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Dual Quasi-Bound States 1n the Continuum Modes
for Optical Activity Manipulation

Dongfang Shen”, Xingang Ren

and Zhixiang Huang

Abstract—Quasi-bound states in the continuum (quasi-BIC) are
a particular resonant state, which can be regulated by the degree
of symmetry breaking in nanostructures. Here, we propose a four-
fold rotationally symmetric (C,, ) metasurface supporting the dual
quasi-BIC modes. The Fano characteristics have observed in the
near-infrared region. The resonant peaks of the dual quasi-BIC
modes can be adjusted flexibly and independently with a sim-
ple breaking of the structural symmetry. More importantly, the
dual quasi-BIC modes demonstrate the extraordinary capability
in controlling the optical activity. This work will offer us more
freedom for controlling the resonance and optical activity by the
quasi-BIC modes, which is promising to engineer the optical device
in displaying and optics communications.

Index Terms—Quasi-bound states in the continuum,

metasurface, Fano resonance, optical activity.

1. INTRODUCTION

HE BOUND states in the continuum (BIC) mode reside
T inside the continuous spectrum of the extended radiating
state, which is a perfectly confined mode in space with a theoret-
ically infinite lifetime [1]—[3]. Since the first report of BIC mode
in photonics [4], [5], it has received intensive research interest
due to the infinite quality factor (Q-factor) of BIC mode, which
is a promising approach to manipulate the light-matter inter-
actions. The strong BIC mode excited in photonic crystal slab
(PhCs) is typically protected by the symmetric characteristics
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at the I" point [6], [7]. However, in practice, the BIC mode will
usually turn into the quasi-BIC mode due to intrinsic material
loss or broken symmetry because of the imperfect fabrication.
The theoretically infinite Q-factor will become a finite value
but still extremely large that is of great use in forming the
super-cavity [8].

The super-cavity formed by the quasi-BIC mode is capable
of manipulating the propagation and localization of electromag-
netic waves. The super-cavities, e.g., sub-wavelength topolog-
ical photonic [9] and insulator [10], [11], have boosted laser,
grating coupler, optical antenna performance with quasi-BIC
resonances. In addition, the spectral response of quasi-BIC
mode reveals the sharp Fano features, which indicates the phase
transition can be engineered through modifying the structural pa-
rameters or the excitation conditions [7], [12]-[15]. The abrupt
phase transition resembling the functionality arisen by the chiral
molecules or chiral structures is of great use to achieve the strong
optical activity [16], [17].

As we know, the linear polarized light can be expressed
as the superposition of the left-circularly polarized (LCP) and
right-circularly polarized (RCP) light. When the light with lin-
ear polarization passes through the optical chiral material or
the structure with spiral features, the LCP and RCP light will
produce different phase delays, and the generation of the phase
difference between the LCP and RCP light plays an essential role
in the polarization control, nonlinear optics [18] and molecular
biology [19]. However, the chiro-optical interactions are feeble
in structure without chiral materials. It is desirable to deliver a
simple and tunable chiral structure toward very large Q-factor
and multiple tunable resonances. The strong chiro-optical in-
teractions have potential advantages to modulate the optical
activity, particularly for biological and chemical sensing [20],
[21], imaging, and holography [22], [23].

In this work, we have proposed a fourfold rotationally sym-
metric (C4y) metasurface composed of a cross-shaped silicon
resonator. The C4v metasurface with a square lattice supports
the dual quasi-BIC modes in the near-infrared region. With the
introduction of symmetry breaking in the plane of incidence,
the incident light almost transmits through the metasurface at
dual quasi-BIC mode frequencies because of the abrupt phase
retardation by the quasi-BIC modes [24]. By adjusting the degree
of the geometrical asymmetry, the BIC mode enables the control
of optical activity with the rotation angle covering from 0 to
180° [25], [26]. The variations of the optical activity are well
explained by the Jones matrix referring to its polarization state.
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Fig. 1. (a) The schematic illustration of the C4-, metasurface, the geometrical
parameters are listed: the periodicity is P = 475 nm, the length and width of
lattice are L = 370 nm and W = 100 nm, and its thickness is D = 320 nm.
The upper left Figure represents the symmetrical characteristics of the Cy.
metasurface, and the symmetry breaking is introduced along the in-plane ¢ (x-)
axis and out-of-plane c2 (y-) axis. (b) The optical activity induced by the Cy4+
metasurface is schematically illustrated. The electric field direction is governed
by the rotation angle ¢ and ellipticity angle x.

The manipulations of optical activity by dual quasi-BIC modes
are promising to nonlinear optical imaging, quantum informa-
tion, and biological sensing.

II. DEVICE STRUCTURE AND SIMULATION

The C,4, metasurface is formed by a cross-shaped slab (Fig. 1),
which material is silicon with the refractive index of ng; =
3.58 in the near-infrared region. The geometrical parameters of
metasurface are listed as: the periodicity of the square lattice is
P =475 nm, the length and width are L = 370 nm and W = 100
nm, respectively, the thickness is D = 320 nm. The band structure
and Q-factor are calculated in the framework of finite element
method by the eigenmode solver. To unveil the interactions
between the C4,, metasurface and input light, the in-plane wave
with transverse magnetic (TM) field has been adopted as the
excitation source. The periodic boundary conditions are imposed
in the horizontal (xoy) plane, and the perfectly matched layers
(PMLs) are constructed in the vertical (z-) direction.

III. RESULTS AND DISCUSSION

The band diagram of the proposed C,4, metasurface has ob-
tained across the wavelength from 910 nm to 935 nm (Fig. 2(a))
corresponding to the normalized wave vector of k = —0.08-0.08.
The C,4, metasurface supports two BIC modes, i.e., at I" point
of TM1 and TM2 bands, which are located above the light cone
but have different topological properties. Correspondingly, the
TM2 mode has a higher Q-factor than the TM1 mode for the
wavenumber k+0. Meanwhile, the near electric-field enhance-
ment also indicates the different properties of the topological
states for the two BIC modes according to topology theory [27].
The fitted data of the Q-factor reveals the quadratic (1/k?) decay
concerning the distance k in the momentum space of TM1 and
TM2 bands.

Without the intrinsic loss of materials or broken symmetry,
the symmetry-protected BIC modes of TM1 and TM2 bands
cannot be coupled into the external radiation [28]. After shifting
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Fig. 2. (a) The band diagram of C4 metasurface. (b) The variation of Q-

factor with the normalized wave vector k. The inset Figs. show the electric-field
enhancement at the I" point of TM1 and TM2 bands. The Q-factor varied with
the degree of broken symmetry along (c) c¢1 axis with displacement in the x-
direction. (d) ¢3 axis with equal displacement in both x and y directions. The
inset figures show the electric-field enhancement at the I" point of TM2 bands.

of the silicon slab along the ¢ and c3 axis with the displace-
ment of dx and dy, respectively, the two BIC modes of the
C4, metasurface have transformed into the quasi-BIC modes
forming the super-cavity modes. The Q-factor is substantially
decayed with an increase in the degree of symmetry breaking
for both TM1 and TM2 bands (Fig. 2(c), (d)). The quasi-BIC
mode of TM1 and TM2 bands with different topological states
in momentum space results in a different decay rate of Q-factor.
Regarding the TM2 band, the Q-factor has decreased since the
initial introduction of asymmetry along cs axis. With the further
increased degree of asymmetry, an emerging peak of Q-factor
has observed in the TM2 band with the displacement of dx =
dy = 65 nm. However, the emerging peak will be disappeared
after introducing the symmetry breaking along the z-axis (e.g.,
with different substrates below Cy4, metasurface).

Meanwhile, we have also examined the optical transmission
(Fig. 3(a)) for the C4, metasurface with the broken symmetry
along the in-plane c¢; axis under different displacement dx. There
are two resonant peaks with 100% transmission efficiency that
corresponds to the dual quasi-BIC modes of TM1 and TM2
bands. It can be observed that the resonant wavelength of the
quasi-BIC mode on TM1 band shows a significant blue shift,
while the quasi-BIC mode on TM2 band reveals a slight redshift.
The increment of the displacement dx will induce a large spectral
distance between quasi-BIC modes on TM1 and TM2 band,
which will weaken the mode coupling between two quasi-BIC
modes [12].

The increment of the displacement dx along in-plane cq
axis for the C4, metasurface shows the declined Q-factor, and
the resonance curve reveals the Fano line shape. The phase
of the transmission spectra has been extracted and shown in
Fig. 3(b). Without the asymmetry, the excitation of BIC mode
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(a) Transmission amplitude and (b) phase of C4, metasurface with broken symmetry along ¢ axis of displacement dx, (c) The inset figures show the

electric-field enhancement at the I" point of TM1 and TM2 bands and Poynting vector of TM1 and TM2 bands at dx = 60 nm. (d) Transmission amplitude and (e)
phase of C4, metasurface with broken symmetry along c3 axis of equal displacement dx = dy, (f) the electric-field enhancement and Poynting vector of TM1 and

TM2 bands at dx = dy = 60 nm.

with theoretically infinite Q-factor is difficult, while the BIC
mode will become the expected quasi-BIC mode after the in-
troduction symmetry breaking, and the conspicuous Fano inter-
ference characteristics will be disclosed [6]. The phase retar-
dation generated by two quasi-BIC modes reveals the tunable
characteristic modulating the degree of in-plane asymmetry
(Fig. 3(b)). This behavior enables the regulation of the Fano
resonant line shape even the polarization states with quasi-BIC
mode by engineering the asymmetry [29], which offers a novel
approach for the polarization control and is promising to the
optical circuit switching device, particularly for the multi-mode
channel [30]. The electric field distributions of quasi-BIC mode
on TM1 and TM2 bands have shown in Fig. 3(c); the arrows
represent the energy flux direction of the Poynting vector that
shows a dominant horizontal flow along the x-direction. The
field enhancement of quasi-BIC modes well preserves resonant
features of BIC modes. The existence of the symmetry breaking
alters light with the confined mode into the radiative mode,
which enables us to observe the resonant peaks in transmission
spectrum.

When the symmetry breaking exists along both cs axis with
the equal displacement of dx and dy, the transmission spectra
of the C4, metasurface are shown in Fig. 3(d). The resonant
peaks of TM2 band are almost fixed at 923 nm, while the
quasi-BIC mode of TM1 band reveals remarkably blue-shifted

characteristics. Introducing out-of-plane broken symmetry in
C4, metasurface enables the single-mode regulation and the
control of the spectral distance between the two quasi-BIC reso-
nance. The transmission phase (Fig. 3(e)) also implies different
phase retardation for the two quasi-BIC modes of TM 1 and TM2
bands, which are promising for multi-mode manipulation of
optical circuits and fibers [31]. Fig. 3(f) shows the profiles of
the electric-field enhancement at the I" point of TM1 and TM2
bands, respectively. The two quasi-BIC modes have revealed
similar patterns as comped to Fig. 3(e). However, the energy flux
of the Poynting vector reveals the vortex characteristics that are
different from the one with in-plane asymmetry along c; axis.
Regarding the polarization state, the rotation angle and the
ellipticity angle are two critical parameters to characterize the
transmitted light’s optical activity. Therefore, we have extracted
the optical rotation angle ¢ and ellipticity angle x (as defined
in Fig. 1) for the C,4, metasurface. The broken symmetry exists
along the c3 axis under different displacements dx and dy (Figs. 4
and 5). When the displacement dx changes from 10 nm to 60 nm
with fixed dy = 60 nm, the optical rotation angle (transmission)
at the quasi-BIC mode of TM1 band has a tendency to increase
first and then decrease within the range of 25° to 55° (0.2 t0 0.7),
which indicates the direction of the electric field polarization has
fallen into ¢ = 0~90° (i.e., quadrant I and III). Differently, the
quasi-BIC mode of TM2 band has a different behavior of the
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Fig. 5. The transmission amplitude/optical rotation angle ¢ at quasi-BIC modes of (a) TM1 band, (b) TM2 band, and (c) the corresponding ellipticity angle x

with fixed displacement dx = 60 nm, the varied asymmetrical parameter dy is along co axis. The insets in (a, b) denote polarization states.

optical rotations due to their respective characteristics of the
topological state. The optical rotation (transmission) of TM?2
band is monotonically decreased from 175° to 135° (increased
from O to 0.5), which indicates the direction of the electric field
polarization falls into ¢ = 90~180° (i.e., quadrant IT and I'V).

When the displacement dy is varied from 10 nm to 60 nm (with
the fixed dx = 60), the optical rotation and transmission show
substantially different trends compared to the previous case. As
shown in Fig. 5(a), the optical rotation angle of TM1 band first
decreases from 65° to 30° and then climbs up to 45°. The trans-
mission reveals a similar tendency, and the maximum amplitude
of transmission is as high as 0.8 under the displacement of dy =
10 nm. For the TM2 band, the optical rotation angle gradually
increases from 90° to 135° with the displacement dy from 10
nm to 60 nm, and the corresponding transmission decreases
from 1 to 0.5. Therefore, the dual quasi-BIC modes enable us to
modulate the optical activity, which offers us great freedom to
manipulate the optical rotation of linearly polarized light over
the entire quadrants.

Besides, the ellipticity angle of different polarization states
has also examined (Fig. 4(c) and Fig. 5(c)). The results in-
dicate that the ellipticity angle y of TM1 band maintains a
value less than 10°, which implies the linear characteristics of
the transmitted light even for different optical rotation angles.
Regarding the quasi-BIC mode of TM2 band, the ellipticity
angle can be tuned up to x = 45° under a small displacement
dx = 10 nm with the fixed dy = 60 nm, while the transmission
amplitude is almost zero. With the increase of displacement

dx, the ellipticity angle will reduce to zero, implying the linear
plane wave.

IV. CONCLUSION

In conclusion, we have adopted dual quasi-BIC with different
topological characteristics for optical activity manipulation, and
the physical properties of C4, metasurface with dual quasi-BIC
modes have also been explored. The quasi-BIC modes of the Cy,
metasurface can be engineered with the degree of geometrical
asymmetric perturbation, and the dual quasi-BIC modes can
be independently regulated. In addition, the linearly polarized
light, combined with Fano resonance, enables the outgoing beam
to have controllable optical activity with the rotation angle
covering from 0~180°. The ellipticity angle from 0~45°. The
excited quasi-BIC mode with a high Q-factor ensures the high
transmission and efficient conversion of optical activity simul-
taneously. The simultaneous control of dual quasi-BIC modes
and optical activity promises optical communication, displaying
and imaging, etc.
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