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The bound states in the continuum (BICs) have attracted
much attention in designing metasurface due to their high
Q-factor and effectiveness in suppressing radiational loss.
Here we report on the realization of the third harmonic gen-
eration (THG) at a near-ultraviolet wavelength (343 nm) via
accidental BICs in a metasurface. The absolute conversion
efficiency of the THG reaches 1.13× 10−5 at a lower peak
pump intensity of 0.7 GW/cm2. This approach allows the
generation of an unprecedentedly high nonlinear conversion
efficiency with simple structures. © 2024 Optica Publishing
Group

https://doi.org/10.1364/OL.514828

Metasurfaces offer unique opportunities for tailoring the non-
linear response through structural designing and choice of
constituent materials [1]. Compared to bulk nonlinear crystals,
metasurfaces impose fewer constraints for optical nonlinear har-
monic generation, relaxing the phase-matching requirements for
nonlinear processes [2]. Metasurfaces can interact with inci-
dent light and form high local resonant electromagnetic field
intensity via material selection and structural design [3]. For
dielectric metasurfaces, the local electromagnetic field can be
enhanced by introducing various Mie-type electric and mag-
netic resonance modes, resulting in high nonlinear conversion
efficiency [4–8]. However, due to the energy leakage in con-
ventional Mie-type resonant structures, suppressing radiative
losses becomes an important issue. As an alternative approach,
achieving high-quality factor (Q-factor) resonances becomes an
effective solution [9–11]. It has been known that the bound states
in the continuum (BICs) possess extremely high Q-factors and
have been recently applied in nonlinear optics [12–16]. BICs are
essentially localized wave states that coexist with extended states
in the radiating continuum yet without radiation. BICs can be
categorized as symmetry-protected BICs and accidental BICs
based on their excitation methods [17,18]. Symmetry-protected
BICs occur only at the center of the Brillouin zone. The resonant
modes of different symmetries are decoupled for the structures
with a reflection or rotational symmetry. So when a bound
state with a certain symmetry is embedded in the continuum of

another symmetry, their coupling is forbidden as long as the sym-
metry preservation holds [19]. Accidental BICs, however, can
occur at nonzero in-plane wave vectors for structures with cer-
tain additional symmetries, which originate from the destructive
interference of various radiation channels. BICs typically have
an infinite Q-factor with vanishing linewidth mathematically,
which are non-radiative states confined within the structures
and cannot be directly excited by far-field radiation [20].

Unlike symmetry-protected BICs, quasi-BICs with finite but
quite high Q-factor can be achieved by breaking structural sym-
metries in symmetry-protected BICs or tuning parameters in
accidental BICs [21–23]. So far, symmetry-protected quasi-
BICs have been widely applied to enhance nonlinear signals
[13,24–28] and achieve nonlinear circular dichroism [29–32].
However, the Q-factors of symmetry-protected BICs decline
rapidly with the vanishing of the symmetry, which is theoreti-
cally proportional toα−2 (α represents the degree of asymmetry)
[33]. The very sensitive dependence of the Q-factors on the
structural parameters makes it very challenging for experimen-
tal fabrication [24,34]. Yet, it has recently been demonstrated
that accidental BICs can be tuned by structural parameters at the
center of the Brillouin zone at THz frequencies [35]. The field
profile inside the metasurface layer is the superposition of the
waves with different propagation constants βz in the z-direction.
Waves from different βz channels interfere destructively at the
interface between the metasurface and free space [36]. Unlike
symmetry-protected BICs, accidental BICs are much more tol-
erant of geometrical inaccuracy and are easier to fabricate
[35,37,38]. Accidental BICs have gained significant interest in
recent years due to their potential applications in photonics,
quantum information processing, and energy harvesting devices
[39–41].

In this Letter, we present a metasurface supporting both
symmetry-protected BIC and accidental BIC modes. In acci-
dental BIC with α around 0.21, the metasurface maintains a
resonance with a high Q-factor in a broad range of structural
parameters. By changing the asymmetry parameter, we experi-
mentally fabricate the silicon metasurfaces with various length
parameters of the nanopillars and measure the reflectance spec-
trum in the vicinity of the fundamental wavelength (1030 nm)
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Table 1. Comparison of the Experimentally Measured
THG Efficiency from Si Metasurfaces

Reference THG
Wavelength

Peak Pump
Intensity

Efficiency

Nano Lett. 14,
6488 (2014). [6]

420 nm ∼5.5 GW/cm2 ∼10−7

Nano Lett. 15,
7388 (2015). [9]

449 nm ∼3.2 GW/cm2 1.2×10−6

Nano Lett. 18,
8054 (2018). [7]

467 nm ∼33 GW/cm2 1.1×10−6

ACS Photonics
5, 1671 (2018).
[8]

427 nm ∼0.5 GW/cm2 1.76×10−7

ACS Photonics.
6, 1639 (2019).
[24]

477 nm ∼2.6 GW/cm2 ∼10−6

Phys. Rev. Lett.
123, 25390
(2019). [13]

528 nm 0.1 GW/cm2 0.9×10−6

Nano Lett. 22,
2001 (2022).
[25]

417 nm 0.4 GW/cm2 1.8×10−6

Light: Sci. Appl.
12, 97 (2023).
[26]

520 nm 1.2 GW/cm2 2.8×10−7

Adv. Optical
Mater.
11,2300526(2023).
[10]

427 nm 23.3 GW/cm2 2.2×10−6

This work 343 nm 0.7 GW/cm2 1.13×10−5

and the nonlinear optical response of the designed metasurfaces
in the NUV regime (343 nm). We achieve an enhancement of
the THG up to 1.13× 10−5 at a low peak pump intensity of
0.7 GW/cm2 with α= 0.21. To the best of our knowledge, this
is the highest THG efficiency achieved at this level of pump
intensity, as listed in Table 1. With the same strategy, selecting a
material with lower optical absorption (such as TiO2) to enhance
THG signals at shorter wavelengths is possible. We expect this
approach will enlighten the generation of harmonic waves in the
vacuum ultraviolet (VUV) regime.

We designed a nano-cuboid metasurface of the amorphous
silicon, as shown in Fig. 1(a). The unit cell of the metasurface
consists of two cuboid structures with different lengths and is
arranged in a square lattice with lattice constant P. The geomet-
rical parameters of the cuboids, W, H, L, and L-∆l, are defined in
Fig. 1(a). The asymmetry of the unit cell is featured by the length
difference ∆l. We define a dimensionless parameter α= ∆l/L to
characterize the asymmetry. We simulate the linear resonance
of the structure and its eigenmodes using the finite element
method (COMSOL Multiphysics v. 5.6). The periodic boundary
conditions are introduced in the x- and y-direction boundaries,
and the perfectly matched layer conditions are applied in the
z-direction. The refractive index of the amorphous silicon is
experimentally measured as 3.55. The resonant wavelength of
the structure is tuned to 1030 nm by selecting P= 450 nm,
L= 390 nm, W= 120 nm, and H = 400 nm. The neighboring
cuboids L1 and L2 in the unit cell are separated at 105 nm.

Figure 1(b) illustrates the evolution of the reflectance spec-
tra of the metasurfaces near 1030 nm with α ranging from 0 to
0.5 for the x-polarized normal incidence. For the scenario that

Fig. 1. (a) Schematic shows the metasurface structures, where
the asymmetric unit cell consists of two cuboids with different
lengths. (b) Reflectance under the incidence of polarized light in
the x-direction versus asymmetry parameter α (horizontal axis)
and wavelength (vertical axis). (c) Q-factor (blue solid line) of the
designed BIC and eigenmode wavelength (dashed line) as a function
of α. (d) Electric field inside the two Si cuboids for the accidental
BIC when α is around 0.21. The electric field vector is shown
with black arrows. (e) Near-field distributions of the electric and
magnetic fields of the accidental BIC when α is around 0.21.

two rectangular nanopillars are identical (α= 0), the metasur-
face supports a BIC protected by the in-plane twofold rotational
symmetry of the unit cell. The reflectance spectrum has no sharp
resonance peak due to the complete decoupling of the BIC mode
from the radiation continuum. Once a nonzero α emerges, the
symmetry of the unit cell is broken, and the metasurface trans-
forms into a quasi-BIC mode supporting a high Q-factor. With
the increase of α, the quasi-BIC mode gradually shifts toward
shorter wavelengths. However, further increase of α leads to the
vanished linewidth or resonance peaks in the reflectance spec-
trum near α= 0.21 [marked by the red circle in Fig. 1(b)] and
α= 0.45. It means that there is no outgoing power. Therefore,
a non-radiative state occurs at these two α values. Mean-
while, the significantly enhanced electric field inside the silicon
metasurface generates the nonlinear optical effect of the THG.

The dashed lines in Fig. 1(c) show the eigenmode wavelength
as a function of α via the eigenmode analysis in COMSOL cal-
culations. We highlight the designed BIC mode in red, which
couples to another mode (black dashed line) when α is around
0.06. It can be seen that the eigenmode wavelength is consis-
tent with the reflectance spectra in Fig. 1(b). The solid line in
Fig. 1(c) illustrates the Q-factor of the designed BIC as a function
of α, where the Q-factor is defined as Q=Re(ω)/2Im(ω). In the
solid line in Fig. 1(c), the Q-factor has a local maximum around
α= 0.21 and 0.45, respectively, corresponding to the accidental
BIC, which are in good agreement with the reflectance spectra in
Fig. 1(b). As shown in the shaded area in Fig. 1(c), the Q-factor
remains larger than 104 as α keeps between 0.15 and 0.25.
Compared to the symmetry-protected BIC (α= 0), accidental
BIC provides a much wider range of geometrical parameters
(α around 0.21) with a high Q-factor. Technically, this feature
is extremely favorable for fabrication since it provides a high
tolerance to the errors of the geometrical parameters of nanopil-
lars. The electric and magnetic field profiles around α= 0.21 are
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Fig. 2. (a) Top view and 45° tilted-angle (inset) SEM images of
the fabricated Si metasurface placed on a fused silica substrate. (b)
Evolution of the simulated (left) and measured (right) reflectance
spectra versus asymmetry parameter α (0.15, blue; 0.18, red; 0.21,
green; 0.23, yellow; 0.26, cyan).

shown in Figs. 1(d) and 1(e). The black arrows show the elec-
tric field vectors in the x–z plane in Fig. 1(d). Two oppositely
loop-shaped electric fields in the x–z plane are formed in two
nanopillars corresponding to two magnetic dipoles oppositely
oriented in the y-direction, respectively. The slight dissimilar
amplitudes and space misalignment between the two magnetic
dipoles arise from the broken symmetry, as shown in Fig. 1(e). It
can be seen from the field profiles that the metasurface possesses
a strong electric field buildup inside the nanopillars correspond-
ing to the accidental BIC mode, which effectively enhances the
nonlinear signals.

Experimentally, we fabricate the silicon metasurfaces with
different asymmetry parameters α, and the area of the meta-
surface is 100µm× 100µm. We first deposit a layer of an
amorphous silicon, 400 nm in thickness, on a fused silica sub-
strate by plasma-enhanced chemical vapor deposition (PECVD).
Then, a layer of photoresist is spin-coated on the substrate. Elec-
tron beam lithography (EBL) defines the designed pattern on the
sample. After development, an inverse pattern is formed on the
photoresist layer. A 30-nm-thick Al2O3 layer is then deposited on
the sample by electron beam evaporation. We apply the chemical
lift-off technique by soaking the sample in a resist remover to
peel off the photoresist layer. After this process, only the desired
Al2O3 patterns survive on the amorphous silicon layer. After
that, we use the inductively coupled plasma reactive ion etching
(ICP-RIE) with C4F8 (40 SCCM) and SF6 (30 SCCM), to etch
the silicon film. Finally, a metasurface with Si cuboid structures
is fabricated by removing the remaining Al2O3 mask with dilute
hydrochloric acid.

Figure 2(a) demonstrates the micrographs of the top and 45°-
side view of the fabricated metasurface with field-emission
scanning electron microscopy (FESEM). Figure 2(b) illus-
trates the simulated (left) and experimentally measured (right)
reflectance spectra with α varying from 0.15 to 0.26 in x-
polarized normal incidence. Different values of α are shown
in each plot. It can be seen that the excited quasi-BIC reso-
nance blueshifts continuously near 1030 nm with increasing α,
which is in good agreement with the numerical simulations.
The full width at half maximum (FWHM) of the quasi-BIC res-
onance is around 5 nm at α=0.21, corresponding to a Q-factor
of 206. Comparing the reflectance spectra with other values of
α in Fig. 2(b), the Q-factor of the resonance drops a little as
α deviates from 0.21 to both sides. Compared to the simulated
Q-factors (>104), the experimentally measured value is much
smaller, which may be induced by the errors in sample fabrica-
tion. The linewidth of resonance peaks in the reflectance spectra,
however, does not deviate obviously as α changes.

Fig. 3. (a) Schematics of the experimental setup to measure the
THG reflectance. HWP, half-wave plate; DM, dichroism mirror;
SF, short pass filter; P, powermeter. (b) Normalized spectrum of
the fundamental pump laser (c) Normalized spectrum of the THG
signal generated from the Si metasurface. The dashed red lines in
(b) and (c) show the Gaussian curve fitting. (d) Experimentally
measured dependence of the THG intensity with respect to the
asymmetry parameter α. (e) Log–log plot of the output THG power
as the function of the average pump power and the peak pump
intensity for the Si metasurface with α= 0.21. The red dots show
the measured data and the black dashed line is a numerical fit with a
third-order power function. The yellow area covers the pump power
range where the cubic law has been deviated. (f) Measured THG
enhancement of the Si metasurface with respect to the signal from
an unpatterned silicon film (magnified by 106 times).

Figure 3(a) shows the experimental setup to measure the THG
of the silicon metasurfaces. A femtosecond laser (BWT BFL-
1030-10H; wavelength, 1030 nm; repetition frequency, 100 kHz;
and pulse width, 200 fs) outputs an x-polarized pump beam. The
pump beam that passes through a half-wave plate is reflected by
a dichroic mirror and focuses on the sample via a 10× objec-
tive (NA= 0.25). The diameter of the focus spot is 60µm. The
THG signal generated on the sample is collected by the same
objective lens in the reflection mode and analyzed by a spectrom-
eter (HORIBA iHR550). A powermeter with filters is applied
to measure the THG intensity quantitatively. Figures 3(b) and
3(c) show the normalized spectra of the fundamental laser and
THG signal, respectively, where the dashed red lines show the
Gaussian curve fitting. The bandwidth of the THG is much nar-
rower than that of the fundamental pump laser. In Fig. 3(d),
we compare the THG signals from the samples with different
asymmetry parameters α varying from 0.15 to 0.26. The THG
signal reaches the maximum at α= 0.21. Meanwhile, with inci-
dent average pump power of 0.4 mW, the absolute conversion
efficiency η, which is defined as η = PTHG/PFW with PTHG and
PFW representing the THG power and fundamental pump power,
respectively, reaches 1.13× 10−5 at the peak pump intensity of
0.7 GW/cm2. The dependence of the THG and pump power is
illustrated in Fig. 3(e). From the fitting dashed line, one may
find that the power of harmonic generation has a cubic relation
with respect to the pump power, indicating the occurrence of
the third harmonic generation. When the average pump power
exceeds 0.4 mW, the saturation becomes evident. As a com-
parison, we measure the spectra of the THG signal from the
metasurface at α= 0.21 and an unpatterned flat silicon film,
as illustrated in Fig. 3(f). It turns out that the THG gener-
ated on the metasurface is about seven orders of magnitude
larger than that generated on a flat silicon film with the same
thickness.
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The absorption of the amorphous silicon consumes∼89.4% of
the THG power in the transmission process, which is calculated
by COMSOL simulations with and without silicon absorption at
343 nm. Further, in our current experimental setup, some nonlin-
ear signals with larger diffraction angles are not collected due to
the small numerical aperture of the objective lens (NA= 0.25).
With COMSOL simulations, we estimate that only ∼46.4% of
the total reflection THG power is collected by the objective lens
in our experiment. The peak pump intensity can be expressed as
Ipeak = Pavg/(∆t · f · A), where Pavg is the incident average pump
power, ∆t is the pulse width, f is the repetition rate, and A is
the focus point area on the sample. A is inversely proportional
to the square of the numerical aperture of the objective lens.
For the safety of the sample, Ipeak needs to be confined in a
certain range as a constant. So, the efficiency could be boosted
by using an objective lens with a large numerical aperture and
introducing a higher repetition frequency pump laser. Besides,
the doubly resonant strategy [42,43] has been theoretically pro-
posed to enhance harmonic conversion efficiency. In our system,
we have not yet found a clue that this mechanism plays a role.
Yet, it is always exciting to explore different ways to boost the
THG efficiency.

We should point out that in our experiment, the fundamen-
tal wavelength is 1030 nm, and the THG output wavelength is
343 nm. It is interesting to explore the possibility of achieving
harmonic generations with even shorter wavelengths. For mate-
rials like amorphous silicon, the absorption loss is significant
when the pump laser wavelength approaches the visible regime.
The materials with less absorption at the visible wavelength,
such as TiO2, may generate a THG in the VUV band [44,45].
The UV absorption edge of TiO2 is 400 nm, corresponding to
its bandgap of ∼3.1 eV [46]. It is possible to apply our design
to TiO2 and generate a THG signal with a shorter wavelength in
the vacuum ultraviolet regime. The detection of the VUV light
requires an ultrahigh vacuum environment to prevent the absorp-
tion of the VUV light by oxygen. Besides, the optical system,
including the substrate, should be replaced by VUV-transparent
materials, such as CaF2 and MgF2 [47].

To summarize, we design a silicon metasurface supporting
accidental BICs with high tolerance to fabrication errors. Using
this approach, we experimentally achieved the enhancement of
the THG on the silicon metasurface. A significant THG conver-
sion efficiency of 10−5 is measured at 343 nm at a lower peak
pump intensity of 0.7 GW/cm2. The THG signal measured from
the silicon metasurface is enhanced by a factor of ∼107 com-
pared to an unpatterned silicon film with the same thickness.
We also explored the possibility of using TiO2 to replace silicon
to generate efficient THG signals at shorter wavelengths theo-
retically. This strategy looks promising for many applications,
such as biosensing, material characterization, photolithography,
and high-resolution photoelectron spectroscopy in ultraviolet
regimes.
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