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Abstract: The signiûcance of bound states in the continuum

(BICs) lies in their potential for theoretically inûnite quality

factors. However, their actual quality factors are limited by

imperfections in fabrication, which lead to coupling with

the radiation continuum. In this study, we present a novel

approach to address this issue by introducing amerging BIC

regime based on a Lieb lattice. By utilizing this approach, we

efectively suppress the out-of-plane scattering loss, thereby

enhancing the robustness of the structure against fabri-

cation artifacts. Notably, unlike previous merging systems,

our design does not rely on the up-down symmetry of

metasurfaces. This characteristic grants more üexibility in

applications that involve substrates and superstrates with

diferent optical properties, such as microüuidic devices.

Furthermore, we incorporate a lateral band gapmirror into

the design to encapsulate the BIC structure. This mirror

serves to suppress the in-plane radiation resulting from

ûnite-size efects, leading to a remarkable ten-fold improve-

ment in the quality factor. Consequently, our merged BIC

metasurface, enclosed by the Lieb lattice photonic crystal

mirror, achieves an exceptionally high-quality factor of 105

while maintaining a small footprint of 26.6 × 26.6 μm. Our

ûndings establish an appealing platform that capitalizes on

the topological nature of BICs within compact structures.
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This platform holds great promise for various applications,

including optical trapping, optoüuidics, and high-sensitivity

biodetection, opening up new possibilities in these ûelds.
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1 Introduction

Photonic bound states in the continuum (BICs) can conûne

light with a theoretically inûnite lifetime, leading to a strong

light–matter interaction. BICs were ûrst proposed math-

ematically in quantum mechanics and then subsequently

observed in optics and classical waves [1]. They have been

identiûed as the topological defects of polarization vectors

in reciprocal space [2]. To date, a variety of mechanisms

are adopted to construct BICs including exploring structure

parameter space, topological charge evolution, as well as

parity-time symmetry [3]. Generally, BICs are classiûed into

symmetry-protected BICs and accidental BICs with the for-

mer obtained by structure symmetry and the latter obtained

through parameter tuning [1]–[8]. Compared to Mie res-

onant dielectric nanoantenna systems, plasmonic nanos-

tructures, or photonic crystal cavities [9], the utilization of

BICs in all-dielectric systems has emerged as a promising

alternative in nanophotonics due to their ability to ofer

signiûcantly high-ûeld enhancement and sharp resonance

while avoiding the material absorption and thermal efects

intrinsic to metal plasmonic systems. Applications based

on BICs such as surface-enhanced Raman spectroscopy,

üuorescence enhancement, biosensing, lasering, ultra-fast

switching, hyperspectral imaging, etc. have been reported

[10]–[17].

Nonetheless, practical BIC systems face challenges due

to fabrication imperfections, disorders, and unavoidable

material absorption, which typically limit the quality factor

(Q factor) [18]–[23]. A possible solution is to merge multi-

ple BICs in the momentum space, which forms a merging

BIC. Merging BICs can enhance the Q factor of all nearby
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resonances in the same band and suppress the out-of-plane

radiation due to their unique topological nature [22]. How-

ever, most of the studies for merging BICs were demon-

strated in photonics crystal slabs (PCSs) with up-down mir-

ror symmetry, i.e., the slab ûlm is suspended [23]–[25]. On

the other hand, many potential applications require up-

down asymmetry, including biosensors and microüuidic

devices, which need a substrate with its refractive index

difering from the water environment [25]–[34]. Cui et al.

[35] recently developed a merging BIC without up-down

symmetry for laser application, but it is not suitable for

other optoüuidics applications such as sensing or nano-

optical trapping as the electric ûeld is inaccessible to ana-

lytes. Therefore, there is a demand for merging BICs that do

not require up-down symmetry and yet ofer an accessible

electric ûeld.

In this paper, we show that merging multiple BICs can

be constructed in a metasurface without up-down symme-

try. We ûrst show ultra-high-Q BIC resonances facilitated by

silicon pillars arranged in a Lieb lattice that predominantly

exhibit a toroidal dipolemode. By leveraging the topological

nature of BICs, we then show that we can rearrange the BICs

in momentum space and merge them at a speciûc point.

The topological conûguration of the merged BICs governs

radiative losses of all nearby resonances, making them less

susceptible to fabrication imperfections and disorders com-

pared to single BICs [22]. We note that the Lieb lattice is a

two-dimensional, edge-depleted square lattice, as illustrated

in Figure 1 (BIC region), which is characterized by its üat

band structure. Our choice to utilize this lattice stems from

its inherent property that simpliûes the formation of acci-

dental BICs due to destructive interference. Our BIC meta-

surface is composed of silicon pillars arranged in a Lieb

Figure 1: Schematic of a metasurface and the factors contributing to
loss. The metasurface is composed of two regions. Region a: BIC region
supporting a BIC resonance. Region b: mirror region for suppressing
in-plane radiation.

lattice patterned on a glass substrate. We choose the Lieb

lattice because the pillars in the X and Y direction will help

form multiple accidental BICs along Γ − X and Γ − M in

K space. In addition, most BIC metasurfaces require a rel-

atively large footprint to suppress in-plane radiation. How-

ever, several applications such as nanolasers [10], optoüu-

idics, and pixelated biosensing [16] applications prefer a

small footprint design for better integration and sensitivity.

To miniaturize the size of BIC metasurfaces, we enclose the

BIC with a photonic band-gap mirror, which can prevent

transverse leakage and efectively trap light in the plane

[23], [24]. The organization of this paper is as follows. First,

we describe the design of the metasurface leveraging the

Lieb lattice. We show that a dominant toroidal dipole mode

is generated and accidental BICs still stably exist without

the up-down mirror symmetry. Then, by tuning the struc-

tural parameters, we are able to merge the BICs in the

vicinity of the Γ point and get a much better Q factor scal-

ing rule (1∕k7) in momentum space. Finally, we introduce

a lateral band gap mirror that can signiûcantly improve

the Q factor of the BIC metasurface by forbidding in-plane

radiation.

2 Merging toroidal dipole BICs

in Lieb lattice

Leveraging the commercial ûnite element simulation soft-

ware (COMSOL Multiphysics), we investigate the merging

of multiple BICs in a Lieb lattice metasurface. We primar-

ily focus on the TM2 band (illustrated by the blue line in

Figure 3(a)). We choose this particular band due to the exis-

tence of eight accidental BICs, which encircle a symmetry-

protected BIC (Figure 3(b), ûrst panel). Moreover, this band

in Lieb lattice supports the toroidal dipole mode, which has

relatively large Q factor due to theweak coupling to the inci-

dent light [35]–[39], providing better merging BIC scaling

rule in theK space. In addition, the electric ûeld is accessible

to the analytes opening the potential for sensor applications.

The BIC metasurface consists of silicon pillars (n = 3.6)

arranged in a Lieb lattice on a glass substrate (n= 1.46). The

refractive index for the upper medium (assumed as water)

is 1.33. Due to the mismatch of refractive index between the

substrate and superstrate, the unwanted substrate reüec-

tion will hinder the generation of accidental BICs. However,

we can achieve accidental BICs by optimizing the geometry

of the structures as depicted in Figure S3. The structural

parameters are shown in Figure 2(a). The periodicity is set

as 598 nm and the radius is at 90 nm, while the pillar height

was tuned to 493 nm to approach themerging BIC condition.
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Upon visualizing the distribution of the electric (E) andmag-

netic (H) ûelds (refer to Figure 2(a)), the manifestation of a

toroidal dipolemode becomes evident. This mode is deûned

by a circular H ûeld and a corresponding E ûeld that shapes

into a toroidal conûguration. We also performed multipole

decomposition analysis as described in the SI. Themultipole

decomposition analysis further validates that the dominant

mode is characterized by a toroidal dipole (as shown in

Figure 2(b)).

To understand the topological nature of the proposed

BIC system, we calculate the polarization vectors of the far

ûeld radiation and the Q factor distributions in momentum

space, as depicted in Figure 3(b). For the modes above the

light cone and wavelengths below the difraction limit, the

nonzero components of the propagating wave are propor-

tional to the zero-order Fourier coeocient of the Blochwave

function. Thus, the far-ûeld polarization vector is deûned as

the in-plane projection of
ï

u⃗k
ð

[2]:

c⃗
(

k⃗
)

= x̂ ⋅ u⃗k + ŷ ⋅ u⃗k, (1)

where
ï

u⃗k
ð

is the zero order Fourier coeocient of Bloch

wave function and c⃗
(

k⃗
)

is the far-ûeld polarization vector.

Since BICs are the zero emission into the far ûeld, they can

be deûned as the singularity of the far-ûeld polarization

vector. This fact has been veriûed both theoretically and

experimentally [33], [34]. Singularities (vortices) are charac-

terized by the topological charges, which are the winding

number of the polarization vectors [2]:

q =
1

2ÿ∮ C

dk⃗ ⋅∇kÿ(k⃗), (2)

where C is a closed simple path in k space that sur-

rounds the BIC in a counterclockwise direction. ÿ
(

k⃗
)

=

arg
[

cx

(

k⃗
)

+ cy

(

k⃗
)]

is the angle of the polarization vector

of which the x and y components are denoted by cx

(

k⃗
)

and

cy

(

k⃗
)

. The left ûgure of Figure 3(b) shows that there is a

symmetry-protected BIC with a topological charge+1 at the

Γ point and eight accidental BICs with topological charge

±1 in Γ − X and Γ −M directions. The symmetry-protected

BIC is ûxed at Γ points, while the accidental BICs can move

toward the Γ points when we increase the height of the

silicon pillar. At height = 493 nm, the eight accidental BICs

merge with the symmetry-protected BIC (the middle ûgure

Figure 2: Mode profile and multipole
decomposition analysis. The left figure of (a)
illustrates the mode profile and vectors of the
magnetic field in xy cut plane, while the two
right figures show the mode profile and vectors
of the electric field in xy cut plane and xz cut
plane, respectively. Hotspots exposed on the
top surface of the pillar show that in this BIC
merging metasurface, the electric field is
accessible for applications demanding
light–matter interactions such as optical
trapping and biosensing. (b) The multipole
decomposition result indicates that the mode
is dominated by a toroidal dipole mode.
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Figure 3: Merging nine BICs in momentum space. (a) Left: Simulated band structure. The TM2 band is marked as blue. Right: Q factors with respect to
in-plane k vectors presenting evolution from <before merging= (323 nm; black) to <after merging= (593 nm; blue). The transition (493 nm; red) is at the
<in merging= state, which shows a higher Q factor than other states along both the Γ − X and Γ − M directions. This is caused by a change to a scaling
rule of Q close to 1∕k7. (b) Multiple BICs appear on band TM2. The colormap shows simulated Q for various values of the sample height. The arrow
shows the far-field polarization vector. When height is tuned from 323 nm (left) to 593 nm (right), nine BICs merge into a BIC. The transition (height=
493 nm) corresponds to the merging-BIC configuration, which shows a relatively large Q factor.

of Figure 3(b)). If we further increase the height, the BICs

with opposite topological charges will annihilate, thus a

single BIC with the topological charge +1 persists at height

= 593 nm. We note here that the way we merge BICs is

to tune the height instead of tuning the period reported

in previous works [23]. This is because the movement of

accidental BIC in momentum space would be much slower

when we change the height rather than the periods, we can,

therefore, achieve more precise control.

The Q factor distributions in Γ − X and Γ −M direc-

tions are shown in Figure 3(a). In contrast to the single

BICs with topological charge ±1 (height = 323 nm), the

merging BIC, attained through the reconûguration of all

nine BICs (height = 493 nm), exhibits signiûcantly higher

Q factors across a wide momentum range due to its fun-

damentally distinct scaling properties. For the single BICs

in Γ − X and Γ −M directions, the scaling rule of Q fac-

tor roughly obeys Q ∝ 1∕(k2
(

k2 − k2
BIC

)2
), where k is the

in-plane wavevector. For the merging BIC, the scaling rule

we obtained is of approximately Q ∼ 1∕k7 (as shown by the

yellow curve in the right panel of Figure 3(a)). Compared

with the scaling rule Q ∼ 1∕k6 reported in previous works

[23], our design based on the Lieb lattice metasurface pro-

vides a superior scaling performance. The comparison of Q

factor scaling rule with all previous work is shown in the

Table 1. As delineated in Figure 3(b), we have successfully

demonstrated that our merged BIC can be achieved with-

out necessitating up-down mirror symmetry. This discov-

ery is of signiûcant consequence for metasurface biosen-

sors and optoüuidic applications, given that the refractive

index of the superstratemedium frequently difers from the

substrate in these speciûc contexts. The beneûts of our
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Table 1: Scaling rules for merging bound states in the continuum.

Previous work and our work Scaling rule

Topologically enabled ultrahigh-Q guided
resonances robust to out-of-plane scattering [22]

Q∼ 1/k6

Observation of miniaturized bound states in the
continuum with ultra-high quality factors [23]

Q∼ 1/k6

Merging bound states in the continuum at off-high
symmetry points [8]

Q∼ 1/k4

Merging bound states in the continuum by
harnessing higher-order topological charges [25]

Q∼ 1/k8

Our work Q∼ 1/k7

merging BICs, compared to a single BIC, are validated

through simulating perturbed 15 × 15 supercells using the

COMSOL Multiphysics software, which is demonstrated in

Supplementary Material (Figure S1).

3 Merging BIC with tunable

refractive index of top layer

The aforementioned results in the preceding section show

that merging BIC can be formed when the refractive index

of the top layer is 1.33. Here, we show that for a wide range

of refractive indices of the top layer between 1 and 1.9, we

can still achieve the merging BIC by tuning the height of the

pillar in the Lieb lattice. Figure 4(a) shows that accidental

BICs are preserved in the Γ − X and Γ −M directions when

the refractive of the top layer varies in the range of 1–1.9,

while the refractive index of substrate is kept at 1.46 and the

height is set as 323 nm. By increasing the height of the pillar,

the eight accidental BICs can move toward the symmetry-

protected BIC at the center (just as the evolution shown in

Figure 4(b)). For the diferent refractive indices of 1, 1.46,

and 1.9, the merging BICs are achieved at 510 nm, 519 nm,

and 530 nm, respectively. These results indicate ourmerging

BIC is robust to the refractive index mismatch between the

superstrate and the substrate. This is because for varying

refractive indices in the range of 1–1.9 of the top layers,

we can reconûgure the eight BICs toward the vicinity of

symmetry-protected BIC forming a merging BIC. In sum-

mary, merging BICs by this Lieb lattice metasurface design

can be attained with a wide range of refractive indices for

the top layer.

4 Miniaturizing the array

of Lieb lattice BIC metasurface

In a ûnite-sized BIC metasurface, the Q factor is limited by

the in-plane scattering loss. To address this limitation, we

introduce a band gap mirror that encircles the BIC struc-

ture, efectively suppressing radiation by prohibiting wave

propagation within the mirror. This allows the footprint

of the BIC metasurface to be scaled down while maintain-

ing the same Q factor as that of a larger array size. The

left ûgure in Figure 5(a) illustrates the design, featuring a

mirror region outside the BIC region arranged in a Lieb

Figure 4: Merging BIC when varying the refractive index of the top media. (a) Shows that at different refractive indices, there are still nine BICs in the
vicinity of the Γ point, but they are at different positions in the momentum space. (b) Shows that if we tune the height up to 530 nm, a merging BIC is
formed when the refractive index= 1.46. The accidental BICs also move toward the center for refractive index= 1 and 1.9. Their merging can still be
achieved by further tuning the height of pillars. (a) and (b) indicate that the merging BIC is robust to refractive index changes varies.
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Figure 5: Schematics of the band gap mirror and finite size structure simulation. The right figure (a) illustrates the design, which consists of two parts:
BIC region (A) and mirror region (B). Region (A) is encapsulated in the xy plane by region (B). The right figure in (a) presents the band structures of
regions A and B in Γ − X and Γ− M directions (simulated by COMSOL Multiphysics). The TM2 band in region (A) (purple) is embedded in the band gap
of region (B) (red). (b) Demonstrates the lateral band gap mirror can boost the Q factor effectively. The left figure in (b) shows the Q factor and field
distribution of a finite-size structure without lateral mirrors (footprint 26.6 × 26.6 μm), and the right figure shows the Q factor and field distribution
of a finite size structure surrounded by a 10 × 10 band gap mirror. The one with a mirror boosts the Q factor up to 105.

lattice with silicon pillars matching the height of the BIC

region. This design minimizes the fabrication dioculties.

The right ûgure displays the band structure of the mirror.

By altering the period of the mirror region with respect

to the BIC region, we ensure that the band of the BIC

mode falls within the band gap of the mirror region. Con-

sequently, in-plane propagating waves are unable to prop-

agate laterally and are perfectly reüected. Numerical sim-

ulation results conducted using COMSOL Multiphysics are

presented in Figure 5(b). The BIC-mirror combined struc-

ture retains the same footprint as the independent BIC struc-

ture yet exhibits an approximately 10-fold increase in the

Q factor. This approach enables the design of the Q fac-

tor of our design generally increases with the enlargement

of the BIC region, leading to a trade-of between the foot-

print and the Q factor. To illustrate how the Q factor

varies with the size of the BIC region, we have presented

Figure S2 in the Supplementary Material.

5 Conclusions

In conclusion, we have proposed a novel mechanism for

merging BICs at the Γ point, even in the absence of up-

down symmetry. To accomplish this, we utilize a toroidal

dipole BIC implemented in a Lieb lattice metasurface. These

accidental BICs, located away from the Γ point, can sta-

bly exist within a wide range of environment refractive
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indices. By incorporating a lateral band gap mirror made

of a Lieb lattice, the size of the BIC metasurface can be

efectively reduced without compromising the Q factor. The

Lieb lattice band gap mirror prevents in-plane radiation,

ensuring the preservation of high Q factors. Our discovery

ofers substantial potential for integrating BICs into various

applications, including nanolasers, optical trapping, biosen-

sors, and quantum computing. This is particularly perti-

nent in scenarios where high-Q miniaturized devices are

sought. Furthermore, due to the inherent topological nature

of BICs, our approach provides robustness, paving the way

for further enhancing the performance of optoelectronic

devices.
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