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Abstract: We investigate second harmonic generation (SHG) in all-dielectric resonance nanos-
tructures of high-Q factors assisted by quasi-bound states in the continuum (quasi-BICs). The
typical resonators, e.g., guided-mode resonance gratings and asymmetric metasurfaces, fabricated
by AlGaAs were numerically studied with the consideration of nonlinear refraction of AlGaAs.
The resonance peak and line-shape of linear transmission and SHG spectra in the resonators can
be dramatically changed under intense pump intensities. The SHG conversion efficiency in the
nanostructures working at quasi-BICs is much lower than the traditionally expected values without
considering the nonlinear refraction of dielectrics. The ultimate SHG conversion efficiency
is finally obtained. The investigation has the significance for the design and understanding of
efficient nonlinear metasurfaces of high-Q factors.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Nonlinear metasurfaces have attracted more attention and growing interests in the nanophotonics
community due to their diverse functionalities, such as, high-integrated on-chip frequency
conversion [1,2], light shaping at new frequencies [3,4], nonlinear imaging and holography
[5–7], nonlinear optical bistability [8], etc. Different from the bulk nonlinear materials, in which
the phase matching condition must be considered for the frequency conversion processes, such
as second harmonic generation (SHG) and third harmonic generation (THG), to achieve the
maximum output of nonlinear signals, metasurface of the dimension along the light propagation
is in the subwavelength domain and the phase matching is almost free. To achieve the efficient
conversion efficiency of nonlinear process in metasurfaces, the resonance mode is essentially
required to confine the light in the ultra-small volume to enhance the local field. For example,
the metasurfaces fabricated by noble metals of significantly enhanced local field at the localized
surface plasmon resonance frequency have been widely studied [1]. However, the conversion
efficiency of nonlinear optical processes in plasmonic metasurfaces is relatively small. The
conversion efficiency of SHG and THG in typical plasmonic metasurface based on split-ring
resonators is in the order of 10−11 and 10−12, respectively [9,10]. Even in the mode matching
plasmonic nanoantennas, the maximum SHG conversion efficiency is limited up to 6.4× 10−9

[11]. Such low conversion efficiency can be ascribed to the intrinsic loss and low damage
threshold of pump light in metallic nanostructures.

All-dielectric resonant nonlinear metasurfaces have drawn more interesting and been intensively
studied due to the large nonlinear susceptibility, low and even zero loss, and high damage threshold
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of pump light in dielectrics [12–14]. Particularly, optical bound states in the continuum (BICs),
as the recently emerged concept which can achieve ultra-high Q factor and field enhancement
factor [15], have been employed for low threshold lasing [16,17], biosensing [18,19], switching
[20], etc. Efficient harmonic generation in the nanostructures of quasi-BICs was widely reported
recently. Liu et al, experimental obtained the THG conversion efficiency in asymmetric silicon
metasurface of high-Q factor in quasi-BIC around 1× 10−6 at peak intensity 0.1 GW/cm2 [21].
Carletti et al, numerically reports the BIC-driven intrinsic SHG conversion efficiency in the
AlGaAs cylinder achieves the value as high as 2× 10−2 W−1 [22]. Kang et al, numerically
reported that SHG conversion efficiency in asymmetric LiNbO3 metasurfaces of quasi-BICs
arrives 0.49% under the peak pump intensity of 3.3 kW/cm2 [23]. Han et al, numerically reported
the significantly enhanced SHG in AlGaAs antenna arrays working in the quasi-BICs of efficiency
around 10% at the pump intensity of 5 MW/cm2 [24]. Rocco et al, alternatively investigated SHG
from AlGaAs nanoantennas with epsilon-near-zero (ENZ) materials as the substrates, and the
boosted SHG conversation efficiency on the order of 10−3 for a pump intensity of 1.6 GW/cm2

was obtained [25]. The vertical SHG with engineered radiation patterns in asymmetric AlGaAs
nanoantennas of SHG conversion efficiency 1.6× 10−5 at pump intensity of 1.6 GW/cm2 was
reported by the same group [26]. However, in these numerical works, the intrinsic third-order
optical nonlinearity in the dielectric, i.e. nonlinear refraction and absorption, was neglected.
Due to the ultra-high Q factor and dramatically enhanced local field in the cavity, the refractive
index and extinction coefficient of dielectric will be changed even when the intensity of pump
light is relatively low, and thus affect the resonance spectra of ultra-narrow linewidth under the
quasi-BICs. The optical harmonic generation in the dielectric will then be significantly affected
along with the change of linear optical spectra.

In this work, we investigate the conversion efficiency of harmonic generation in all-dielectric
resonance nanostructures working at quasi-BICs considering the intrinsic third-order optical
nonlinearity in dielectrics. We mainly focus our study on the SHG in guided-mode resonance
grating (GMR) nanostructures and asymmetric metasurfaces fabricated by Al0.18Ga0.82As
(AlGaAs) with high-Q resonances governed by quasi-BICs. The nonlinear refraction n2 of
AlGaAs and the negligible two- and three-photon absorption in our concerned resonance
wavelengths are fully considered to obtained the ultimate SHG conversion efficiency in these
resonance nanostructures of quasi-BICs.

2. Numerical models and method

Two typical nanostructures, namely GMR and asymmetric metasurface, based on AlGaAs
fabricated on the semi-infinite fused silica with high-Q resonances working at quasi-BICs are
studied. The schematic GMR structure is composed of a four-part grating layer and a waveguide
layer, as shown in Fig. 1(a). The typical structure was also depicted in the Refs. [27,28]. The first
and third parts of grating are made of dielectrics AlGaAs of width da, and the second and fourth
parts are filled with air of width db and dc, respectively. So, the periodic of grating layer Λ is
Λ= 2*da+db+dc. Here the value of da is set as 0.2Λ, then db=d-∆d and dc=d+∆d with d=0.3Λ.
An adjustable geometric parameter δ is defined as δ=∆d/d∈[0,1] to note the difference of db
and dc. The thickness of grating layer and waveguide layer (AlGaAs) is denoted as dg and dw,
respectively. The light of transverse magnetic (TM) polarization (H along z-axis) and angle of
incidence ϕ= 5° is considered. In addition, the schematic unit cell of an asymmetric metasurface
consisting of a square lattice of tilted AlGaAs-bar pairs is shown in Fig. 3(a). The asymmetry
parameter in such structure is the angle θ between the long axis of the bar and the y-axis. The
light of polarization along x-axis shines on the structure at normal incidence.
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Fig. 1. (a) Schematic of a unit cell of GMR structure. Waveguide layer and grating part
are fabricated by AlGaAs, and fused silica is used as a substrate. Geometrical parameters:
Λ=600 nm, dg= 50 nm, dw=450 nm, da=0.2Λ, db=d-∆d, dc=d+∆d with d=0.3Λ and
∆d=δ*d with δ∈[0,1]. The incidence light of TM-polarization and angle of incidence
ϕ. (b) Dispersion relation of the TM0 guided mode in the waveguide layer (black solid
line), and tangential component of the wave vector kx=km,x (m=0,−1,−2) under the angle
of incidence 5°. (c) The transmission spectra of GMR nanostructures of different δ. The
magnetic field |Hz/H0 | distributions at the corresponding resonance modes are shown on
the right side. (d) Dependence of Q factor on the parameter δ.

In the framework of the depleted pump condition, the fundamental and SHG fields in the
frequency domain can be expressed as [29]

∇ × ∇ × E(ω) − k2
0E(ω) = µ0ω

2P(ω) (1)

P(ω) = ε0 χ(1)(ω)E(ω) + ε0 χ(2)(ω : 2ω,−ω) : E(2ω)E∗(ω) + ε0 χ
(3)(ω : ω,ω,−ω) : E(ω)E(ω)E∗(ω)

(2)

∇ × ∇ × E(Ω) − ε2k2
2E(Ω) = µ0Ω

2P(Ω) (3)

P(Ω) = ε0 χ(2)(Ω) : E(ω)E(ω) + ε0 χ(3)(Ω : Ω,Ω,−Ω) : E(Ω)E(Ω)E∗(Ω) (4)

where ω and Ω=2ω are the angular frequency of fundamental and SHG field, E(ω) and E(Ω) are
fundamental and SHG electric field, P(ω) and P(Ω) are liner and SH polarization, respectively.
k0=ω/c, and k2=Ω/c are the wave vectors of fundamental and SHG beam, respectively, where
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c is the speed of light in a vacuum. µ0 and ε0 are the vacuum permeability and permittivity,
respectively. ε2 is the relative permittivity of materials at SH frequency. χ(1)(ω) is the linear
susceptibility of AlGaAs at the fundamental frequency, and the relative permittivity of AlGaAs
ε1=1+χ(1) (ω)=n2, where n is the linear refractive index of AlGaAs that is taken from the Ref. [30].
χ(3)(ω : ω,ω,−ω) and χ(3)(Ω : Ω,Ω,−Ω) are the third-order nonlinear susceptibility of AlGaAs
at fundamental and SH frequency, respectively. The two- and three-photon absorption in AlGaAs
at the resonance wavelength concerned in this article is negligible. So the χ(3)(ω : ω,ω,−ω) is a
pure real number. The polarization at SH frequency induced by Kerr nonlinearity (the second
term of Eq. (4)) can be neglected, which is orders of magnitude smaller than the polarization from
SHG (the first term of Eq. (4)). χ(3)(ω : ω,ω,−ω) of the SI-unit m2/V2 equals to 4ε0cn2n2/3,
where n2 is the coefficient of the intensity-dependent refractive index [31]. The change of the
refractive index ∆n considering the Kerr nonlinearity of dielectrics can written as ∆n= n2I with
the I the local intensity in the dielectric materials. The n2 in AlGaAs is around 1× 10−17 m2/W
[32], and then χ(3)(ω : ω,ω,−ω) is about 1.1× 10−18 m2/V2 in the range of 1.6 µm to 2 µm. The
non-zero tensor components of the second order susceptibility are χ(2)ijk = 200 pm/V with i≠j≠k
[33].

The coupled Eqs. (1)–(4) can be numerically solved using finite element method (Comsol
Multiphysics, Wave Optics Module) to obtain the linear optical transmission and transmitted SHG
from the nanostructures. Particularly, the polarization at fundamental (Eq. (2)) and SH frequency
(Eq. (4)) can be directly written into the built-in settings of the module. The details can refer
the Ref. [27]. In this work, we use the definition of SHG conversion efficiency η=PSHG/Ppump,
where Ppump and PSHG are the power of fundamental pump light and SHG light, respectively.
Considering the damage threshold of AlGsAs is around a few GW/cm2 [34], we limit the input
pump intensity up to 1 MW/cm2, which corresponds to the several GW/cm2 inside the AlGsAs
nanostructures considering the enhancement factor of electric field at the resonance modes.

3. Results and discussion

We first demonstrate the results obtained from the GMR nanostructures. The propagation constant
of the guided mode β in the waveguide layer can be analytically determined [28], as shown in
Fig. 1(b). The simple three-layer mode, namely air-waveguide-substrate, is used. In the figure,
the ω0 is defined as 2πc/dw with c the speed of light in the vacuum. The tangential component
of the wave vector kx in the air background and grating layer is written as kx=k0x=k0sinθ and
kx=km,x=k0sinθ-mG (m=±1, ±2,. . . ), respectively, where G=2π/Λ is the reciprocal lattice in the
nanostructure of δ≠0, and becomes G′

=2π/(Λ/2) for the nanostructure when δ=0. The crossing
points between β and kx in the figure mean that the phase matching condition is satisfied, namely,
GMR. The crossing point A corresponds to the negative first-order mode in the nanostructure
of δ≠0 of the value 0.276ω0 (1627 nm). When δ=0, the negative first-order mode in such the
nanostructure becomes the negative second-order mode in the nanostructure of δ≠0 considering
the relation of the reciprocal lattice G′ and G. Thus, the crossing point B corresponds to the
negative second-order mode in the nanostructure of δ≠0 but the negative first-order mode in
the nanostructure of δ=0. So the excitable odd-order modes of GMR in the nanostructure of
δ≠0 cannot be excited in the nanostructure of δ=0, but the change of parameter δ from zero to
nonzero can excite the odd-order guided modes called quasi-BICs of a high Q factor in GMR
nanostructure, as discussed in Refs. [27,28].

The transmission spectra in the nanostructures of different δ is shown in Fig. 1(c). The
resonance wavelength is around 1637.72 nm, which is some larger than the theoretical value
(1627 nm). It is because that the real refractive index upon the waveguide layer is not 1 of air
but the effective index of grating layer and air. The resonance wavelength shifts and becomes
broader with the increase of δ due to the change of the distribution of refractive index upon the
waveguide layer. The electric field distributions in the nanostructures of different δ=0.1, 0.4
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and 1.0 are shown on the right side of Fig. 1(c), respectively. The waveguide modes are clearly
formed and the enhancement factor in the structure of δ=0.1 arrives up to 342. The Q factors are
calculated in the nanostructures of different δ, as shown in Fig. 1(d). The Q factor reaches up to
8.2×104 at δ=0.1. Next, we will focus on the nanostructure of δ=0.1 of high Q factor to study
the nonlinear optical response.

Fig. 2. (a) Linear transmission spectra at different pump intensities and the change of
refractive index ∆n of AlGaAs layers at pump intensity of 10 kW/cm2 and 1 MW/cm2 at the
resonance wavelength marked by star is shown, respectively. (b) SHG intensity spectra with
and without considering the nonlinear refraction of AlGaAs at different pump intensities.
(c) SHG conversion efficiency at the linear resonance wavelength, and (d) electric field
distribution of Ez(2ω) at second harmonic frequency under pump intensity 10 kW/cm2 with
and without considering the n2 of AlGaAs in the GMR nanostructure of δ=0.1.

The transmission of the GMR nanostructure considering the nonlinear refraction of AlGaAs
under the pump light of intense intensities was studied, as shown in Fig. 2(a). The change
of refractive index ∆n of the AlGaAs at pump intensity of 10 kW/cm2 and 1 MW/cm2 at the
respective resonance wavelength is shown. The maximum change of ∆n happens in the waveguide
layer and is around 4.1× 10−5 and 3.6× 10−4 at the two typical pump intensities respectively.
The resonance wavelengths have a clear red-shift with the increase of input intensity, and the
Fano line-shape of the spectra is also distorted due to the change of refractive index of AlGaAs.
Such changes of linear response will thus affect the SHG spectra in the nanostructures, as shown
in the Fig. 2(b). We compare the SHG spectra in the nanostructure considering the intrinsic n2
of AlGaAs with those in the nanostructure without considering n2 of AlGaAs that was usually
neglected in reported literatures [23–27]. Under the relatively lower pump intensity, such as
1 kW/cm2, the SHG spectra are almost overlapped with each other when considering and without
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considering n2 of AlGaAs due to the almost unchanged refractive index. The peak of SHG
intensity just locates at the resonance wavelength of the nanostructure. With the increase of pump
intensity, the SHG peak in the nanostructure without considering n2 of AlGaAs has a blue-shift
due to the raising polarization in Eq. (2) involving the increased SHG field, however, the SHG
peak has a red-shift when n2 of AlGaAs is considered due to the red-shifted resonance wavelength
(Fig. 2(a)). If we fix the fundamental wavelength at the resonance wavelength obtained from
the linear transmission spectra to observe SHG response, the dependence of SHG conversion
efficiency on the input pump intensity is shown in Fig. 2(c). The maximum SHG conversion
efficiency in the GMR nanostructure is around 4.8×10−4 at the pump intensity of 10 kW/cm2

when the intrinsic n2 of AlGaAs is considered, which is much lower than the maximum conversion
efficiency in the nanostructure of the value 2.1×10−2 without considering n2 of AlGaAs. The
maximum conversion efficiency in the nanostructure considering the intrinsic n2 of AlGaAs
under the pump intensity 1 MW/cm2 happens at the wavelength around 1637.81 nm of the value
1.2×10−3, which is the ultimate SHG conversion efficiency of the AlGaAs GMR nanostructure.
The SHG fields Ez (2ω) considering and without considering n2 of AlGaAs under the same
pump intensity 10 kW/cm2 are shown in Fig. 2(d). The distribution and value of SHG field are
dramatically different due to the difference of refractive index of AlGaAs.

Fig. 3. (a) Schematic of an asymmetric metasurface. Geometrical parameters: square
lattice constant 1200 nm, bar semiaxes are 500 and 150 nm, height is 200 nm, and distance
between bars (center-to-center) is 500 nm. The rotational angle of the bar is θ. (b) Linear
transmission spectra in the metasurfaces of different angle θ. (c) Dependence of the Q factor
on the angle θ. Inset shows the linear relation between Q factor and asymmetric parameter
α. (d) The electric field |E/E0 | distribution at the resonance wavelength of metasurfaces of
angle θ=1° and 5°, respectively.



Research Article Vol. 29, No. 11 / 24 May 2021 / Optics Express 17292

We next address the results in the asymmetric metasurfaces consisting of the tilted AlGaAs-bar
pairs. The linear transmission spectra in the metasurfaces of different tilted angle θ is shown
in Fig. 3(b). The ideal structure of θ=0° supports a symmetry-protected BIC of infinite Q
factor. The symmetry-breaking by changing θ leads to the quasi-BIC of high-Q factors. The
resonance wavelength at quasi-BIC in the metasurface of angle θ=0.5° is around 1928.08 nm.
The transmission spectra shift to blue-side and become broader with the increase of θ. The
Q factors in the asymmetry metasurfaces of different θ are shown in Fig. 3(c). The high-Q
factor in the metasurface of θ=0.5° reaches up 6.0×104. The linear relation of Q factor and the
asymmetry parameter α, defined as α=sinθ, is shown in the inset of Fig. 3(c), as reported in
the Ref. [35]. The local electric field distributions and polarization states in the asymmetry
metasurfaces of θ=1° and 5° at their respective resonance wavelengths are presented in Fig. 3(d).
The enhancement factor in the metasurface of θ=1° is up to as large as 388. We next focus on the
nonlinear response in the metasurface of θ=1°, which is feasible for the nanofabrication using
state-of-art technology.

Fig. 4. (a) Linear transmission spectra under different pump intensities and the change of
refractive index ∆n of the AlGaAs bars at pump intensity of 100 kW/cm2 and 1 MW/cm2

at the resonance wavelength marked by star is shown, respectively. (b) SHG intensity
spectra with and without considering the nonlinear refraction of AlGaAs under different
pump intensities. (c) SHG conversion efficiency at the linear resonance wavelength, and (d)
electric field distribution of |E(2ω)| at second harmonic frequency under the pump intensity
100 kW/cm2, with and without considering the n2 of AlGaAs in the metasurface of angle
θ=1°.
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The transmission of the asymmetric metasurface considering the nonlinear refraction of
AlGaAs under different intensities of pump light was investigated, as shown in Fig. 4(a). The
change of refractive index∆n of the AlGaAs bars at pump intensity of 100 kW/cm2 and 1 MW/cm2

at the respective resonance wavelength is also shown in Fig. 4(a). The maximum change of ∆n
around 4.5× 10−4 and 1.9× 10−3 at the two typical pump intensities are obtained, respectively.
The similar behavior as in GMR nanostructure, the spectra also have a red-shift trend and the
distorted line-shape with the increase of input intensity. Such changes then influence the SHG
response in the metasurfaces, as shown in Fig. 4(b). Similar as in the GMR nanostructure, the
SHG spectra are overlapped under the relatively low input intensity (e.g. 1 kW/cm2) and derivate
from each other when the change of refraction of AlGaAs dramatically affects the resonance
condition (e.g. at the pump intensity of 100 kW/cm2). If we also fix the concerning fundamental
wavelength at the resonance wavelength of metasurface obtained from the linear transmission, the
SHG conversion efficiency versus the input pump intensity is shown in Fig. 4(c). The maximum
SHG conversion efficiency in the asymmetric nonlinear metasurface is around 5.7×10−4 at
the pump intensity of 20 kW/cm2, which is also much lower than the maximum conversion
efficiency in the nanostructure of the value 7.6×10−2 without considering n2 of AlGaAs at the
pump intensity 1 MW/cm2. The ultimate conversion efficiency in the asymmetric nonlinear
metasurface considering the intrinsic n2 of AlGaAs under the pump intensity 1 MW/cm2 occurs
at the wavelength around 1928.19 nm of the value 1.8×10−3. The SHG field distributions |E(2ω)|
with and without considering n2 of AlGaAs under the pump intensity 100 kW/cm2 are shown
in Fig. 4(d). The distributions of SHG field are similar but values have large difference which
explain the different conversion efficiency at the same pump intensity.

4. Conclusions

We investigated SHG response in all-dielectric GMR nanostructures and asymmetric metasurfaces
working at quasi-BICs of high-Q factors with the consideration of intrinsic nonlinear refraction
of dielectrics. The ultimate conversion efficiency in the nanostructures is obtained under the
intense pump intensities. The results show that the expected SHG conversion efficiency in the
nanostructures of high-Q factor under intense pump intensity is much lower than the traditionally
calculated values without considering the nonlinear refraction of dielectrics. Since the third-order
nonlinear refraction is an intrinsic property in all dielectrics, the conclusion is not limited in the
AlGaAs-based resonators. Our investigation therefore has the significance for the design and
understanding of efficient integrated nonlinear metasurfaces.
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