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Boosting second-harmonic generation in the LiNbO3 metasurface using high-Q guided
resonances and bound states in the continuum
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To date, second-harmonic generation (SHG) at nanoscale has concentrated on employing high-refractive-
index nanostructures, owing to the strong field confinement at deep subwavelength scales based on optically
resonant effects. However, nanostructures with lower index contrast between the structures and the surroundings
generally exhibit weaker resonant effects and lower field confinement. To address this issue, by harnessing the
large nonlinearity of LiNbO3, we propose an approach to employ guided resonances and bound states in the
continuum (BICs) with a LiNbO3 metasurface consisting of a LiNbO3 disk array sitting on a LiNbO3 thin
film. Such a system can transform the guided modes supported by a LiNbO3 thin film into high-quality guided
resonances which can be excited directly under plane-wave illumination. Importantly, we further demonstrate
strong field confinement inside a LiNbO3 thin film with a tailorable quality factor (Q factor) by realizing a
Friedrich-Wintgen BIC. Such a unique mode engineering enables a record-high SHG efficiency of 5% under a
pump intensity as low as 0.4 MW/cm2. Moreover, we reveal the influence of nonlinear resonances and cross
coupling on the SHG by showing the anomalous SHG and efficiency tuning with the rotation of the crystal axis.
Our work offers a route to construct enhanced SHG based on high-Q guided resonances and BICs, including
low-index and high-index nonlinear materials.
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I. INTRODUCTION

Frequency conversion is one of the most intensively stud-
ied areas in nonlinear optics at the macroscale [1] due to its
extensive range of applications, including, but not limited to,
sensing [2,3], quantum light sources [4], and nonlinear imag-
ing [5,6]. High-power lasers and bulk nonlinear crystals have
been widely used in nonlinear optics in recent decades to gen-
erate strong nonlinear signals. This technology exploits phase
matching to maximize the nonlinear conversion efficiency.
However, nonlinear optics at the nanoscale has not been fully
developed yet due to the minor mode volume for light-matter
interactions and, subsequently, the low conversion efficiency.
In the past few decades, the development of technology for the
growth and nanofabrication of nonlinear material has enabled
various applications, one of which is resonance-enhanced har-
monic generation [7,8]. This novel conception, utilizing the
strongly resonant modes built in the light-matter interactions
in the photonic nanostructure to enhance nonlinear genera-
tion, has been widely investigated and developed in recent
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years [9–11]. Importantly, phase matching is no longer nec-
essary in resonant structures due to their subwavelength size
[12].

Metallic nanoparticles, based on collective oscillations of
free electrons, so-called surface plasmons, have been in-
tensively studied for nonlinear interactions at the nanoscale
in the last decade [10]. However, the high Ohmic loss of
metals limits their practical use [13]. Consequently, all-
dielectric nanoparticles with high refractive indices, large
nonlinear coefficients, and low losses have been used to
build enhanced optical nonlinear processes over the past
few years. Such nanoparticles support Mie resonances which
enable enhanced harmonic generations, including second-
harmonic generation (SHG), third-harmonic generation, and
four-wave mixing [14–22]. Mie-type resonances can provide
strong local field confinement inside the nanostructure and
thus enhance the nonlinear conversion efficiency of the res-
onant nanostructures [23,24]. Typically, the quality factor
(Q factor) of Mie resonances becomes the principal in-
dex indicating the capability of local electromagnetic field
confinement.

The Q factor of resonance is defined as the energy dis-
sipation during each cycle of oscillation versus the energy
stored in the resonator. A higher Q factor is expected to induce
stronger field confinement within the resonator, leading to
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larger light-matter interactions [25,26]. Recently, bound states
in the continuum (BICs) have attracted tremendous attention
for their ability to achieve resonances with the infinite Q
factors that can significantly increase the nonlinear conversion
efficiency [12,27,28]. Relevant works have been demonstrated
and proposed for nonlinear optical processes based on dif-
ferent high-index materials, including silicon, GaAs, GaP,
etc. [7,12,29–32]. However, most of the above dielectric and
semiconductor materials are lossy, i.e., nontransparent, in the
visible spectral range or the near-ultraviolet spectrum region,
leading to degradation of the performance for nonlinear appli-
cations.

Recently, nonlinear materials with relatively low refrac-
tive index contrast, such as AlN, GaSe, and LiNbO3 with
large second-order nonlinear susceptibilities, have attracted
increasing attention as they are highly transparent from the
near-infrared to near-ultraviolet spectrum region [33–37]. Al-
though the refractive index of such materials is still higher
than that of regular substrate materials (such as SiO2), their
refractive index contrast with the substrate is still lower
than that of traditional high-index materials (such as silicon,
GaAs, GaP, etc.). Therefore, materials such as AlN, GaSe,
and LiNbO3 suffer from a stronger leakage from the parti-
cles to the surroundings when constructing Mie resonances.
Consequently, the field confinement of Mie resonances in
low-index nanoparticles (n ∼ 2.0) is usually lower than that
in high-index nanoparticles (n > 3), leading to an inefficient
conversion for such low-index nonlinear materials [13]. In
this paper we address this issue by employing guided-mode-
formed BIC states.

In addition to nanoparticles, BIC states can also be formed
by guided modes steadily existing in a slab with subwave-
length thickness [38]. The optical BIC states are observed
experimentally both in silicon (n = 3.48) [39] and silicon ni-
tride (n = 2.02) [40], indicating that both low- and high-index
materials can support the BIC states with divergent Q factors.
In addition, the quasi-BIC states and the guided modes can
easily be excited by tuning the incident angle without any
geometric adjustment. Compared to nanoparticles, the slab
provides a larger volume of confined light fields to enhance
light-matter interactions.

Here, we propose an approach employing the best of
both worlds: nanoparticles and slabs. We demonstrate that
by accommodating a LiNbO3 disk metasurface on top of
a LiNbO3 thin film, the system can transform the guided
modes supported by a LiNbO3 thin film into high-Q guided
resonances with strong field confinement via plane-wave
illumination. Furthermore, we found that such a metasur-
face can host a Friedrich-Wintgen BIC formed by the
interference between high-Q transverse-electric (TE) and
transverse-magnetic (TM) odd modes. We reveal the forma-
tion mechanisms of these guided resonances and BICs and
optimize the second-harmonic generation by controlling three
processes: the field confinement at pump frequency, the res-
onance at harmonic frequency, and the coupling between the
pump and harmonic waves. Within the three processes, we
demonstrate the tailorable Q factor of resonance by tuning
the incident angle and subsequently obtain highly boosted
SHG emission. Our approach can be applied to a wide
range of nonlinear materials with various nonlinear pro-

FIG. 1. The schematics of the LiNbO3 (a) slab and
(b) metasurface-slab hybrid system, representing the guided
mode and quasi-BIC mode.

cesses, which could expand a range of nonlinear photonics
applications.

II. RESULTS

A. Design and approach

Our design consists of an infinite LiNbO3 slab on a silicon
dioxide substrate as shown in Fig. 1(a). For simplicity, here,
the refractive indexes of LiNbO3, silicon dioxide, and air are
set as nslab = 2.2264 [41], nsub = 1.5, and nair = 1, respec-
tively. The slab and the substrate are uniform along the x axis
and y axis. The system is invariant by a translation through
any displacement d in the xy plane. We define the operator
Td as the displacement translation; therefore, the permittivity
distribution is invariant under the displacement translation, as
shown in the equation Tdε(r) = ε(r + d) = ε(r). The field
amplitudes of the radiative modes are the same in the xy plane
due to the continuous translational symmetry [42]. Following
this rule, we can deduce the form of the radiative modes:
Fk(r) = eikρf (z), where k is the wave vector and ρ is the
vector that is confined to the xy plane: ρ = xi + yj. Since the
refractive index of the slab material (LiNbO3) is higher than
its surroundings (air and silicon dioxide), there are an infinite
number of guided modes that enable the oscillation of photons
inside the slab. Those guided modes are decoupled from the
modes that radiate to the far field with field Fk(r) = eikρf (z)
due to the continuous translational symmetry in the x and y
directions.

For the simulation, the field patterns, transmittance spec-
tra, nonlinear conversion efficiency spectrum, and multipolar
decomposition are calculated using the finite-element method
using the COMSOL MULTIPHYSICS software (version 6.0). The
Q factors of the modes are calculated by performing an
eigenvalue analysis using the COMSOL MULTIPHYSICS software
(version 6.0). The band structure calculation is based on the
Massachusetts Institute of Technology Photonic-Bands (MPB)
open sources [43].

The dispersion relation of these guided modes can be ob-
tained by calculating the band structure. It is worth noting
that by using different periodicities, the dispersion relation
will be the same because they give the same unfolded band
structures. Here, we fix the periodicity as a = 600 nm and
then calculate the band structure from the slab structure.
The periodic distribution has the form F(r) = F(r + ai + aj),
where i and j represent the unit vector along the x and y axes.
Figure 2(a) indicates the band structure calculated under the
periodic boundary condition. Here, we focus on two guided
modes: one TE mode (M1) and one TM mode (M2) with
the field distributions shown in Fig. 2(b) and Fig. S2 in the
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FIG. 2. (a) The calculated band structure of the infinite slab.
(b) The electric patterns of guided modes M1 and M2 within the
infinite slab at the � point. (c) The transmittance spectrum of the
metasurface slab at the � point. The height of the slab is 400 nm. The
height of the disk is 200 nm. The period length is 600 nm. The radius
of the disk is 200 nm. (d) The electric patterns of excited resonances
R1 and R2 within the metasurface slab.

Supplemental Material [44]. The spectral positions of these
two modes can be roughly predicted as [45,46]

nωax

c
∼ (l − 1)2π + (m − 1)2π

ax

ay
, (1)

where l and m correspond to the antinode number along the
x axis and y axis of the electric field in the TE mode and
the magnetic field in the TM mode. ax and ay correspond to
the pitch size along the x and y directions. In this study, we
focus on the influence of the variety of modes along the x
and y axes rather than the z axis. Hence, we quote the two-
dimensional model [Eq. (1)] instead of the three-dimensional
(3D) model to demonstrate and predict the spectrum posi-
tions of M1 and M2. For each propagating period, the guided
modes require the one phase shift to be an integer multiple
of 2π . Here, we set ax = ay = a. Equation (1) predicts that
M1 [TE (l = 3, m = 1)] and M2 [TM (l = 1, m = 3)] are
both located at the spectral position where a/λ = 1/nslab, as
indicated in Fig. 2(a). This provides a robust approach to
access the guided modes at any wavelength by introducing
and tuning this artificial periodicity a. The introduction of
the periodic nanodisks on top will break the symmetry of the
system and then transform guided modes M1 and M2 into
high-Q guided resonances which are accessible externally by
plane-wave illumination.

The nanoparticle array on top enables the excitation of M1
and M2 by bringing more radiative modes into the system.
Those radiative modes become the leaky channels between
the guided modes and far field, resulting in the high-Q guided
resonances with tunable Q factors. To excite guided modes
M1 and M2, we introduce a metasurface slab made of LiNbO3

on top of the infinite silicon dioxide substrate, as shown in
Fig. 1(b). We set the geometric parameters as the height of
the slab H = 400 nm, the height of the disk h = 200 nm,
the radius of the disk r = 200 nm, and the periodic length
a = 600 nm. The whole structure can be considered as adding

a LiNbO3 disk on each periodic unit, a × a, to transform
the continuous translational symmetry to discrete translational
symmetry (from Td to Ta). LiNbO3 is an anisotropy medium
with a refractive index of no = 2.2264 along the ordinary axis
and ne = 2.1506 along the extraordinary axis [41]. Here, we
align the extraordinary axis of the LiNbO3 with the y axis,
so that no = nx = nz = 2.2264, and ne = ny = 2.1506. The
system of the metasurface slab is invariant under the 180◦
rotation around the z axis, which can be defined as an operator
Cz

2ε(x, y, z) = ε(−x,−y, z) = ε(x, y, z).
At the center of the momentum space [(kx, ky) = (0, 0)],

�, the field distributions of radiative channels along the z
axis are odd under Cz

2 symmetry and can couple to the odd
guided mode within the slab and excite the odd resonances
with finite Q factors (see Fig. S3 in the Supplemental Material
for the odd and even distribution examples). The even guided
modes are symmetry-protected BICs under Cz

2. They can be
transformed into quasi-BICs by changing the incident angle
with nonzero kx or ky. The field distributions of resonances
1 and 2 [R1 and R2; Figs. 2(d) and S2] have field patterns
similar to those of M1 and M2, indicating that R1 and R2
[shown in Figs. 2(c) and 2(d)] excited in the y-polarized plane
wave are the guided mode resonances transformed from the
TE odd guided mode (M1) and TM odd guided mode (M2),
respectively. In this way, we excited the odd guided reso-
nances with a high Q factor and tailorable spectral position
by engineering the periodicity of our system. The process
of designing a resonance from a continuous finite system to
a periodic structure is always neglected in current research,
but this process is also robust for obtaining the desired light-
matter interaction with both low- and high-index materials to
achieve various applications.

R1 and R2 possess Q factors of several hundred, with
strong confinement of the electromagnetic field inside the
metasurfaces. However, to significantly boost the light-matter
interactions from the low-contrast-index-based nanostructures
and metasurfaces, we further improve the confinement of the
electromagnetic field of R1 by constructing the Friedrich-
Wintgen BIC configuration based on R1 and R2. According to
coupled mode theory, two resonances (here, R1 and R2) cou-
pled to the same radiative channels can strongly interfere with
each other when they are close both spatially and spectrally.
Under certain conditions [47] (see Fig. S4), one of them can
turn into the BIC state with a divergent Q factor and vanishing
resonant linewidth when the radiation channels are completely
suppressed via the destructive interference between the two
resonances. The formation of this kind of BIC and quasi-BIC
can be explained by a two-level system. It is worth mentioning
that in our case, the contrast index between the nanostructures
and the substrate is smaller than that in the array of high-
index nanoparticles like Si and GaAs. The smaller contrast
can increase the energy leakage from the nanostructures to
the substrate, resulting in a weaker light-matter interaction.
However, this phenomenon does not significantly affect the
optical performance of the guided modes compared to the
Mie-type resonance where symmetry protection can suppress
the leaky channel in the designed periodic system.

According to Eq. (1), the spectral positions of R1 and
R2 can be well controlled by changing the periodic length
a. However, tuning geometric parameters (shown in Fig. S5)
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FIG. 3. The transmittance spectrum of the metasurface slab with respect to the incident angle (yz plane). The polarization of incident light
is along the y direction. (b) The electric patterns of the high-Q resonance (R2) and low-Q resonance (R1) for different incident angles. (c) Q
factors of coupled resonances R1 and R2 versus incident angle with the electric field distribution at the 1.7◦ incident angle. The dashed line,
marking y0 = 2.5 × 102, represents the change in the scale on the y axis.

requires repeating the fabrication process to obtain the reso-
nance at the ideal frequency. Instead, changing the incident
angle can accomplish the same goal of controlling the spec-
tral positions of the resonances by engineering the effective
optical path length. We define the incident angle as the angle
between the wave vector k and the normal of the plane of
the metasurfaces. We denote the incident angle as the incident
angle (xz plane) when the wave vector is within the xoz plane
and the incident angle (yz plane) when the wave vector is
within the yoz plane.

The spectral positions of the resonances are closely related
to the incident angle and the electric field distributions of the
mode. Based on Eq. (1), the spectral position of R1 is heavily
dependent on structural size ax, where the phase shift of an
integer multiple of 2π is accumulated at the two interfaces,
while the spectral position of R2 is highly dependent on
structural size ay. Thus, when the incident angle (yz plane)
increases, the frequency of R2 (l = 1, m = 3) decreases,
while R1 (l = 3, m = 1) remains at the same frequency, as
shown in the transmittance spectrum under y-polarized light
in Fig. 3(a). In this way, the spectral gap between the two
resonances can be well controlled. The same control can be
achieved under the x-polarized plane wave. When the incident
angle (xz plane) increases, the frequency of resonance R1 de-
creases, while the frequency of resonance R2 remains nearly
unchanged (Fig. S7). By tuning the incident angle (yz plane),
R1 and R2 become closer in the spectrum and are transformed
into the high-Q mode (R1) and low-Q mode (R2) due to the
interference of the radiative channels with each other. The
strong confinement of the electric field inside the structure
can greatly strengthen the intensity of the nonlinear signal

with the increasing Q factor of R1, which can reach nearly
2.7 × 104 at the 1.7◦ incident angle (yz plane). We achieve two
orders of enhancement of the input electric field amplitude
within the slab [as shown in the inset in Fig. 3(c) and Fig. S6].
This will significantly enhance the nonlinear generation in the
following section.

The two-resonance coupled process is indicated by the
electric field distribution in the xoz plane at the different points
of R1 and R2 [shown in Fig. 3(b); the points are shown
in Fig. 3(a)]. We further investigate the mechanism of the
interaction between the two resonances using the multipo-
lar decomposition, and then we explore the transformations
of coupled multipoles in the strong-coupling process. We
perform the Cartesian multipolar expansion to calculate the
contributions of the toroidal dipole mode [48,49]. The toroidal
dipole mode is a bounded state because there is zero overlap
between its mode profiles and the waves of the radiative
continuum in this subdiffractive periodic system. By careful
design, the nonradiating toroidal dipole mode can be excited
by coupling from radiative multipoles, such as the electric
dipole mode, which offers a different way to construct the
quasi-BIC state. The scattering cross section of the excited
multipoles at the 1.7◦ incident angle (yz plane) in Fig. 4(a)
indicates a strong magnetic dipole component of R1 and
strong electric dipole contribution of R2 [50]. We further
analyze the scattering cross section based on the Cartesian
multipole expansion for the case at the � point and under
an incident angle of 1.7◦, as shown in Figs. 4(b)–4(d). At
the � point, R1 is mainly governed by the electric toroidal
dipole mode (Te) with a small portion of the magnetic dipole
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FIG. 4. (a) The scattering cross section of the electric dipole
(ed), magnetic dipole (md), and electric (eq) and magnetic (mq)
quadrupoles based on spherical multipole expansion under the 1.7◦

incident angle with y-polarized light. (b) The scattering cross sec-
tion of R1 and R2 at the � point based on Cartesian multipole
expansion including the electric dipole in the x direction (px), y
direction (py), and z direction (pz); the magnetic dipole in the x
direction (Mx), y direction (My), and z direction (Mz); and the
electric (Te) and magnetic (Tm) toroidal moments. (c) and (d) The
scattering cross sections of R1 and R2, respectively, under the 1.7◦

incident angle with y-polarized light based on Cartesian multipole
expansion.

(MD) contribution, and R2 is mainly governed by the MD
orientated in the x direction (Mx) with a small portion of the
Te contribution. When the incident angle is tuned to 1.7◦, we
observe the transformation of multipoles between R1 and R2.
R1 is dominated by Mx, and R2 is dominated by Te at an
incident angle of 1.7◦. When resonances R1 and R2 are at
the narrow spectral gap under an incident angle of 1.7◦, their
interference leads to a strong excitation of the electric toroidal
moment and boosts its scattering cross section.

B. Second-harmonic generation

When designing the nanostructure for SHG, it is important
to obtain a large mode volume for light-matter interactions in
the nonlinear material. In this case, guided modes in the slab
provide a perfect platform for achieving a large mode volume
and enhancing the intensity of the nonlinear signal. This is
why we select the nanoparticle array on top instead of adding
a hole for each unit to break the continuous translational
symmetry. Furthermore, the diagonal second-order nonlinear
susceptibility tensor and high transparency [36,37] in the vis-
ible range of LiNbO3 make it an ideal candidate to apply in
the metasurface slab compared to III-V semiconductors. In
addition, the use of LiNbO3 shows that the guided mode in the
subwavelength thickness slab can support greatly enhanced
light-matter interaction with low-index materials (n ∼ 2).

Next, we simulate the nonlinear effect boosted by
the quasi-BIC state based on the relationship between
each component of the second-order polarization density
(PSH

x , PSH
y , PSH

z ) and the electric field of the pump light

FIG. 5. (a) The 3D map of SH emission intensity as a function
of frequency and incident angle θ along the y direction. (b) The
conversion efficiency under the 1.7◦ incident angle (yz plane) with
the crystal axis shown as Eq. (2). (c) The electric patterns under a
fundamental frequency of 256.5 THz with the maximum conversion
efficiency.

(Ex, Ey, Ez ) in LiNbO3:

⎡
⎣

PSH
x

PSH
y

PSH
z

⎤
⎦ = 2ε0

⎡
⎣

0 0 0 0 d22 d31

d31 d31 d33 0 0 0
d22 0 −d22 d31 0 0

⎤
⎦

⎡
⎢⎢⎢⎢⎢⎢⎣

E2
x

E2
y

E2
z

2EyEz

2ExEz

2ExEy

⎤
⎥⎥⎥⎥⎥⎥⎦

. (2)

Here, ε0 is the vacuum permittivity. We set the second-
order nonlinear coefficients [41] as d31 = −3.2 pm/V, d22 =
1.9 pm/V, d33 = 19.5 pm/V.

We define the SHG conversion efficiency η = PSHG/Pin

to describe the ability of a structure to convert the input
light into the SH light, where PSHG is the radiated power
of SHG within a single unit and Pin is the input power per
a single unit at the fundamental frequency. The intensity of
the generated nonlinear light is highly related to the inten-
sity of the confined electric field within the slab structure.
Figure 5(a) shows the SHG conversion efficiency versus the
pump wavelength and incident angle. As the incident an-
gle increases away from the � point, the SHG conversion
efficiency increases. A pump light with an incident angle
of 1.7◦ and an input power of 0.4 MW/cm2 at 256.5 THz
(∼1170 nm) leads to a SH conversion efficiency of around
5% at 513 THz (∼585 nm). Such a high SHG conversion
efficiency from the LiNbO3 metasurface consists of 2.6%
forward SH emission and 2.3% backward SH emission. This
high SHG corresponds to the spectral position of R1 with a
Q factor of 2.7 × 104, as indicated in Fig. 3(b). The Q factor
of R1 at the 1.7◦ incident angle is shown in Fig. 3(c), and
the corresponding conversion efficiency in Fig. 5(a) reveals
that in the metasurface-slab system, the nonlinear response is
highly controllable by tuning the characteristics of resonances
at the fundamental frequency. Considering the practical
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FIG. 6. (a) The transmittance spectrum of the metasurface-slab
system at the � point. (b) The simulated SH conversion efficiency
versus the frequency at the � point with different refractive indexes
at harmonic frequency. (c) The electric field profiles of R1 at the
fundamental wave (FW) frequency and SH frequency. (d) The con-
version efficiency and Q factor of R1 versus incidence (yz plane).

achievement, the 0.4 MW/cm2 power intensity can be gen-
erated under a focused Gaussian beam. A focused Gaussian
beam at the focal plane can be used to approximate the plane-
wave illumination on the metasurfaces.

The nonlinear conversion efficiency is not only affected
by the resonance at the pump frequency but also affected by
many other factors. Taking SHG as an example, the expres-
sion P2ω ∝ κ2Q2L2κ12(κ1Q1L1Pω )2 describes the conversion
process from the pump light to the SH radiation [27], where
Pω is the input power of the pump light and Q1 and Q2 are
the Q factors of the resonances at the fundamental frequency
and the harmonic frequency. κ1 and κ2 are the coupling fac-
tors at the pump and harmonic frequencies that the far-field
radiation couples to the bound states of the system. κ12 is the
cross-coupling coefficient that depends on the second-order
nonlinear susceptibility tensor of the nonlinear material. The
expression suggests that three factors can affect the conver-
sion efficiency of SHG: (1) the resonance at the fundamental
frequency, (2) the resonance at the SH frequency, and (3) the
cross coupling between the fundamental and SH light.

At the � point, the BIC state at the harmonic frequency
has no coupling to the far-field radiative channel (Q2 −→
∞, κ2 −→ ∞, Q2κ2 −→ 0). This will lead to an enhanced

SH field that does not radiate to the far-field domain, which
is called resonance-forbidden SHG [51]. Here, we further
demonstrate an analogous phenomenon: anomalous SHG in
the metasurface-slab system (shown in Fig. 6). Figure 6(a)
shows that R1 and R2 at the � point with a finite Q factor
exhibit the odd distribution under Cz

2 in the structure. The
calculated field distribution of SHG [Fig. 6(c)] is even under
Cz

2. This electric field is further decoupled from the far-field
radiative channel with the odd distribution, which results in
the SHG signal propagating and oscillating through the whole
infinite metasurfaces system along the x axis and y axis with
weak leakage to the far field in the z direction. In most cases,
the higher Q factor and stronger confinement of the electric

field will enhance the nonlinear generation. However, by tun-
ing the incident angle (yz plane), we observe the anomalous
SHG in our designed structure, showing that the conversion
efficiency increases with the decrease of the Q factor of R1
[see Fig. 6(d)].

The protection of Cz
2 symmetry is broken by tuning the

incident angle, which results in stronger leakage of the elec-
tromagnetic energy to the far field at the harmonic frequency.
For a further demonstration, we calculate the electric patterns
at different incident angles and their maximum intensities of
electric fields (see the Supplemental Material, Fig. S9). When
we increase the incident angle (yz plane), the maximum inten-
sity of the electric field at the harmonic frequency increases,
while the maximum intensity at the fundamental frequency
decreases. The process of tuning the conversion efficiency
near the � point demonstrates this unique effect of BICs at
the harmonic frequency on the SHG emission. In addition, the
coupling of the SH mode and far-field radiation and the in-
fluence on the conversion process are interesting topics worth
further discussion.

The SHG is also closely related to the cross coupling
between the fundamental and SH light. The cross coupling
κ12 can be tuned by controlling the second-order nonlinear
susceptibility tensor of the nonlinear material. Here, we ro-
tate the crystal axis for 90◦ along the y axis (parallel to the
extraordinary axis) and change the tensor to

⎡
⎣

PSH
x

PSH
y

PSH
z

⎤
⎦ = 2ε0

⎡
⎣

−d22 0 d22 0 0 d31

d33 d31 d31 0 0 0
0 0 0 d31 d22 0

⎤
⎦

⎡
⎢⎢⎢⎢⎢⎢⎣

E2
x

E2
y

E2
z

2EyEz

2ExEz

2ExEy

⎤
⎥⎥⎥⎥⎥⎥⎦

.

(3)

The second-order nonlinear coefficients are the same as we
set in Eq. (2). Based on Eq. (3), we calculate the spectrum
of SHG conversion efficiency at an incident angle of 1.7◦
and an input power of 0.4 MW/cm2, as shown in Fig. 7(a).
Figure 7(b) shows the field distribution at the peak of the
SHG efficiency, which has the same spectral position as R2.
The total efficiency decreases to only 0.7%, with 0.4% for
the forward radiation and 0.3% for the backward radiation.
We keep the refractive index of LiNbO3 unchanged for the
extraordinary axis and parallel to the y axis, so that R1 remains
the same, and so does the optical response in the linear region.
The active tuning of the conversion efficiency can be observed
in Fig. 7(c) by continuously rotating the crystal axis along the
y axis. We note that the difference between the conversion
efficiency in Figs. 5(b) and 7(a) is induced only by the changes
in κ12, indicating a strong effect of cross coupling between the
fundamental and SH light.

III. CONCLUSION

In summary, we have demonstrated the potential of a dif-
ferent platform for enhanced SHG in low-refractive-index
materials. By utilizing a nanoparticles-on-top slab metasur-
face, we successfully transformed the inaccessible odd guided
modes into quasi-BIC-type resonances by engineering the
symmetry of the infinite slab. By tuning the incident pump
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FIG. 7. (a) The conversion efficiency under a 1.7◦ incident angle (yz plane) with the crystal axis shown as Eq. (3). (b) The electric field
profiles under a fundamental frequency of 256.5 THz with the maximum conversion efficiency. (c) The conversion efficiency tuned with the
rotation of the crystal axis along the y axis.

angle, we further generated a high-Q resonance with sup-
pressed radiation channels based on the strong coupling
between the two designed resonances. This high-Q resonance
originates from the Friedrich-Wintgen BIC, and its Q factor
can be controlled by adjusting the spectral gap between two
resonances. The conversion efficiency is also greatly boosted
by the strong confinement of the electric field within the
LiNbO3 film at the resonant position. Meanwhile, by observ-
ing the anomalous SHG and changing the crystal axis, we also
provided evidence of the influence of resonance at the emis-
sion wavelength and cross coupling between the fundamental
and SH light. This approach of constructing a strong light-
matter interaction to generate high conversion efficiency can
be generally applied to different nonlinear materials including
both low and high refractive indices, as well as other nonlinear
processes in addition to the SHG. Our results offer unique

opportunities for the design and application of all-dielectric
resonance-enhanced harmonic generations.
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Joannopoulos, and M. Soljačić, Nature (London) 499, 188
(2013).

[41] D. E. Zelmon, D. L. Small, and D. Jundt, J. Opt. Soc. Am. B
14, 3319 (1997).

[42] J. D. Joannopoulos, S. G. Johnson, J. N. Winn, and R. D.
Meade, in Photonic Crystals (Princeton University Press,
Princeton, NJ, 2011), pp. 27–30.

[43] S. G. Johnson and J. D. Joannopoulos, Opt. Express 8, 173
(2001).

[44] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/PhysRevB.106.125411 for the field distribution in the
infinite slab and coupled-mode theory and more detailed cal-
culation results for the field patterns of guided modes and
resonances, the resonance tuning based on geometric parame-
ters, boosting SHG in the x-polarized plane wave, the electric
patterns in analogous SHG, the dependence of nonlinear gen-
eration on the incident angle, and the nonlinearly generated
multipolar contribution.

[45] L. Huang, Y. Yu, and L. Cao, Nano Lett. 13, 3559 (2013).
[46] L. Huang, L. Xu, M. Rahmani, D. Neshev, and

A. E. Miroshnichenko, Adv. Photonics 3, 016004
(2021).

[47] J. Wiersig, Phys. Rev. Lett. 97, 253901 (2006).
[48] Y. He, G. Guo, T. Feng, Y. Xu, and A. E. Miroshnichenko, Phys.

Rev. B 98, 161112(R) (2018).
[49] E. A. Gurvitz, K. S. Ladutenko, P. A. Dergachev, A. B.

Evlyukhin, A. E. Miroshnichenko, and A. S. Shalin, Laser
Photonics Rev. 13, 1800266 (2019).

[50] P. Grahn, A. Shevchenko, and M. Kaivola, New J. Phys. 14,
093033 (2012).

[51] J. Jin, J. Lu, and B. Zhen, Nanophotonics 10, 4233 (2021).

125411-8

https://doi.org/10.1103/PhysRevB.99.075425
https://doi.org/10.1021/acs.nanolett.0c01752
https://doi.org/10.1364/OE.446072
https://doi.org/10.1126/science.aaz3985
https://doi.org/10.1364/OE.24.019661
https://doi.org/10.1021/acs.nanolett.0c03601
https://doi.org/10.1021/acsphotonics.9b00700
https://doi.org/10.1002/advs.201802119
https://doi.org/10.1063/1.89550
https://doi.org/10.1134/S1054660X09050375
https://doi.org/10.1038/s41377-019-0231-1
https://doi.org/10.1364/OE.27.033391
https://doi.org/10.3390/nano10071371
https://doi.org/10.1038/s41598-016-0001-8
https://doi.org/10.1038/s41586-020-2181-4
https://doi.org/10.1038/nature12289
https://doi.org/10.1364/JOSAB.14.003319
https://doi.org/10.1364/OE.8.000173
http://link.aps.org/supplemental/10.1103/PhysRevB.106.125411
https://doi.org/10.1021/nl401150j
https://doi.org/10.1117/1.AP.3.1.016004
https://doi.org/10.1103/PhysRevLett.97.253901
https://doi.org/10.1103/PhysRevB.98.161112
https://doi.org/10.1002/lpor.201800266
https://doi.org/10.1088/1367-2630/14/9/093033
https://doi.org/10.1515/nanoph-2021-0379

