnitudes and broader spectral widths
than the simulated ones. Such differences could be explained
by the much lower Q-factors and thus less nonlinear interaction
strengths in the real samples than the simulated cases. Further-
more, imperfections in the alignment of our experimental setup
may also reduce the measured 𝜂.

3. Conclusion

In conclusion, we have experimentally demonstrated the non-
linear LN metasurfaces with controllable SHG properties. Both
electric- and magnetic-natured Mie-resonances are steadily sup-
ported in the LN metasurfaces, allowing for the resonantly en-
hanced nonlinear optical interactions. The SHG efficiency is ob-
served to be boosted efficiently at the resonance wavelengths and

achieves about 2 ×10−6 under the s-polarized pump with the
2.05 GW cm−2 intensity, which is about two times larger than that
of the unstructured LN film. Meanwhile, such SHG enhance-
ment compared with the LN film becomes fivefold for the p-
polarized pump. Furthermore, we manage to tune the SHG ef-
ficiency spectra by changing the geometric parameters thus the
Mie-resonances of the LN metasurfaces. The experimental re-
sults are consistent with the numerical simulations. Our non-
linear LN metasurfaces would benefit manufacturing with high
flexibility the ultracompact photonic devices showing novel non-
linear optical functionalities. And our results can also be applied
for other nonlinear processes such as four-wave mixing, sum
frequency generation, parametric down conversion, et al., which
may find wide applications in biosensing, quantum optical com-
munications, display, and so on.
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