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Abstract: Optical bound states in the continuum (BICs) have recently been studied in a
wide range of material systems, where light is perfectly confined in the continuous spectrum
of radiating modes. In this paper, we reported periodic nonlinear metasurfaces on the
etchless LiNbO3 platform, realizing the enhancement of second-order generation (SHG).
All-dielectric heterogeneous metasurfaces are constructed by patterning a low-refractive-
index polymer on a high refractive-index LiNbO3 film without etching. Due to BICs, light
is localized in the LiNbO3 film where the excellent optical second-order nonlinearity is
exploited. We demonstrated that with normal incident waves, symmetry-protected BICs
are formed at near-infrared wavelength showing a vanishing linewidth in the transmission
spectrum. In addition, to manifest the invisible BICs to detectable supercavity resonances
at normal incidence, asymmetry is introduced into the system, degrading the symmetry-
protected BICs to sharp resonances with a high Q factor. Furthermore, the second harmonic
generation (SHG) of the etchless lithium niobate metasurface is studied, predicting that the
SHG efficiency can exceed 10−3 with 30 MW/cm2 of the pump intensity. The proposed
strategy without facing the fabrication challenge of etching single-crystal LiNbO3 film opens
a new avenue for the utilization of BIC in nonlinear optics of all-dielectric heterogeneous
metasurfaces.

Index Terms: Bound states in the continuum, All-dielectric metasurface Second-harmonic
generation.

1. Introduction
The electromagnetic metasurface is a kind of special quasi-2D meta-material consisting of ultrathin
subwavelength structures with different shapes and sizes. It has recently aroused great research at-
tention in the field of optics [1]–[6]. Through structural geometries variation, metasurfaces can mod-
ulate the polarization, phase, and amplitude of the propagating waves [7]–[11]. Strongly interacting
with electromagnetic waves, metasurfaces can offer a completely new route for nonlinear optics
[12], [13]. As common nonlinear optical effects, nonlinear wave mixing such as second-harmonic
generation and third-harmonic generation are generally realized based on the conventional phase
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matching concept in bulk structures. With strong light-matter interaction, ultrathin metasurfaces are
capable of replacing conventional macroscopic structures and realizing high wavelength conversion
efficiencies in the meantime [13]. The study of nonlinear effects within ultrathin metasurfaces was
firstly investigated in the plasmonic metasurfaces constructed by split-ring metal resonators [14],
[15]. However, metals show significant Ohmic loss beyond the microwave frequencies, resulting
in relatively low Q factors in the conventional plasmonic metasurfaces, which limits their appli-
cation in various functional nanoscale devices [16]–[18]. To bypass this restriction, all-dielectric
platforms with the promise to offer low-loss meta-optics and photonics attracts growing interest
in recent years [18], [19]. Lithium Niobate (LiNbO3) is a kind of transparent dielectric material
with an insignificant absorption coefficient of 10−5 in visible to near-IR frequency range [20].
Moreover, The hexagonal non-centrosymmetric crystal structure of LiNbO3 [21] facilitates strong
nonlinear effects such as electro-optical effect, piezoelectricity, and large second-order nonlinear
coefficient (d33 = 25 pm/V), which has the potential of enabling ultra-fast optical switches, SAW
(Surface Acoustic Wave) transducers, and wavelength conversion [22]. Owing to the nonliearlity of
LiNbO3 crystal, LiNbO3 metasurfaces and nanostructures has been studied in the nonliear optics,
where second-harmonic generation is emphasized [23]–[26]. However, LiNbO3 is perceived as a
difficult-to-etch material. The available etching methods such as Ar milling and mixed fluorine and
argon plasma etching still face the challenges of realizing steep sidewall, large etch depth, and
low losses [27]–[29]. To construct nonlinear LiNbO3 metasurfaces without etching, we employ a
recently emphasized concept of optical bound states in the continuum (BICs) enabling a convenient
approach to realize effective light localization and to enhance second-harmonic generation in
LiNbO3 metasurfaces.

Bound states in the continuum (BICs) was originally predicted by von Neumann and Wigner
in 1929 [30] with mathematically designing a quantum potential to trap an electron in the states
where energy would normally allow the coupling to radiating waves. As a wave phenomenon can
be interpreted by destructive interference, the concept of BICs has been extended to acoustics
[31]–[33], photonics [34]–[36], and electronics [37]–[41]. Recently, the advancement of nanofabrica-
tion technologies has enabled the fast development of BICs in photonic nanostructures, promoting
practical applications in a wide range of areas such as sensors [42]–[44], lasers [45], and filters
[46]. Because the BIC mechanism promises tight confinement of photons in a high-refractive-index
material surrounded by a low-refractive-index environment, the reported optical BICs are mostly
realized in the conventional structures, such as passive photonic crystal slabs [47], waveguide
arrays [48], nanoparticles [49], and anisotropic dielectric layers [50]. However, it has also been
reported that the optical BICs can exist in a high-refractive-index substrate with low-refractive-
index waveguides atop by precisely tuning the dimensional parameters to achieve destructive
interference between the leaky channels to the substrate [51]–[53], which can be explained by
Friedrich-Wintgen BICs [54].

As is recently reported, BICs have been employed in silicon-based resonant metasurfaces to
enhance nonlinear optical effects, such as third-harmonic generation [55], [56]. However, due to
centrosymmetry of Si crystal, Si shows no second order nonlinearity without strain or applied elec-
tric field. In this paper, we designed all-dielectric nonlinear metasurfaces with low-refractive-index
polymer cuboid nanopillars on the LiNbO3-on-insulator (LNOI) substrate based on the mechanism
of bound states in the continuum. The existence of the symmetry protected BIC modes in the
designed metasurfaces are demonstrated by employing the finite element method (FEM). The BIC
mode exhibits magnetic dipole (MD) resonance in the near-IR wavelength range. Furthermore, by
introducing in-plane symmetry breaking to highly symmetric polymer nanopillars, the true symmetry
protected BICs transformed into quasi-BIC modes with a relatively high Q factor (up to 105).
Finally, we illustrated the enhanced second-harmonic generation resulting from the strong field
confinement in the L-shaped metasurfaces utilizing the high Q quasi-BIC modes. Our results
show that based on the mechanism of BIC (or quasi-BIC) resonance, we can confine light in the
single-crystal LiNbO3 film and thus enhance second-harmonic generation in the heterogeneous
metasurfaces.
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Fig. 1. (a) 3D schematic of the designed etchless LiNbO3 metasurfaces. (b) Schematic diagram of a
single unit with in-plane symmetry. (c) Schematic diagram of a single unit with L-shaped nanopillar.

2. Device Structure
We proposed a design of the periodic metasurface with in-plane symmetry to support symmetry-
protected BIC, as shown in Fig. 1(a). In the finite element method (FEM) simulation, a normal
incident plane wave with a wave vector, k is parallel to the z-axis, and the electric field, E, polarized
along the y-axis, as shown in Fig. 1(b). To simulate a semi-infinite situation of a periodic structure, a
single unit cell is calculated in x-y planes with periodic boundary conditions while perfectly matched
layers are used along the z-axis. The refractive index of the polymer is set as 1.5, and because
the dispersion of the refractive index of LiNbO3 changes slightly in visible to the near-IR range,
whose refractive index is set as 2.14. The height of polymer nanopillar, the side length of polymer
nanopillar, the period of the unit cell, the thickness of LiNbO3 crystal, the length of the defect,
and the width of the defect are denoted by h, a, p, t, d, and w respectively. To construct a BIC in
the near-IR frequency range, the geometrical parameters of periodic metasurfaces with in-plane
symmetry is set as h = 400 nm, a = 520 nm, p = 780 nm, t = 400 nm, and the fused silica is cut
off as a perfectly matched layer indicating an infinite thickness to emulate a LiNbO3-on-insulator
wafer. To investigate the properties of BIC (or quasi-BIC) mode at � point, we introduced in-plane
symmetry-breaking perturbations to transform the ideal symmetry-protected BIC into supercavity
(quasi-BIC) mode accompanied by high Q factor resonances [57]. As shown in Fig. 1(c), without
changing other geometrical parameters, we removed part of the nanopillars with in-plane symmetry
forming an L-shaped metasurface with the length of the defect d = 195 nm, the width of the defect
w = 260 nm.

3. Results and Discussion
In this section, we first demonstrate the spectral features of the metasurfaces on a high-refractive-
index LiNbO3 film. Firstly we overview the band structure of the periodic metasurfaces. With the
Bloch wave vector changes along �k = (kx , 0, 0), the band structure is calculated in COMSOL
Multiphysics. The eigenfrequency is represented as a complex frequency f , which enables the
calculation of radiative quality factor as

Q = Re(f )
2Im(f )

(1)

The resonance frequency and radiation losses are given by the real and imaginary parts of
the complex eigenfrequency f respectively. According to the occurrence order in the spectrum,
the lowest two TE modes TE1, TE2 and TE3, and the lowest TM mode TM1 are exhibited in the
band diagram, as shown in Fig. 2(a). The Q factor of TE1 mode and TE2 mode is calculated
with equation (1) in Fig. 2(b). It can be seen from Fig. 2(b), the infinite Q factor of TE1 mode
and TE2 mode drop rapidly near � point, indicating at normal incidence, the modes become true
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Fig. 2. (a) The band diagram of periodic metasurface with in-plane symmetry. (b) The dependence of
the Q factor on the incident angle for TE1 mode and TE2 mode.

BIC modes with infinite Q factor (more than 109). These BIC at � point are symmetry-protected
BICs generating from the mirror and rotational symmetry incompatibility between the bound mode
and the radiative modes [47]. Symmetry-protected BIC can exist in various optical structures [35],
[48], since symmetry-protected BIC is formed by the complete decoupling of modes of different
symmetry classes.

In this structure, we focus on the symmetry-protected BIC excited by TE1 mode. This symmetry-
protected BIC is robust against the dimensional changes while preserving the spatial symmetry
(i.e. variation of period p and side length a) [57]. As the angular-resolved transmission spectra
shown in Fig. 3(a) and Fig. 3(b), it can be seen that the BIC excited by TE1 mode is formed
at 1461.5 nm at � point. The TE1 mode shows vanishing resonance linewidth as the incident
angle decreases to zero, which is consistent with the infinite Q factor of TE1 at �k = 0 in Fig. 2(b).
Evolution of transmission spectra vs incident angle shown in Fig. 3(c) demonstrates the noticeable
and sudden appearance of narrow resonances when moving away from the symmetry-protected
BICs in the k space. In the vicinity of the symmetry-protected BIC, the Q factor degrades quickly
with the increase of the incident angle θ . When θ increases from 0° to 1°, the corresponding Q
factor decreases from more than 109 to about 104, as shown in Fig. 2(b), which can be called
“near-BIC” region. The near-BIC region with a relatively high Q factor is obtained by continuously
varying the parameters (including wave vector and geometrical parameters) away from the specific
BIC value. At the BIC point, the true BIC mode has no leakage and is decoupled from any radiation
channels, resulting in a completely dark mode, which disappears in the transmission spectrum,
as shown in Fig. 3(c) when θ = 0o. In the near-BIC region, the high Q factor can be explained
by the resonance reaction theory [58], [59]. In the near-BIC region, a bound state can exist in
the radiation continuum when the mode couples to the radiation channels. When the Hamiltonian
producing this bound state differs slightly from the actual Hamiltonian, a sharp resonance occurs
in scattering and reaction sections, which results in a comparably high Q factor. The Q factor
decreases fast in the near-BIC region, showing an exponential decay with the varying parameter
[60]. To deeply understand the physics of the near-BIC region, the electric field and magnetic field
profile of BIC mode at θ = 0o and θ= 0.1o are shown in Fig. 3(d) and Fig. 3(e) respectively. The
field profile indicates a z-directed magnetic dipole (MD) resonance feature, exhibiting an in-plane
circular current behavior. The electric field manifests the BIC mode as a TE-like mode at � point.
Away from the polymer nanopillar, the magnetic field has the opposite directions in the LiNbO3

film, indicating the magnetic dipole resonance is not confined only under the polymer nanopillar.
Besides, in the near-BIC region (e.g., θ = 0.1o), the MD resonance shows a trend of leakage along
y-axis, as shown in Fig. 3(e), but still dominants the resonance.
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Fig. 3. (a) Angular-resolved transmission spectrum calculated for the periodic metasurface with in-
plane symmetry. (b) Angular-resolved transmission spectrum when incident angle is smaller than 1°.
(c) Evolution of transmission spectra vs incident angle from 0° to 0.5°. (d) Electric and magnetic field
distribution in the LiNbO3 film under the nanopillars at θ = 0o. (e) Electric and magnetic field distribution
in the LiNbO3 film under the nanopillars at θ = 0.1o.

By removing part of the nanocube to introduce in-plane symmetry perturbation, the L-shaped
nanopillar is studied as follows. Fig. 4(a) shows the dependence of Q factor on the incident angle
for TE1 mode in L-shaped metasurfaces (d = 195 nm, w = 260 nm). The maximum Q factor is
obtained at normal incidence, showing a high Q factor of more than 13000. With the incident angle
increases, the Q factor declines slowly comparing to the true BIC case. The field distribution of Ex

and Hz at � point are shown in Fig. 4(b) and Fig. 4(c) for symmetric nanocube metasurfaces and
L-shaped nanopillar metasurfaces respectively. The magnetic field presents z-directed magnetic
dipole (MD) features in the LiNbO3 film, and the magnetic dipoles have opposite directions under
and away from the nanopillar. In the vertical section of Ex, which can be seen that the intensity of
the electric field decreases away from the LiNbO3 film, indicating this BIC mode does not radiate in
the vertical direction along the z-axis. When the symmetry perturbation is introduced, the electric
field extends out of LiNbO3 film, and the intensity of light localized in the LiNbO3 film is reduced.
As can be seen in Fig. 4(b) and Fig. 4(c), when the symmetry perturbation is introduced, the
magnetic field extends to the area with no polymer atop while the MD resonance is still supporting
the resonance. To illustrate the influence of the defect size on the Q factor, the size of the defect is
interpreted as asymmetry parameter α, defined as the ratio of the removed part to the area of the
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Fig. 4. (a) The dependence of Q factor on the incident angle for TE1 mode in L-shaped metasurfaces.
(b) Hz and Ex distribution corresponding to the metasurfaces with in-plane symmetry at the x-y
cross-section in the middle of the LiNbO3 film, Ex distribution at the y-z cross-section. (c) Hz and
Ex distribution corresponding to the L-shaped metasurfaces at the x-y cross-section in the middle of
the LiNbO3 film, Ex distribution at the y-z cross-section. (d) Modeled Q factor of TE1 as a function of
the asymmetry parameter, α. Inset: definition of the asymmetry parameter.

polymer. We fixed the length d of the defect to be 195 nm and varied the width of the defect w to
tune the asymmetry parameter. As obtained in Fig. 4(d), the Q factor of the quasi-BIC mode scales
as inverse square law with the asymmetry parameter of the polymer nanopillars [61].

As is mentioned above, true BICs perfectly confine light in the metasurface and do not radiate.
Introducing symmetry-breaking tunes the true symmetry-protected BIC to quasi-BIC, obtaining a
high Q factor mode at normal incidence. For the asymmetry L-shaped metasurface, we simulated
linear transmission, which demonstrates a sharp dip at the quasi-BIC wavelength (see Fig. 4(a)).
Moreover, we calculated the second-harmonic generation related to the quasi-BIC resonance.
Since LiNbO3 is a non-centrosymmetric material with large second-order nonlinear susceptibil-
ity, LiNbO3 single-crystal film itself has a great potential in second-order nonlinear optics. To
demonstrate the potential of etchless LiNbO3 metasurfaces for second-harmonic generation, the
second-order nonlinear polarization is set as a source in FEM. The SHG efficiency is defined as

ηSHG =
∫

A

−→
SSH · n̂da

I0 × p2
(2)

where
−→
SSH is the Energy flux density vector of the second-harmonic field, A is the integration surface

enclosing the LiNbO3 unit cell n̂ is the unit vector normal to surface A, and I0 is the fundamental
wave intensity (I0 = 30 MW/cm2 in the simulations). The normalized transmission spectrum of
an asymmetry metasurface with w = 156 nm, d = 195 nm is shown in Fig. 5(a). The calculated
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Fig. 5. (a) The normalized transmission spectrum of L-shaped metasurface with w = 156 nm, d =
195 nm and pump intensity I0 = 30 MW/cm2. (b) SHG efficiency as a function of pump wavelength for
an L-shaped metasurface. (c) Maximum SHG efficiency as a function of the asymmetry parameter α of
the L-shaped nanopillars. (d) Dependence of SHG efficiency on the fundamental wave pump intensity

SHG efficiency for the LNOI substrate without polymer nanopillar and the asymmetry metasurface
mentioned above are shown in Fig. 5(b). In the calculation, we used the dominating nonlinear
coeffcient d33 = 25 pm/V as reported for z-cut LiNbO3 in [57]. As Fig. 5(b) shows, the peaks of
SHG efficiency are obtained for pump wavelengths of λ = 1462.5 nm and λ = 1463 nm, which are
exactly the quasi-BIC resonance wavelengths indicated in Fig. 5(a). The maximum SHG efficiency
corresponds to the quasi-BIC excited by TE1 mode at λ = 1463 nm. Besides, the SHG efficiency of
the LNOI substrate is insignificant comparing to the metasurface, which confirms the enhancement
is generated from the designed metasurface. Fig. 5(c) shows the maximum SHG efficiency as a
function of the asymmetry parameter α of the L-shaped polymer nanopillar. With α decreasing,
the maximum SHG efficiency increases. More specifically, the SHG efficiency scales as an inverse
square law with the asymmetry parameter, similar to the way that the Q factor scales with the
asymmetry parameter. It can be explained by the definition of second-order polarization intensity
P (2) = ε0χ

(2)E1E1, where E1 is the electric field intensity of the incident fundamental wave. Based
on the BIC mechanism, the quasi-BIC in the LiNbO3 film confines light in the layer to obtain large
electric field intensity and the high Q factor. The large field intensity gives rise to the second-order
polarization intensity, which affects the SHG efficiency to show the same trend as the Q factor and
the field intensity with the asymmetry parameter varying. As shown in Fig. 5(d), the SHG efficiency

Vol. 12, No. 5, October 2020 4601209



IEEE Photonics Journal Nonlinear Bound States in the Continuum

is proportional to the pump intensity, which means a quadratic relation between SH intensity and
fundamental wave intensity, showing good agreement with the nature of second-order generation
process.

4. Conclusion
In this work, we demonstrated etchless heterogeneous lithium niobate metasurfaces by pattern-
ing low-refractive-index polymer nanopillars on high-refractive-index LiNbO3 film. A symmetry-
protected BIC with an infinite Q factor is formed when the metasurfaces remain in-plane symmetry.
By removing partial material of the polymer nanopillars, a sharp resonance caused by quasi-BIC
mode is achieved. Besides, utilizing these quasi-BIC modes, second harmonic generation in the
LiNbO3 film is enhanced at the resonance frequency, achieving SHG efficiency of more than 10−3.
The relationship between the asymmetry parameter and SHG efficiency is also investigated, show-
ing a decreasing SHG efficiency as the asymmetry parameter increasing. The results provided by
this work opens a new avenue for manipulating symmetry protected BIC and utilizing functional
single-crystal materials in nonlinear optics with convenient fabrication processes. We believe this
approach has a huge potential for applications such as molecular sensing and lasering.
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