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Tailoring optical nonlinear effects (e.g., harmonic generation, sum-frequency mixing, etc.) in the recently
emerging all-dielectric platform is important for both fundamental science and industrial development of high-
efficiency, ultrafast, and miniaturized photonic devices. In this paper, we propose a method for the dynamically
switchable high-harmonic generation in silicon nanodimer metasurfaces by exploiting the polarization-controlled
dual bound states in the continuum (BIC). Owing to the high-quality factor of BIC resonances, efficient harmonic
signals including the third-harmonic generation and fifth-harmonic generation from a direct process as well as a
cascaded process by degenerate four-wave mixing are obtained. Moreover, the BIC and their resonantly enhanced
harmonics can be switched on or off with high selectivity with respect to the fundamental pump polarization.
Compared with previous reports, our paper provides a simple but effective tuning strategy by fully exploring
the structural symmetry and polarization degree of freedom rather than resorting to additional external stimuli,
which would possess great advantages in designing tunable and switchable nonlinear light sources for chip-scale

applications.

DOI: 10.1103/PhysRevB.105.195440

I. INTRODUCTION

Nonlinear optical processes such as high-harmonic gener-
ation have attracted vast interests in the scientific community
and enjoy widespread applications ranging from lasing to
imaging. The efficient conversion of a fundamental pump
to a harmonic signal at the nanoscale is a key enabler for
practical use [1-3]. Two main paths include the uses of highly
nonlinear materials and high quality factor (Q factor) resonant
structures. The earlier approaches are based on plasmonic
metasurfaces, but the disadvantage of intrinsic dissipative
losses hinders their broad applicability [4,5]. Alternatively,
all-dielectric metasurfaces prove to be a promising platform
for nonlinear optics [6-8]. The high-index dielectric mate-
rials exhibit a wide spectrum of optical nonlinearities and
tensor symmetries as well as negligible losses and high dam-
age threshold, and the coexistence of electric and magnetic
Mie resonances brings many intriguing effects in the non-
linear regime [9-17]. In particular, a novel design strategy
based on the concept of bound states in the continuum
(BIC) enables high-Q resonances in all-dielectric meta-
surfaces, where the tight confinement of light inside
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the meta-atoms allows for efficient nonlinear frequency
conversion [18-20]. To date, all-dielectric metasurfaces gov-
erned by BIC physics have demonstrated their ability
to substantially boost second-harmonic generation (SHG)
[21-27] and third-harmonic generation (THG) [28-34], with
efficiency higher and pump intensity lower than previously
recorded values. In a recent report, empowered by the BIC
resonance in asymmetric silicon metasurfaces, efficient har-
monics up to the 11th order has been observed [35].

The research agenda is now shifting towards realizing tun-
able and switchable functionalities to meet requirements of
practical devices [36-38]. Due to the strong dependence of
optical responses in the nonlinear regime on those in the
linear regime, effects on the harmonic wavelength can be
precisely evaluated considering the perturbation on the fun-
damental wavelength, which lays the direct foundation for
the dynamical control of harmonic generation. Inspired by
the recent progress of active metaoptics, resorting to external
stimuli becomes a natural consideration and inevitable choice.
For instance, the thermo-optical control of SHG in mono-
lithic nanoantennas has been proposed via thermally tuning
the material refractive index [39—41], and further extended
to the ultrafast all-optical modulation via photoinjection of
free carriers [42]. On the other hand, the indirect approach
through integrating active media provides an additional degree
of freedom, though at the cost of sophisticated experimen-
tal requirements. The electro-optical material nematic liquid
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crystal [43] and phase-change material chalcogenide glass
[44—48] have been integrated with metasurfaces to change the
surrounding dielectric environment for wavelength-tunable
harmonic generation. Nevertheless, the introduction of ex-
ternal stimuli (regardless of the form) would increase the
structural complexity and energy consumption. More seri-
ously, the light confinement (evaluated by Q factor) and
consequently the harmonic conversion efficiency could not
maintain the maximum due to the change of resonant
conditions.

In this paper, we propose a method for the dynamically
switchable high-harmonic generation by fully exploiting the
polarization-controlled dual BIC resonances in all-dielectric
nanodimer metasurfaces. In our design, two eigenmodes cor-
responding to symmetric-protected and accidental BIC can be
selectively excited at two different fundamental wavelengths
under two orthogonal polarizations, respectively. Benefiting
from the ultrahigh-Q factor of BIC resonances, remarkably
high conversion efficiencies of THG and fifth-harmonic gen-
eration (FHG) including both direct and cascaded processes
are numerically demonstrated. By simply rotating the funda-
mental pump polarization, these two BIC resonances and their
resonantly enhanced harmonics can be precisely switched on
or off. In sharp contrast to above-mentioned approaches such
as thermal tuning or utilizing active media, the present paper
affords an entirely different tuning strategy free from addi-
tional external stimuli, showing great prospects in designing
metasurface platforms for nonlinear devices and applications.

II. POLARIZATION-CONTROLLED DUAL BOUND STATES
IN THE CONTINUUM

The example of the metasurfaces that we consider is
schematically illustrated in Fig. 1. It consists of a periodic
array of high-index dielectric nanodimers arranged in a square
lattice on top of a low-index substrate. There are many
choices for material selection, in principle, depending on
the wavelength of interest. Here the combination of silicon
(Si) on silica (SiO,) is adopted to generate odd optical har-
monics (third and fifth) spanning the visible to ultraviolet.
The wavelength-dependent complex refractive index of Si is
extracted from experimental data [49], and the constant refrac-
tive index of 1.45 is assigned to SiO,. Note that we choose
the dimer design as it belongs to a symmetric geometry of
the C,, group and possesses more structural parameters to be
tuned than Cy, configurations [50-59]. Benefiting from the
additional degree of freedom, it is possible to manipulate the
excitation of dual BIC resonances by adjusting the structural
geometry and rotating the fundamental pump polarization
(which was also realized in other-shape metasurfaces [60]
and one-dimensional photonic crystals [61]). Under normal
incidence, we consider the transmitted high-harmonic signals
including the conventional THG and FHG from a direct pro-
cess as well as FHG via a cascaded process of THG followed
by degenerate four-wave mixing between the fundamental and
THG signal.

Considering that the excitations of BIC resonances at the
fundamental frequency predict the efficient harmonic genera-
tion, we perform the eigenmode analysis to characterize and
optimize the modal properties of the Si nanodimer metasur-

w z

X

SEEE §FIE S S W)

AN NN N 04

EPrrrreeee
FEEF T T Y

A AN AN AN SY

wtot3o

FIG. 1. The schematic illustration of high-harmonic generation
from the all-dielectric metasurfaces supporting dual BIC resonances.
Si nanodimers are placed on top of SiO, substrate. Photons of a
fundamental pump at the frequency w are converted to photons at
3w via THG, and to photons at 5w via FHG and the cascaded
process of THG followed by degenerate four-wave mixing between
the fundamental and THG signal. The top-left inset shows a unit cell
of the metasurfaces. Geometric parameters: the period is p = 1020
nm, the height is # = 300 nm, and the radii and distance are initially
setto r; = r, = 225 nm and d = 40 nm, respectively.

faces. The eigenmodes are calculated with the eigenfrequency
solver in COMSOL MULTIPHYSICS with Floquet periodic bound-
ary conditions applied in the x and y directions and perfectly
matched layers used in the z direction. In Fig. 2(a), the band
diagram along X-I"-X" is presented consisting of a transverse
magnetic (TM)-like mode and a transverse electric (TE)-like
mode in the first Brillouin zone. For the TM eigenmode, the
complex eigenfrequency is v = 190.29 THz containing no
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FIG. 2. (a) The band diagram along X-I"-X’ (kp/2m) of Si nan-
odimer metasurfaces. (b) The corresponding electromagnetic field
distributions at the I' point for the TM-like and TE-like modes,
respectively. Top: The z component of electric field E, overlaid
with the in-plane magnetic field direction vector H,,. Bottom: The
z component of magnetic field H, overlaid with the in-plane electric
field direction vector E,y.
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FIG. 3. The transmission spectra of Si nanodimer metasurfaces
as a function of (a) the radius r, and (b) the distance d. (c), (d)
The corresponding Q factors for the resonances in panels (a) and (b),
respectively. The x- and y-polarized plane wave is normally incident
to the metasurfaces for the numerical calculations of panels (a) and
(c) and panels (b) and (d), respectively.

diverges towards infinity, which indicates it is a BIC with
no leakage coupled to the radiation continuum; for the TE
eigenmode, 7 = 174.04 4+ 0.0084 THz, and the Q factor is
larger than 10*, which suggests it is a quasi-BIC that may
be transformed into a BIC after parameter tuning. Resorting
to the C, group symmetry analysis can help us understand
these two BICs in a more intuitive way. Figure 2(b) presents
the electromagnetic field distributions at the I' point (the
particular high-symmetry point of the reciprocal space), the
z component of electric field E, of the TM eigenmode is even
under 180° rotation around the incident direction, i.e., the z
axis, while the z component of magnetic field H, of the TE
eigenmode is odd. Given that the plane wave propagating
along the z axis is the only radiating channel at the I" point
for the subdiffractive regime and its electromagnetic fields
are odd under the same rotation [18], the TM eigenmode
cannot be excited by a normally incident plane wave with any
linear polarization due to symmetry mismatch (except when
the structural symmetry breaking is presented, which will
be discussed in the following). The TE eigenmode, in sharp
contrast, can be excited by a y-polarized normally incident
plane wave.

Then we provide a visual insight using the transmission
spectra of the Si nanodimer metasurfaces in Figs. 3(a) and
3(b). The frequency domain solver, instead of the eigenfre-
quency, is employed for calculation with two ports placed at
the interior boundaries of the perfectly matched layers for
both setting an excitation plane-wave source and recording
the transmission in terms of scattering S parameters. Under x-
polarized normal incidence, the resonance (identified through
the transmission dip close to zero) is invisible when the struc-

tural symmetry is presented, i.e., the radii of the nanodimers
are the same r; = r, = 225 nm, which corresponds to the
TM eigenmode. When r, deviates from r;, the resonance
emerges and becomes pronounced in the wavelength range
of 1600-1700 nm. The symmetry breaking via changing r,
opens a leaky channel coupled to the continuum and trans-
forms BIC to quasi-BIC with radiation loss, validating the TM
eigenmode as a symmetry-protected BIC. We also calculate
the O factors with the eigenfrequency solver. In Fig. 3(c),
the Q factor of the TM eigenmode experiences a dramatic
increase as |r; — rp| reduces, and diverges at the BIC region
near r; = r, with infinitely large value (> 10°). On the other
hand, the leaky resonance associated with the TE eigenmode
under y-polarized excitation can be easily found around the
wavelength of 1750 nm. Its radiation channel can be closed by
changing the spacing distance d of the nanodimers, rendering
infinitely small resonance width at d = 60 nm, which is a
typical parameter tuning behavior of the so-called accidental
BIC. In contrast to the symmetry-protected BIC, there is no
symmetry perturbation in the parameter tuning of the acciden-
tal BIC [18,51,54,59]. In Fig. 3(d), the corresponding Q factor
reaches the peak value tending to be infinite large (>10%) for
d = 60 nm.

III. NONLINEAR HARMONIC GENERATION

To investigate the potential of the dual BIC in high-
harmonic generation, we perform the nonlinear simulation
implemented with the frequency domain solver in COMSOL
MULTIPHYSICS. We assume the undepleted pump approxi-
mation and employ two coupled electromagnetic models in
consecutive steps. First, the transmission at the fundamental
wavelength is simulated to retrieve the local field distributions
and compute the nonlinear polarization induced inside the
structure. Second, this nonlinear polarization is employed as
the only source for the next simulation at the harmonic wave-
length to obtain the generated field and recover the nonlinear
power flux radiated to the substrate.

A. Third-harmonic generation

We first study the THG from the proposed Si nanodimer
metasurfaces. The nonlinear polarization can be calculated
by the local electric field at the fundamental wavelength, i.e.,
P3 =3y x3(E - E)E®, where gy = 8.8542 x 102 F/m is
the vacuum permittivity, and x® = 2.45 x 107! m?/V? is
the third-order nonlinear susceptibility of Si in the near in-
f;ared. The conversion efficiency of THG is defined as nryg =

T

PP—HG, where Prug and Ppynp are the THG and pump powers,
ump

respectively. As above mentioned, the symmetry-protected
and accidental BIC that we are considering here are excited
with the x- and y-polarized plane wave, respectively, therefore
we explore these two orthogonal polarization scenarios to
selectively enhance optical coupling from the fundamental
pump. With the optimized geometric parameters derived from
Fig. 2, the simulated transmission and THG efficiency spectra
are presented in Fig. 4. Under x-polarized incidence (left
panel), the symmetry-protected BIC transforms into a high-Q
resonance located at 1635.2 nm when the structural symmetry
becomes slightly broken (r; = 225 nm and r, = 220 nm).
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FIG. 4. The transmission and THG efficiency spectra of Si nan-
odimer metasurfaces as a function of the pump wavelength near the
BIC resonances. Left panel: Symmetry-protected BIC: r; = 225 nm,
r, = 220 nm, and d = 40 nm. Right panel: Accidental BIC: r; = 225
nm, r, = 225 nm, and d = 40 nm. The x(y)-polarized plane wave is
normally incident to the metasurfaces for the numerical calculations
of the left (right) panel. Middle insets show the in-plane electric
field distributions at the wavelengths of symmetry-protected and
accidental BIC resonances, respectively.

Under y-polarized incidence (right panel), a leaky resonance
stemming from the accidental BIC is observed at 1749.2 nm
after the distance tuning (d = 40 nm). We further perform the
Cartesian multipolar decomposition to quantitatively identify
the multipole characters of the high-Q BIC resonances. In
Figs. 5(a) and 5(b), it is observed that the dominant contri-
bution at resonance is provided by the toroidal dipole (TD)
in both cases. Here it radiates stronger than the magnetic
quadrupole by a factor of ~3.5, and stronger than the radiating
component of the electric dipole, magnetic dipole, and electric
quadrupole by orders of magnitude. The TD moments can
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FIG. 5. Contributions of multipole moments in the Cartesian co-
ordinates, including the electric dipole (ED), magnetic dipole (MD),
electric quadrupole (EQ), magnetic quadrupole (MQ), and toroidal
dipole (TD) to the far-field radiation of (a) symmetry-protected and
(b) accidental BIC resonances.
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FIG. 6. The THG efficiencies of Si nanodimer metasurfaces as
a function of (a) the radius r, and (b) the distance d. The x- and
y-polarized plane wave is normally incident to the metasurfaces for
the numerical calculations of panels (a) and (b), respectively.

trap the incident light with the circular head-to-tail dipole
arrangement [which is exactly consistent with the field di-
rection vectors in Fig. 2(b)] and substantially enhance the
local fields. To gain a deeper impression, the corresponding
electric field distributions at the wavelength of 1635.2 and
1749.2 nm are depicted in the insets of Fig. 4. Significant
enhancement up to 100-fold is presented in the vicinity of
both BIC resonances, leading to the substantial increase of
the THG conversion efficiency as high as 1073 at an incident
excitation intensity of 1 MW /cm?. Accompanying the narrow
transmission spectra, the linewidth of THG efficiency spectra
is quite small with the full width at half maximum less than
1 nm, exhibiting good monochromaticity due to the resonantly
enhanced mechanism. It is worth pointing out that the two
intense THG signals are emitted at different harmonic wave-
lengths under orthogonal polarizations, hence the occurrence
of the nonlinear signals has no mutual influence between
them, which implies the possibility of independent control.
The asset of our paper is the use of the dual BIC resonances
with ultrahigh-Q factors. To investigate the impact of Q factor
on the THG, we provide the modification of conversion effi-
ciencies when the geometry parameters are detuned from the
perfect BIC configurations under x- and y-polarized incidence
in Figs. 6(a) and 6(b), respectively. The THG conversion
efficiencies show similar dependence on the radius r, and
spacing distance d, in comparison with the variations of Q
factors in Figs. 3(c) and 3(d). The THG efficiency increases
rapidly from 107 to 10! as r, gradually approaches 225 nm
of the symmetry-protected BIC region, or with d close to
60 nm of the accidental BIC region. This can be explained
by the higher-Q factors and in turn larger field enhancement
when the geometric parameters become closely matched to
those of the BIC. Note that the distribution of THG efficiency
dependent on d in Fig. 6(b) is symmetric on the two sides of
d = 60 nm, resembling the Q factor distribution in Fig. 3(d).
The reason behind this is the intriguing geometry design of
nanodimer metasurfaces. At the very special point at d = 60
nm, the distance between centers of the nanodimers equals
to half of the period. The increasing distance with +Ad will
separate the nanodimers in the original unit cell and combine
them with the neighboring partners forming new unit cells,
leading to the same collective effect with the case —Ad.
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FIG. 7. The FHG efficiency spectra of Si nanodimer meta-
surfaces as a function of the pump wavelength near the BIC
resonances. Left panel: Symmetry-protected BIC: r; = 225 nm,
r, = 220nm, and d = 40 nm. Right panel: Accidental BIC: r; = 225
nm, r, = 225 nm, and d = 40 nm. The x(y)-polarized plane wave is
normally incident to the metasurfaces for the numerical calculations
of the left (right) panel. Middle insets show the schemes of the direct
and cascaded processes of FHG.

B. Fifth-harmonic generation

The ultrahigh-Q factor and intense electric field enhance-
ment supported by the dual BIC resonances are advantageous
to the high-order harmonic generation. This field has been
dominated by gas-based systems, suffering from expensive
vacuum steps and complicated methods, which can be re-
lieved using the solid state physics platform [62-65]. Here
we consider the fifth-harmonic signals from the proposed Si
nanodimer metasurfaces, including two potential nonlinear
processes, as depicted in the inset of Fig. 7. One common
path to obtain efficient FHG is using a direct process, i.e.,
P> =3gyx(E - E)E®, where x® is the fifth-order non-
linear susceptibility of Si. In the numerical simulations of
direct FHG, X(s) is estimated as 5.6 x 1073 m4/V4. At an
incident excitation intensity of 1 MW/cmz, the direct FHG
efficiency spectra as a function of the wavelength in the
vicinity of dual BIC resonances are depicted in Fig. 7. The
peak conversion efficiency of 10~!! is achieved at respective
harmonic wavelength, with one assisted by the high-Q res-
onance from the symmetry-protected BIC under x-polarized
incidence and the other owing to the accidental BIC under
y-polarized incidence.

On the other hand, the cascaded nonlinear process provides
an alternative path to the high-harmonic generation. We con-
sider the FHG using a cascaded x ® effect consisting of THG
followed by degenerate four-wave mixing between the fun-
damental and THG signal, as shown in Fig. 1. In the mixing
process, the fundamental pump of frequency w is referred to
as the pump and the TH signal of frequency 3w as the idler.
With the two input frequencies, the frequency of the generated
signal photon is denoted by the sum of the input frequen-
cies as Sw = w 4+ w + 3w. Hence the nonlinear polarization
of the degenerate four-wave mixing process can be defined
as P> = 3gox P [2(E® - E3*)E® + (E® - E®)E**]. For com-
parison, the optical intensity of the fundamental pump is fixed
to 1 MW/cm? during the simulations. The calculated FHG
efficiency achieves a peak value of 10~° under both polar-
izations. The efficiencies are higher by approximately two
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FIG. 8. (a) The transmission and (b)—(d) THG, FHG (direct), and
FHG (cascaded) efficiency spectra of Si nanodimer metasurfaces
as a function of the polarization angle of the incident plane wave.
Geometric parameters: r; = 225 nm, r, = 225 nm, and d = 40 nm.

orders of magnitude in the cascaded process compared to that
obtained in the direct case. Considering the same geometric
parameters and resonance modes of the two cases, this inter-
esting phenomenon can be attributed to the relation between
x® and x@, ie., x® ~ [xO12/x V.

C. Polarization control of harmonic generation

As mentioned previously, the dual BIC resonances and
resonantly enhanced harmonic signals from the proposed Si
nanodimer metasurfaces are highly dependent on the polariza-
tion property of the incident light, making it possible to realize
the polarization control of harmonic generation. In the final
section, we will demonstrate this with a simple example. The
geometric parameters are fixed to r; = 225 nm, r, = 220 nm,
and d = 40 nm so that the high-Q resonances arising from
the symmetry-protected and accidental BIC can be well sup-
ported at their respective fundamental wavelengths under two
orthogonal polarizations.

Figure 8(a) presents the transmission spectra of the Si
nanodimer metasurfaces as a function of the polarization
angle, with two resonances clearly identified as the
symmetry-protected BIC at 1635.2 nm and the accidental
BIC at 1736 nm, respectively. The resonant wavelength of
the latter shows a slight blueshift from 1749.2 nm since r,
deviates from r; to meet the excitation condition of the former.
It is very important to point out that both BIC resonances are
not completely continuous with respect to the evolution of the
polarization angle; specifically, the accidental BIC is absent at
0 = %n and %n, and the symmetry-protected BIC is absent at
6 =0, , and 27, which correspond to the x and y polariza-
tion in our setup, respectively. This phenomenon can be well
explained by the dimer design governed by the symmetric
geometry of the Cy, group. Under such circumstance, the dual
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BIC resonances can be selectively excited at two different
fundamental wavelengths under different polarizations. The
most important consequence, in an intuitive way, is that
the BIC resonantly enhanced THG and FHG signals can be
switched on or off by simply rotating the fundamental pump
polarization. As shown in Figs. 8(b)-8(d), we obtain the
elaborated functionalities. Consequently, we realize the dy-
namically switchable high-harmonic generation without any
additional external stimuli: when 6 equals odd multiples of

%n, only the harmonics pumped from 1635.2 nm are emitted,

and when 6 equals even multiples of %n only the harmonics
pumped from 1736 nm are emitted; in all other cases both
signals are emitted. Worth mentioning at this time is the
maximum efficiency which is maintained regardless of the
polarization angle by complete utilization of the pump light.

IV. CONCLUSIONS

In conclusion, we design the polarization-controlled dual
BIC resonances in Si nanodimer metasurfaces, and apply them
as a solution to dynamically switchable harmonic generation
by utilizing the polarization dependence. Due to the high-Q
features of BIC resonances, high-efficiency harmonic signals
pumped from the infrared to the visible through THG (1073)
and the ultraviolet through FHG including both the direct
(10~ and cascaded (10~2) processes are obtained at a mod-

erate optical intensity of 1 MW /cm?. By simply rotating the
fundamental pump polarization, the BIC resonances and their
resonantly enhanced harmonics can be selectively switched
on or off without the aid of additional external stimuli. The
proposed method should have great merits in designing next-
generation nonlinear light sources for chip-scale applications.
Finally, it is worth pointing out that the strategy and structure
here are rather general, and can be extended for the selective
enhancement of other nonlinear effects at alternative wave-
lengths via the physical scalability [66,67]. One example that
comes to mind may be the polarization-controlled harmonic
generation and sum-frequency mixing in two-dimensional
materials [68-72].
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