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In this work, we propose a novel method to our knowledge for
realizing a leakage mode with a super flat band through the
modulation of two Friedrich—Wintgen bound states in the conti-
nuum (FW BICs) of a non-vertical symmetry metasurface. This
unique mode is formed by partially breaking the BIC generated
from the first excited collective magnetic dipole (MD) resonance
in a sub-diffraction periodic system, which exhibits a low group
velocity of 16731 m s, while its quality factor (Q factor) is 217.
We calculate that the near electric field enhancement reached
808 times at an incident angle 0 of 9°22'. Our findings provide
unique opportunities for realizing strong-enhanced nonlinear
effects in metasurfaces.

Introduction

Confining light near nonlinear optical metasurfaces enhances
various nonlinear optical effects such as frequency conversion,
harmonic generation, optical mixing, and all-optical switching.'™
The fundamental principle of these metasurfaces is to control light
through optical resonant metasurfaces made of resonant struc-
tures and highly nonlinear materials.’ Initially, researchers aimed
to enhance nonlinearity by leveraging the strong field confinement
resulting from surface plasmon resonance effects in metallic
metasurfaces. However, their performance is significantly limited
by high ohmic losses, small mode volumes, and low laser damage
thresholds. All-dielectric metasurfaces made from high-refractive-
index materials can effectively replace metallic metasurfaces due
to their low loss, large mode volume, and high laser damage
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New concepts

Confining light near metasurfaces enhances various nonlinear optical
effects. The key lies in how to achieve a significant near electric field
enhancement. We present a novel method for the modulation of two
Friedrich-Wintgen bound states in the continuum (FW BICs) in the
dispersion relation diagram, achieving a significant slow light effect with
a super flat band. This state, namely, the hybrid magnetic dipole mode,
lies between two BICs in the dispersion relation diagram, resulting in a
large and stable quality factor. Due to the ultrathin characteristics of the
metasurface, the nonlinear effects require extremely high incident light
intensities, reaching levels on the order of 1 GW cm™>. We have achieved
a significant near field enhancement through the slow light effect,
reducing the requirement for incident light intensity by at least 2 orders
of magnitude, while maintaining high efficiency of third harmonic
generation. Our findings provide a unique opportunity to achieve strong
near-field enhancement and nonlinear effects at the nanoscale, paving
the way for the development of novel nonlinear photonic devices with
diverse functionalities.

threshold, facilitated by Mie resonances.'® However, all-dielectric
metasurfaces still face challenges in fully confining light, resulting
in some unavoidable leakage.

In traditional viewpoints, the resonant states present in the
radiation continuum are associated with the outward radiation
of light, whereas perfect bound states exist only outside the
radiation continuum. Introducing states that couple to bound
states within the radiation continuum inevitably leads to
energy leakage."™"” However, the discovery of bound state in
the continuum (BIC) has broken this paradigm. BIC represents
a unique optical phenomenon that does not radiate any light
outward, making it a perfect bound state.’® > A special case of
a symmetry-protected BIC exists at the I' point of periodic
structures in metasurfaces.>* Nevertheless, accidental BICs
originate from the destructive interference between radiation
channels of the system.”>® Due to the infinitesimally small
bandwidth of BICs, experimental instruments are often unable
to detect it. In designs, asymmetric parameters are typically
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introduced intentionally to transform a BIC into quasi-bound
states in the continuum (QBICs) with a finite bandwidth and Q
factors. Generally, the Q factor of a QBIC is inversely propor-
tional to the square of the asymmetric parameters.>* Therefore,
the Q factor of the quasi-BIC can be flexibly adjusted by
manipulating these asymmetric parameters. Compared to a
BIC, a QBIC is more practical for applications. In 2016, Arseniy
proposed that dielectric particles exhibit strong scattering
resonances for incident light, with four main resonant modes:
magnetic dipole, electric dipole, magnetic quadrupole, and
electric quadrupole.”® These modes can be utilized to control
the enhancement of electric and magnetic fields. In addition,
all-dielectric metasurfaces can also support light-induced
magnetic resonances, which effectively enhance the electric
nonlinearity commonly used in nonlinear optics. The MD mode
has a larger mode volume compared to other magnetic multi-
pole modes and is renowned for its ability to facilitate non-
linear effects. As a result, it is widely employed in metasurfaces
to achieve nonlinear enhancements.®*%*' Moreover, achieving
a flat band on metasurfaces, such as electromagnetic induced
transparency (EIT),** can reduce group velocity to induce slow
light effects. This, in turn, enhances the interaction between
light and matter, resulting in a greater nonlinear enhancement.

In this work, we design a non-vertically symmetric silicon
metasurface and investigate the movement of two Friedrich-
Wintgen (FW) BICs in the dispersion relation diagram as the
filling factor f changes. It is found that the hybrid MD mode
ultimately forms a super flat band at the filling factor f= 0.53.

Vertical symmetry
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On the one hand, this mode exhibits a high and stable Q factor
due to the combined effects of two BICs. On the other hand, it
features a low group velocity, resulting in a pronounced slow light
effect in metasurfaces. We calculate that the near electric field
enhancement reached 808 times at an incident angle 0 of 9°22’.
Our findings provide a unique opportunity for constructing non-
linear optical effects, paving the way for the development of novel
nonlinear photonic devices with diverse functionalities.

Results and discussion
Analysis of modes and structural parameter settings

Although the MD mode can effectively enhance the electric field
near the metasurfaces and nonlinear effects, it is a lowest-order
fundamental mode that does not intersect with any higher-
order modes. Consequently, it is not possible to form multiple
BICs on a single band in the dispersion relations through
symmetry breaking. In this study, we use the first excited MD
mode which transitions into a hybrid MD mode, allowing for
the achievement of multiple BICs on a single band by breaking
the vertical symmetry.

We first consider a metasurface with vertical symmetry,
composed of a periodic array of silicon nanocuboids, as shown
in Fig. 1(a). The substrate is made of 6 pm thick fused quartz.
The illustration in Fig. 1(b) reveals the first Brillouin zone of
this metasurface, which corresponds to the reciprocal lattice
of a two-dimensional square lattice because of its symmetry.

000

Fig. 1 (a) and (d) Sketches of vertical and non-vertical metasurfaces composed of a periodic array structure, shown here with only three periods. Vertical

symmetry refers to the properties of the metasurface having mirror symmetry about the plane z = 0, without considering the substrate. Their dispersion
relations are shown in (b) and (e), respectively. The structures correspond to a two-dimensional square lattice in the XOY plane, with the first Brillouin
zone depicted as illustrated in (b). The irreducible zone is represented by the light blue triangular wedge. (c) and (f) Normalized electric field distributions
under normal incidence, indicating that the first excited MD mode and the hybrid MD modes enhance the electric field near the metasurface.
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Thus, we can employ the analytical methods used for two-
dimensional square lattice band structures, specifically by
analyzing along the high symmetry path (M « I' —» X) near
the I' point in the irreducible Brillouin zone. The analytical
methods utilized to calculate dispersion relations and mode
properties are discussed in Section S1 of the ESL.{ Using this
method, we calculate the dispersion relations of the first excited
MD mode and its nearby modes, with the red curve representing
the dispersion curve of the first excited MD mode, as shown in
Fig. 1(b). The normalized electric field distribution of this mode is
illustrated in Fig. 1(c). When the vertical symmetry of the metasur-
face is preserved, the intersection points on the dispersion band
of this mode do not exhibit coupling. Thus, there is only a
symmetry-protected BIC at the I" point.

Next, we break the vertical symmetry of the metasurface by
introducing a homogeneous silicon slab, as shown in Fig. 1(d).
It is well known that characteristic modes in a vertical sym-
metry metasurface can be classified into transverse-electric (TE)
polarized modes and transverse-magnetic (TM) polarized
modes. However, breaking this vertical symmetry causes the
characteristic modes to transition into hybrid modes which
have non-zero electric and magnetic fields in the three ortho-
gonal directions. We calculate the dispersion relations of the
hybrid MD mode and its nearby modes, discovering that the
original intersection points on the dispersion band are opened,
indicating that coupling has occurred. Our calculations reveal
the generation of a FW BIC off the I' point, which will be
discussed later in this study. Moreover, it is enthralling that
hybrid modes also exhibit Mie resonance characteristics like
those of TE and TM modes. Therefore, the spectral position of
the hybrid MD mode can be controlled by changing the aspect
ratio of the metasurface, which makes it possible to shrink the
size of the hybrid MD resonator to subwavelength dimensions
while maintaining strong hybrid MD resonances.’*' In the
following, we focus our working wavelength on 1550 nm and fix
the period and thickness of the metasurface to be 699.6 nm and
742 nm (top: 572.4 nm, bottom: 169.6 nm), respectively. The
normalized electric field distributions of the hybrid MD mode
are presented in Fig. 1(f). It can be observed that the field
intensity of the designed hybrid MD state is confined within the
nanocuboids, making it an excellent candidate for enhancing
optical nonlinear effects.

Because this metasurface is invariant under symmetry
operations from the C,, point group which includes six types
of eigenmodes: two doubly degenerate modes and four non-
degenerate modes, the only radiating states are the normal
plane waves which correspond to doubly degenerate mode for
frequencies below the diffraction limit at the I" point. Thus, the
hybrid MD mode as shown in Fig. 1(f), with the electric field
vector being even under C, symmetry, becomes perfectly con-
fined and no longer couples to the free-space radiation chan-
nel. The top view of the electric field reveals the in-plane
circulating displacement currents, which is a hallmark of the
MD mode and confined within the nanocuboids. Additionally,
the side view of the electric field’s nodal lines further confirms
that this mode represents the first excited state. This type of

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 (a)-(d) The dispersion relations along high symmetry point M, and
T changes as the filling factor f is varied, which shifts two FW BICs and
leads to the formation of a super flat band ultimately in (c). The red curve
represents the dispersion band of the hybrid MD mode, while the blue and
green curves represent the higher-order and lower-order mode. The
width of the curve represents the imaginary part of the eigenfrequency.
We label the incident angles and frequencies of the BICs.

BIC associated with the symmetry of metasurfaces is referred
to as symmetry-protected BIC. As shown in Fig. 2(a)-(d),
a symmetry-protected BIC is formed at the I point of the hybrid
MD mode. In addition to the symmetry-protected BIC at the I point,
accidental BICs are also generated off the I" point for the hybrid MD
mode. One of them, the FW BIC is an excellent choice for achieving
a super flat band by modulating the dispersion relations.

Formation of the super flat band through the movement of two
FW BICs

From Mie theory, the spectral positions of characteristic modes
correspond to a fixed ratio of the wavelength, 4, to its optical
path length, n x L.*° As the filling factor f varies, the optical
path length is modified due to changes in the proportions of
the dielectric material regions and air regions, which causes a
shift in the position of the dispersion relations in turn. Thus,
the position of the FW BIC on the dispersion band can be
adjusted by tuning the filling factor f. Furthermore, it can even
merge with the symmetry-protected BIC at the " point.*® In this
study, we have an exciting discovery of a novel dispersion band
variation rule that leads to a super flat band of hybrid MD
mode. This hybrid MD mode enables significant slow light
effects and holds great promise as a strong candidate for achiev-
ing enhanced nonlinear effect interactions in metasurfaces.

Fig. 2(a)-(d) show the dispersion band variation. The red band
represents the dispersion band of the hybrid MD mode, while the
blue and green bands represent the dispersion bands of the higher-
order and lower-order modes, respectively. The breaking of the
vertical symmetry of the metasurface leads to coupling at the
intersection points of the two modes, resulting in accidental BICs.
Later, we will demonstrate that these accidental BICs are FW BICs.
As the filling factor f increases, the position of the FW BIC of
higher-order mode shifts to the left, while the position of the
accidental BIC of the hybrid MD mode moves upward, relative to
the position of the symmetry-protected BIC. Ultimately, this results
in the formation of a super flat band for the hybrid MD mode.

The equation @ = w + iy describes a complex frequency,
where the real part @ denotes the characteristic frequency of
the mode and the imaginary part o indicates the leakage rate of
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Fig. 3 They of the hybrid MD mode and higher-order mode. The symbols
represent numerically calculated points, while lines are interpolation fits.
There are two near-zero values which represent FW BICs. We label the
incident angles and frequencies of the BICs.

the mode, reflecting the energy loss. In this study, y consists of
two components: the losses caused by the coupling of hybrid
MD mode and higher-order mode due to symmetry matching
and the losses arising from the breaking of vertical symmetry.
Through the coupling of the two modes and their radiation
channels, when the Friedrich-Wintgen condition for destructive

View Article Online
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interference is satisfied: y,(y; — 72) = /7172(01 — ©2),>" we can
obtain a mode with increased losses and a lossless mode which is
a FW BIC. In Fig. 3, we present the y values for the two modes, and
we can see that both BICs occur at a position where the y of one
mode is approximately 0, while the other mode has a maximum y
value. This is a typical characteristic of FW BICs.

We calculate the dispersion relations and Q factors of the
hybrid MD mode as fvaried from 0.52 to 0.54. Fig. 4(b) shows that
there is a symmetry-protected BIC at the I" point with the Q factor
exceeding 10° and a FW BIC off the I' point with the Q factor
exceeding 10°, while the metasurface is placed on a 6 um fused
quartz substrate. Furthermore, the disappearing linewidth is also
noted in the reflection spectrum presented in Fig. 4(e). In this
study, we utilize oblique incidence to break the symmetry of the
metasurface, allowing for straightforward control of the Q factor.
Fig. 4(e) reveals that the resonance bandwidth of the hybrid MD
mode gradually increases with changes in the incident angle.
Notably, a FW BIC appears on the band of the hybrid MD mode
when the incident angle 0 is 37°54’. The results illustrate that a
super flat band of the hybrid MD mode is achieved through the
modulation of two FW BICs when the filling factor f = 0.53. The
hybrid MD mode has multiple BICs on the band, which can
achieve high Q factors in a large range of incident angles.

Achieving strong electric field enhancement near the silicon
metasurface through a slow light effect

The group velocity v, of the hybrid MD mode is defined as the
derivative of frequency with respect to the wave vector

(a) MT—X () M—T—X ! (c) M—T—X
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Fig. 4 (a)—(c) The dispersion relations and Q factors of the hybrid MD mode as the filling factor f varies from 0.52 to 0.54. At f = 0.53, a super flat band is
formed. (d) The schematic of the oblique incidence method employed. (e) Normalized reflection spectrum at f = 0.53. The blue region is the super flat

band area, where the slope is less than 10® m s™%.
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direction. The wave vector can be decomposed into in-plane k;
and out-of-plane k,, allowing the group velocity to be
expressed as

do Odw . ow
@:%smﬁ+—cosﬁ (1)

e Ok
where f represents the angle of refraction, while » denotes the
angular frequency of the light,

5 ) 2 2mn\ 2
kz +k\| =k = T (2)

where n represents the refractive index of silicon. Since only
light confined within the silicon can enhance nonlinear effects,
the slowdown factor S here is given by the following:

§="r= ()
Ve nve

where vy, represents the speed of light in silicon and c is the
speed of light in a vacuum. Since our target wavelength of
1550 nm falls within the normal dispersion region of silicon,
the definition of group velocity is valid and will not cause
significant wave packet divergence due to the huge difference
in phase velocities among the various monochromatic compo-
nents. We use the slowdown factor S to measure the extent of
the slow light effect: the larger the slowdown factor S, the
slower the group velocity of the hybrid MD mode, leading to
more significant nonlinear effects. It is obvious that we need to
consider both the slowdown factor S and the Q factor. Theore-
tically, a higher Q factor and S factor of this hybrid MD mode
indicate reduced energy leakage. We calculate the slowdown
factor S and the Q factor as functions of the incident angle 6, as
shown in Fig. 5.

Fig. 5 shows that the slow light effect is characterized by
three peaks in the slowdown factor. We find that the near
electric field enhancement is maximized at an incident angle of
9°22" by comparing the Q factors at the three peak positions.
The Q factor is 217, while the S factor is 5149. Fig. 6 shows the

4 9
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Fig. 5 Variation of the slowdown factor S and the quality factor Q with the
incident angle 0.
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Fig. 6 The electric field and normalized intensity enhancement at an
incident angle of 9°22’.

electric field distribution and enhancement with the slow light
effect. The maximum total electric field enhancement is
808 times. The in-plane circulating displacement currents
observed in the top view of the electric field, along with the
nodal lines seen in the side view, confirm that this mode
represents the first excited hybrid MD state under oblique
incidence. Additionally, the region lies between two BICs,
which causes the Q factor to be influenced by both BICs,
resulting in a higher and more stable Q factor with the mini-
mum being greater than 47. This hybrid MD mode, based on
the slow light effect, has the advantages of a large mode volume
and a significant near ele ctric field enhancement, making it an
excellent candidate for nonlinear effects. Due to the ultrathin
characteristics of the metasurface, the nonlinear effects require
extremely high incident light intensities, reaching levels on the
order of 1 GW cm ™. However, this hybrid MD mode essentially
relaxes the requirements for the incident light intensity. For the
calculation of the third harmonic conversion efficiency, we
provide detailed explanations below.

First, we calculate the complex amplitude of the polarization
intensity for the third harmonic:

P;,, = so1 ™V E(0) E(0) E() 4)

Next, we substitute it into the wave equation:
Vx(VXEQBw)) — (30)1ot(3w)E(Bw) = uo(3w)Ps,  (5)

where ¢, denotes the vacuum permittivity and u, represents the
vacuum permeability. ¢ is the permittivity of silicon. E(w) and
E(3w) indicate the electric field strength at the fundamental
frequency and third harmonic frequency. 1 = Re(}®)) +
itm(z'¥) with Re(3¥) = 6 x 107" m? v 2 and Im(y®) =
5.03 x 107> m*® VvV 2°° The imaginary part represents the
nonlinear loss and increases as the incident light intensity
increases, which is related to two-photon absorption of the
pump beam. Then, we get the electric field of the third
harmonic E(3w) by solving eqn (5). We calculate the conversion
efficiency of the third harmonic: 5 = |E(3w)|*/|E(w)|*.* Finally,
we calculate that the conversion efficiency for the third harmo-
nic reached 10 at a specified incident angle 6 of 9°22' with an
incident light intensity of 10 MW cm 2. Our research effectively
relaxes the requirements for peak optical intensity by achieving
the slow light effect, reducing it by at least two orders of
magnitude, while also demonstrating a high third harmonic
generation efficiency.
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Conclusions

In summary, we present an innovative approach to create a new
photonic state, namely, the hybrid MD mode with a super flat
band and a high Q factor in a silicon metasurface. By breaking
the vertical symmetry of the metasurface, we achieve coupling
at the intersection points of two modes, resulting in the
formation of two FW BICs. We find that as the filling factor f
varies, the two FW BICs shift left and upward in the dispersion
relation diagram, respectively, achieving a super flat band
ultimately. Notably, this hybrid MD mode exhibits a low group
velocity of 16731 m s~ ', while the quality factor (Q factor) is
217, making it an excellent mode for enhancing nonlinear
effects in the metasurface. We calculate that the near electric
field enhancement reached 808 times at an incident angle 0 of
9°22'. The slow light effect significantly relaxes the requirements
for pump power density. Due to the strong light confinement
within the nano-resonators caused by the characteristics of the
hybrid MD mode, we demonstrate that this hybrid MD mode can
significantly enhance nonlinear effects. We calculate the third
harmonic conversion efficiency of 10™* at a peak pump density
of 10 MW cm 2 Our findings provide unique opportunities for
realizing the near electric field enhancement and nonlinear effects
in silicon metasurfaces, with broad applications including harmo-
nics generation, frequency conversion, wavefront control, lowering
laser thresholds, and sensing.
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