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Ultrahigh-Q chiroptical resonance metasurfaces based on
merging bound states in the continuum (BICs) are investi-
gated and numerically demonstrated. The destruction of C2

symmetry results in the leakage of BICs into quasi-BICs,
and a chiral quasi-BIC is obtained by oblique incidence
or continuous destruction of the mirror symmetry of the
structure. Due to the significant topological properties of
merging BICs, the Q factor (over 2× 105) of the chiral reso-
nance peak obtained is much higher than that of the previous
work. Moreover, the proposed structure is easy to fabricate
because no additional out-of-plane asymmetry is introduced.
The proposed scheme is of importance in chiral biosensing
applications. © 2022 Optica Publishing Group

https://doi.org/10.1364/OL.462021

Growing interest in confining light at the nanoscale has led
to a surge in bound states in the continuum (BICs). BICs are
embedded eigenmodes of open systems that decoupled from the
radiation continuum [1–3]. Being completely confined to space,
their radiation Q factor diverges, and resonance width tends to
zero. The earliest BIC experimentally observed in optical sys-
tems was the symmetry-protected BIC [4], which was prohibited
from coupling with the outgoing waves due to symmetry incom-
patibility. Later, an accidental BIC was discovered [5], in which
leakage was canceled by interference. It has been shown that
both types of BICs are polarization vortices and have a topo-
logical nature. While most topological photonic systems focus
on near-field properties, a BIC is a topological phenomenon in
non-Hermitian photonic systems associated with leaky states
[6–16]. A BIC can exist robustly in reciprocal space as long
as the C2

zT and σz symmetry of the system is preserved, and
its position can be changed by adjusting the structural param-
eters. In this way, one can combine multiple BICs to produce
merging BICs [7–9]. The true BIC is a completely dark state,
and it cannot be excited from the far-field. However, break-
ing the symmetry of the unit cell or incidence under oblique
angles results in the appearance of radiative losses [17–21].

BICs turn into quasi-BICs that manifest themselves as Fano or
electromagnetically-induced-transparency (EIT) resonance pro-
files in the electromagnetic spectrum [22,23]. In fact, radiation
losses introduced by ineluctable manufacturing imperfections,
limited sizes, and material losses cause BICs to radiative losses,
which limit the total Q factor and seriously impede the per-
formance of on chip photonic devices. It has been reported
that merging BICs have lower radiative losses and are more
robust to structure disorder compared to isolated BICs [7–9].
This makes merging BICs an excellent candidate in photonic
devices requiring strong light–matter interactions.

Chiral objects cannot be completely superposed with their
mirror images by translational and rotational operations [24].
The study of chirality plays an important role in analytical chem-
istry, crystallography, molecular biology, and the detection of
alien life [25]. Chiral structures have different responses to cir-
cularly polarized light of different polarization states, namely
circular dichroism (CD). For some fields requiring high Q fac-
tor, such as chiral sensing, it is an incredible solution to introduce
BIC mechanism [26]. Recently, through theoretical derivation
and simulation, it has been shown that the chirality of structures
can be regulated based on quasi-BICs [27–34]. These works laid
the foundation for the investigation of chiral BICs and greatly
expanded the technique of optical chirality realization, but nev-
ertheless, most of them require the introduction of out-of-plane
asymmetric defects, resulting in increased processing difficulty
and cost, otherwise the Q factor of chiral optical response is not
high enough.

In this Letter, based on the ideas of merging BICs, ultrahigh-Q
chiroptical resonances have been realized by planar metasur-
faces in the communication band. By changing the period of
the structure, the eight accidental BICs in the same band grad-
ually move to the Γ point, forming the merging BIC and greatly
increasing the Q factors of the surrounding modes. The transi-
tion from BIC to quasi-BIC is triggered by breaking the in-plane
symmetry of the structure. Ultra-chiral quasi-BICs with CD
values of 0.93 and 0.97 and Q factors of 2.7× 105 and 4.8× 105,
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Fig. 1. Formation process and properties of merging BICs. (a)
A periodic array of square lattices (infinite) composed of silicon
crosses with parameters Lx =Ly = 640 nm, w= 160 nm, h= 600 nm,
and P= 700 nm. (b) Band structure related to the BIC mode: the
red TE A has nine BICs, while TE B has the only one. (c) Above
is the Q factor of the TE A band calculated in different periods of
the structure and below is the corresponding far-field polarization
diagram. The nine BICs carrying topological charges are gradually
merged into an isolated BIC with charge +1. (d) The variation of
Q factor of modes on the TE A band along the Γ - X direction at
different periods.

respectively, are obtained by oblique incidence or further break-
ing the in-plane mirror symmetry of the structure. Due to the
unique topological properties of the merging BIC, the Q factor
of chiral quasi-BIC obtained is much higher than that of previous
works. We believe that the results obtained have an important
role to play in chiral biosensing applications.

The considered metasurface is a periodic array of square lat-
tices (infinite) composed of silicon crosses, as shown in Fig. 1(a),
where Lx =Ly = 640 nm, w= 160 nm, h= 600 nm, and P= 700
nm. The dispersion of eigenmodes (TE A and TE B) obtained
with the finite element method is shown in Fig. 1(b). TE A sup-
ports nine BICs, one of which is a symmetry-protected BIC at the
Γ point and the others are accidental BICs as the result of destruc-
tive interference. However, only one (symmetry-protected) BIC
exists on TE B. All of these BICs are the polarization vortices
in the far-field. They carry a retained and quantified topological
charge that is determined by the number of revolutions of the
polarization vector around the BIC, which ensures their robust-
ness. The symmetry-protected BIC will be fixed at the Γ point
on account that the C2 symmetry of the structure is maintained,
whereas other BICs move their positions in wave vector space
as structural parameters change. Figure 1(c) depicts the changes

of Q factors and polarization vector in the BIC merging process.
When P =700 nm, nine divergent points can be seen in the plot,
representing nine BICs. As the period increases to P =730 nm,
the merging BIC appears with a significant increase in the Q
factors of the surrounding modes, and the period continues to
increase, leaving only a single symmetry-protected BIC. At the
bottom of Fig. 1(c) are the polarization vectors around BICs.
When P= 700 nm, there are nine polarized vortices surround-
ing BICs. The vortices at the Γ point and the four diagonal
vortices rotate counterclockwise around the BIC by 2π, so the
topological charge is +1, and the other opposite loops have –1
topological charge [6]. When P =730 nm, all BICs are located
at the Γ point, leaving only a +1 charge, and a merging BIC
is formed. The three blue lines in Fig. 1(d) represent the varia-
tion of Q factors of modes on the TE A band along the Γ - X
direction at different periods. It can be seen that the decay rate
of the Q factor of the merging BIC is obviously lower than that
of the isolated BIC. Three Q curves in Fig. 1(d) are governed
by the following rules Q ∝ 1/[k(k + kBIC)(k − kBIC)]

2, Q ∝ 1/k6

and Q ∝ 1/k2 [7]. It has been proved that the unique topologi-
cal characteristics of the merging BIC can reduce the radiation
loss caused by the limited sample size, manufacturing defects,
and other factors, thus further improving the Q factor of the
resonator [7].

After determining the structural parameters that can generate
the merging BIC, we begin to investigate how to make the system
produce a chiral response. Considering a time-dependent wave
e−iωt propagating in the negative direction z, circular dichroism
(CD) is defined by the following formula [31]:

CDT =
|tR |2 − |tL |2

|tR |2 + |tL |2
, CDR =

|rR |
2
− |rL |

2

|rR |
2
+ |rL |

2 (1)

where |tR |2 represents the transmittance of right circularly polar-
ized (RCP) light, |tL |2 is the transmittance of left circularly
polarized (LCP) light, |rR |

2 is the reflectance of RCP, and |rL |
2

is the reflectance of LCP. Typically, this problem is usually
described by S-matrix equation that combines the output wave
amplitudes b± and b’±, with the input wave amplitudes a± and
a’±, where b± and b’±, a± and a’± represent the entry and exit
from different sides, respectively [32]:
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According to CMT theory, the origin of chirality can be
explained [27]:

tR = τ −
m+m′

−

i(ω − ω0) − γ0
, tL = τ −

m′
+m−

i(ω − ω0) − γ0
(3)

where τ is the magnitude of the background transmission, the
resonant frequencyω0 and the damping γ0 are independent of the
helix, m± are the eigenstate coupling parameters of the incident
wave corresponding to the helicity on one side of the meta-
surface, and m’± are the eigenstate coupling parameters on the
other side of the metasurface. It can be concluded from the above
equation that optical chirality is determined by the degree of chi-
rality coupling between the eigenstate and free space. Damping
γ0 is the sum of all losses, equal to the radiation loss (γr) plus
the dissipative loss (γd): γ0 = γr + γd, where γr is determined by
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Fig. 2. Relation between Q factor of quasi-BIC and the in-plane
asymmetry factor d and incidence angle θ. (a) Structure diagram.
(b) The Q factor of the merging BIC on TE A when P= 730 nm
varies with d and θ. (c) The Q factor of the isolated BIC on TE B
when P= 730 nm varies with d and θ.

the coupling [29]:

2γr = |m+ |2 + |m′

+ |
2 = |m− |

2 + |m′

− |
2 (4)

The transmission difference is expressed as [27]

|tR |2 − |tL |2 = 2γd
|m− |

2
− |m+ |2

(ω − ω0)
2
+ (γr + γd)

2 (5)

Therefore, to obtain optical chirality, it is necessary to accu-
rately control the coupling between the eigenstate and the
free-space continuum, and the structure has different response
degrees to incident waves with different circularly polarized
waves.

In the first step, the C2 symmetry of the structure is broken
by moving the horizontal silicon strip and the vertical silicon
strip down and to the left by a distance d, respectively, to excite
the quasi-BIC, as illustrated in Fig. 2(a). Then, we empower the
system external chirality by tilting the incident angle (θ) to break
the out-of-plane mirror symmetry of the structure [25,31]. The
incidence angle θ is the angle between the incidence beam and
the z axis. In fact, the addition of a substrate will also destroy
the out-of-plane symmetry of the structure, resulting in an unex-
pected chirality response under the normal incidence. In order to
eliminate this effect, the structure can be practically wrapped in
a homogeneous isotropic medium. It is known to us that both the
tilted incident angle and the disturbance breaking C2 symmetry
can transform a BIC into a quasi-BIC, so we first calculate the
relationship between resonances Q factor and these two param-
eters, as shown in Figs. 2(b) and 2(c), where the merging BIC on
TE A and the isolated BIC on TE B are presented, respectively.
By comparing Figs. 2(b) and 2(c), it is clear that the Q factor
of the merging BIC is several orders of magnitude higher than
that of the isolated BIC for the same structural parameters. For
the case of high Q in the lower right corner of Fig. 2(c), the
accidental BIC is generated due to interference cancellation.

Figure 3(a) shows the spectra of CDR for different incident
angles when d =140 nm. As the angle increases, the CDR first

Fig. 3. Chirality response characteristics of the quasi-BIC at
oblique incidence. (a) The variation of magnitudes CD of circu-
lar dichroism for reflected waves with incident angle when d =140
nm. (b) shows the reflectance spectra (Rlr, Rrl, Rrr, Rll) and –CDR of
the structure when d= 140 nm, and θ = 5°. (c) The electromagnetic
field distribution of the quasi-BIC when RCP (left) and LCP (right)
incident. (d) The variation of magnitudes CD of circular dichroism
for reflected waves with the structural parameters when θ = 5°.

increases and then decreases, and it reaches its maximum value
at θ = 5°. Figure 3(b) shows the reflectance and CD spectra:
Rlr = |rlr |

2, Rrl = |rrl |
2, Rrr = |rrr |

2, Rll = |rll |
2, and –CDR of the

structure; at this point, the system has a CDR of about 0.93
and a Q factor of about a staggering 273,300. It can be seen
from Fig. 3(b) that the structure reflects different intensities of
LCP and RCP, that is to say, the coupling intensities of the two
kinds of light are different. The different responses can also
be confirmed by the electric field in Fig. 3(c). The coupling
strength of the system to RCP is much greater than that to LCP.
From the above results, it can be concluded that quasi-BICs can
exhibit high Q and strong chiroptical response by appropriately
selecting structural parameters and incident angles. Moreover,
thanks to the unique topological properties of the merging BIC,
the Q factor is much larger than that of the previous work in
Refs. [30,31,34].

Because the structure still retains partial symmetry, an oblique
incident angle is required to give external chirality. Next, by
breaking both in-plane inversion and mirror symmetry of the
dielectric metasurface, high Q chiroptical resonance can be
achieved under normal incidence. As shown in Fig. 4(a), the
symmetry of the structure is further broken by shortening the
vertical silicon strip in Fig. 3(a) to give the structure intrinsic
chirality. Figure 4(b) shows the reflectance spectra (Rlr, Rrl, Rrr,
Rll) and CDR of the structure when b= 160 nm and d = 30 nm.
After calculation, the maximum amplitude of CD is about 0.97,
and the Q factor exceeds 480,000, which is significantly higher
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Fig. 4. Chirality response characteristics of quasi-BIC at normal
incidence. (a) Schematic diagram of structural element. (b) The
Jones matrix and CDR of the structure at d= 30 nm and b =160 nm.
(c) Maximum CDR value of the system under different structural
parameters. (d) Q factor of the system under different structural
parameters.

than previous studies. Figures 4(c) and 4(d), respectively, show
the maximum CDR value and Q factor of the system under dif-
ferent structural parameters. It can be seen that the structure
maintains high Q factor and CDR over a wide range.

In summary, by designing structures that support the merg-
ing BIC and progressively break its symmetry, we obtain strong
chiroptical resonances with ultrahigh-Q factor. Since there is
no out-of-plane asymmetry factor introduced, the structure is
relatively easy to manufacture. In addition, due to the unique
topological properties of the merging BIC, the Q factor of
the chiroptical resonances is much larger than that of the pre-
vious work. The results can be applied to chiral biosensors
with high spectral resolution, nonlinear chiroptics with high
efficiency, low-threshold circular polarized lasing, and security
applications.
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