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Abstract: Optical bound states in the continuum (BICs) pro-

vide a unique mechanism of light confinement that holds

great potential for fundamental research and applications.

Of particular interest are merging BICs realized in planar

periodic structures by merging accidental and symmetry-

protected BICs. Topological nature of merging BICs renders

their Q factors exceptionally high and robust. However, the

existence of accidental BICs with the radiation loss can-

celed in both the upward and downward directions relies

on the up-down mirror symmetry of the structure. If this

symmetry is broken, e.g., by a substrate, the Q factor of

the mode drops down. Consequently, ultrahigh-Q merging

BICs cannot be achieved in substrate-supported structures.

Here, by studying the case of a one-dimensional periodic

dielectric grating, we discover a simplemethod to fully com-

pensate for the detrimental effect of breaking the up-down

mirror symmetry. The method makes use of a thin layer

of a high-refractive-index dielectric material on one side

of the structure, allowing one to restore the diverging Q

factor of the accidental BIC and fully recover the merged

BIC. As an application example, we show that the proposed

structures can be used as ultrahigh-performance optical

sensors.
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1 Introduction

Efficient confinement of light in nano- and microstructures

plays an important role inmany areas of optical science and

technology [1], including lasers [2], nonlinear optical devices

[3], and sensors [4]. One of the most efficient ways to trap

light is to couple it to specific resonantmodes known as opti-

cal bound states in the continuum (BICs) [5]–[10]. By analogy

with their quantum-mechanical precursors [11], [12], BICs

operate on the basis of cancelling the outgoing radiation

via destructive interference. The Q factors of BICs are the-

oretically unlimited, as long as other types of optical loss

(e.g., absorption) are also eliminated [13]. Indeed, Q factors

on the order of 106 have been experimentally demonstrated

with BIC excitations in dielectric photonic crystal slabs [14],

[15]. BICs are extensively explored in view of their potential

applications in lasers [16]–[20], sensors [21]–[23], nonlin-

ear frequency converters [24]–[29], and quantum-optical

devices [30].

In planar periodic structures, BICs correspond to the

centers of far-field polarization vortices observed in the

momentum space. These vortices are characterized by inte-

ger topological charges [31]–[34]. The most common type

of BICs are symmetry-protected BICs, which are formed at

high-symmetry points in the momentum space and result

from their symmetry mismatch with free-space radiation.

The other type of BICs are accidental BICs that originate

from coupling of two different optical modes, e.g., a guided

mode and a localized Fabry–Pérot mode [35]. The vortex

charge conservation makes accidental BICs robust against

small changes of the structure parameters, which simply

move the BIC to a different location in themomentum space.

This allows different types of BICs to be overlapped, e.g.,

at the Γ-point. The resulting coalescence of several polar-
ization vortices gives rise to the so-called merging BICs

[14], which can lead to strongly increased Q factors over

an extended range of parameters. Such BICs have been

previously investigated in photonic structures of various

geometries [36]–[42], and their superior topological robust-

ness made them an attractive platform for application in
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lasers [19], [43], second-harmonic generation [44]–[46], and

sensing [47], [48].

Despite their topological stability, BICs are sensitive to

symmetry distortions [49], [50]. In the case of accidental

BICs, which are the tunable ingredients of themerging BICs,

breaking the up-down mirror symmetry (𝜎z symmetry)

transforms the far-field vortices into pairs of “half-vortices”,

i.e., circularly polarized states with half-integer topologi-

cal charges [51]–[59]. This leads to non-zero radiative loss

[60]–[62], turning accidental BICs into leaky modes (quasi-

BICs) with limited Q factors [63]–[65]. It has been shown

that, by additionally breaking the in-plane symmetry, it is

possible to restore the polarization vortex for one of the two

radiation directions (either up or down) [53], [54]. However,

to our knowledge, none of the previous works reported the

possibility to realizemerging BICs in structures with broken

𝜎z symmetry. To maintain this symmetry, one typically fab-

ricates free-standing photonic crystal structures suspended

in air [14], [15], or deeply buried structures embedded in a

symmetric dielectric environment [20], [32]. Fabrication of

free-standing structures is well-established for many mate-

rials, such as Si and Si3N4. However, this approach is limited

to small areas and excludes many photonic crystal archi-

tectures, e.g., gratings and nanopillar arrays. These limita-

tions are not present in deeply buried structures. However,

while such structures are compatible with certain appli-

cations, including light-emitting devices and optical filters,

they are not suitable for other applications, e.g., in optical

sensing, which requires physical access to the BIC’s near-

fields. Regardless of the architecture, direct integration of

a functional material into a BIC structure without breaking

the𝜎z symmetrymay be impossible. Themost versatile type

of photonic structures from the point of view of allowed

materials and geometries are structures deposited on a sub-

strate [66]. Circumventing the need for 𝜎z symmetry would

allow the ultrahigh-Q accidental and merging BICs to exist

in a variety of such substrate-supported structures, which

would be of great practical interest.

In this paper, we investigate BICs that appear as opti-

cal eigenmodes of one-dimensional (1D) periodic dielectric

gratings made of a high-index material in a low-index host

medium (see Figure 1). The 𝜎z-symmetric gratings (Figure

1a) are found to support pairs of off-Γ accidental BICs (each

with topological charge+1) that can be tuned to merge with
a symmetry-protected BIC at the Γ-point (charge−1), giving
rise to a merged BIC (charge +1). In practice, this can lead

to increase of the Q factor in its vicinity by several orders

ofmagnitude. Breaking the symmetry by an upper interface

with air (Figure 1b) splits each accidental BIC vortex into two

half-vortices corresponding to circularly polarized radiated

waves. This destroys the merged BIC and its robustness.

However, we manage to fully recover both the diverging Q

factors of the accidental BICs and the topological robustness

of the merged BIC by a simple modification of the refractive

index distribution in the structure, namely, by coating the

interface with a thin layer of a high-index material (Figure

1c). This enables ultrahigh-Q accidental and merging BICs

to be realized in the absence of the up-down mirror sym-

metry, e.g., in conventional substrate-supported photonic

structures, unlocking their potential for many applications.

In particular, we demonstrate in this article the possibil-

ity to use the proposed structures as optical sensors. More

broadly, our findings suggest a general approach to design

systems that exhibit symmetry-protected topological prop-

erties despite breaking the essential symmetry.

2 Results and discussion

2.1 Accidental, symmetry-protected, and
merging BICs in gratings with up-down
mirror symmetry

The existence of merging BICs in simple 1D gratings pos-

sessing 𝜎z symmetry has been demonstrated in previous

works [41], [67]. Here, as an example of such a system, we

Figure 1: Illustration of dielectric gratings considered in this work, with high-refractive-index material (Si) shown in purple and low-refractive-index

host medium (SiO2) shown in pale blue. Each geometry is invariant along the y-axis and periodic along the x-axis. (a) A grating with up-down mirror

symmetry provided by infinite claddings on both sides. (b) Breaking the symmetry by an interface with air on the top side. (c) Compensation

for the effect of the broken symmetry by an additional layer of a high-index dielectric.
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consider a Si grating in an infinite SiO2 medium. The unit

cell of the grating is presented in Figure 2a. Its geometry is

determined by three parameters: the width𝑤 and height h

of the Si bar, and the periodΛ, which we fix atΛ= 1000 nm

throughout the paper. We assume that the refractive index

of SiO2 follows the dispersion formula byMalitson [68], [69],

while the refractive index of Si is described by the tabulated

data for T = 293 K by Li [69], [70]. We study the optical

modes of this system in the infrared spectral range, inwhich

the optical absorption loss can be neglected. Previously, we

have considered a Si3N4 grating supporting accidental and

merging BICs in the visible range [67].

We study the photonic modes of the grating using the

numerical eigenfrequency analysis with Floquet periodic

boundary conditions implemented in the COMSOL Multi-

physics software. As an example, Figure 2b shows a calcu-

lated band diagram (real part of the eigenfrequency versus

the in-plane momentum kx , with the Q factor encoded in

the color) for a grating with 𝑤 = 175 nm and h = 500 nm.

The diagram reveals several photonic bands, resulting from

Figure 2: Accidental, symmetry-protected, and merging BICs in 1D periodic dielectric gratings with up-down mirror symmetry. (a) Schematic

illustration of the unit cell of the grating. The grating periodΛ is fixed at 1000 nm. (b) The band structure of the grating with𝑤= 175 nm and

h= 500 nm. The Q factor is encoded in the color, showing the accidental and symmetry-protected BICs along the lower-frequency band. The eigen-

frequencies are plotted on the black background, making the modes with Q < 10 invisible. (c) The Q factor of the lower-frequency band as a function

of kx and𝑤. The merging point is visible at𝑤= 129 nm. (d) Log-log plot of the Q factor versus kx for several values of𝑤 [horizontal cross sections

through (c)]. The scaling laws of Q ∝ 1∕k5.5 and Q ∝ 1∕k2 are shown by the dashed and dotted black lines, respectively. (e) and (f) Electric field
distributions (color for |E| and arrows for instantaneous E) of the accidental and merging BICs, respectively. (g) The Q factor at kx = 0.001𝜋∕Λ
as a function of h and𝑤, showing the trajectory of the merging point. (h) and (i) Momentum-space distributions of the Q factor (top plots) and

the orientation of the major axis of the polarization ellipse defined by Eq. (1) (bottom plots) before and after BIC merging, respectively. The circled

numbers indicate the topological charges of the BICs.
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folding of the TE- and TM-polarized guided modes to the

light cone. The higher-frequency bands appear discontin-

uous due to the strong radiation loss introduced by the

first-order diffraction above the folded light lines (plotted

as white dashed lines). The BICs are clearly visible as the

Q-factor maxima (white points). In particular, the lower-

frequency photonic band that is not affected by the first-

order diffraction has one symmetry-protected BIC at the Γ-
point and two accidental BICs at kx =±0.274𝜋∕Λ. Contrary
to the accidental BICs, the symmetry-protected BIC does not

rely on the 𝜎z symmetry, but its existence is secured by the

in-plane symmetry, i.e., Cz
2
T (where Cz

2
means 180◦ rotation

around the z-axis, and T means time reversal) [31]. One

of the higher-frequency bands also supports a symmetry-

protected BIC. However, in this paper, we focus at the BICs

in the lower-frequency band only.

By keeping h fixed at 500 nm and decreasing 𝑤, the

two accidental BICs are moved towards the Γ-point along
the band and merged with the symmetry-protected BIC,

creating a single merged BIC. Figure 2c presents theQ factor

as a function of kx and 𝑤 for positive kx . The color map

clearly reveals the trajectory of one of the accidental BICs

and the merging point at𝑤 = 129 nm. It is noteworthy that

the range of ultrahighQ values in the kx-𝑤 parameter space

is significantly extended around the merging point.

Figure 2d presents several horizontal cross sections of

the plot in Figure 2c, displaying the Q factor versus kx in a

log-log plot for h = 500 nm and a few selected values of 𝑤.

Regardless of the choice of parameters, the Q factor of the

symmetry-protected BIC diverges to infinity at kx = 0. The

same is true for the accidental BICs in the case of perfectly

𝜎z-symmetric gratings. The finite height of their peaks in

Figure 2d is due to a finite step size in sampling the kx-axis.

Examples of the electric near-field distributions for the

accidental and merging BICs are presented in Figure 2e and

f, respectively. These plots show that the studied BICs belong

to a TM photonic band, with the electric field vector lying in

the xz-plane. The accidental BIC exists at non-zero kx , which

leads to a phase shift across the unit cell (Figure 2e). The

near-field for the symmetry-protected BIC is not shown, but

it is very similar to that of the merged BIC (Figure 2f).

To quantify the Q factor improvement by BIC merg-

ing, one usually investigates the Q factor scaling law in

the vicinity of the BIC. In particular, the Q factor scales as

1∕k2
x
for the symmetry-protected BIC before merging (𝑤 =

175 nm), whereas at the exact merging point (𝑤 = 129 nm),

the scaling law is boosted up to 1∕k5.5
x
, which is close to 1∕k6

x

expected for such a merged BIC [14]. It has been shown that

themodified scaling law ofmerging BICsmakes them signif-

icantly more robust against random defects that break the

in-plane symmetry [14]. Furthermore, in the case of a finite

1D grating with N periods, the Q factor scales as N3 for a

merged BIC, as opposed toQ ∝ N2 for a symmetry-protected

BIC [41].

As can be seen in Figure 2d, the scaling law appears to

be modified only over a narrow range of kx . Therefore, it is

more useful to investigate themagnitude of theQ factor at a

fixed kx close to the BIC, e.g., at kx = 0.001𝜋∕Λ, for which
all the curves essentially return to the 1∕k2

x
-dependence.

Since the values of the Q factor in this range are not real-

istic in view of experimental demonstration (Q > 107), we

only discuss the relative increase of the Q factor at kx =
0.001𝜋∕Λ. For example, we find that the Q factor near the

merged BIC at𝑤= 129 nm is improved by approximately six

orders of magnitude compared to the symmetry-protected

BIC far from merging (𝑤 = 175 nm). Unfortunately, such an

extreme Q factor boost is only achievable by precise tuning

of𝑤. If𝑤 is off by ±1 nm, the Q factor is increased only by

four orders ofmagnitude. From thenanofabricationpoint of

view, a realistic tolerance in𝑤 is±10 nm. In such a case, the
Q factor is improved by two orders of magnitude, which is

not as impressive as the six-order boost for a perfectmerged

BIC, but is still remarkable.

The Q-factor boost at kx = 0.001𝜋∕Λ can be used to

precisely locate the merging point in the parameter space.

For example, Figure 2g shows the Q factor at kx = 0.001𝜋∕Λ
as a function of 𝑤 and h, revealing a continuous trajectory

of the merging condition in this parameter space. For each

given h, the maximum Q-factor boost of six orders of mag-

nitude is only achievable in a narrow range of𝑤. However,

due to the flattening of the trajectory at 𝑤 ≈ 650 nm, the

merging point can be made almost insensitive to h. Assum-

ing that Λ is well controlled (which would be the case in

most lithography-based nanofabrication techniques), pre-

cise tuning of𝑤 remains the only challenge in achieving the

exact BIC merging in the studied system.

Figure 2h shows the Q-factor distribution across the 2D

momentum space (kx-ky) for the grating with 𝑤 = 175 nm

and h = 500 nm (top plot), and the corresponding far-field

polarization pattern (bottom plot) showing the orientation

of the major axis of the polarization ellipse. The tilt angle𝜓

of this axis with respect to the x-axis is determined from

tan 2𝜓 =
2Re

(
ExE

∗
y

)
||Ex||2 − |||Ey|||

2
, (1)

where Ex and Ey are the Cartesian components of the elec-

tric field far from the grating.We have chosen to directly use

the Ex and Ey components, following the approach used in

Refs. [31], [53], although strictly speaking, the Ex and Ey com-

ponents belong to a projection of the radiated field vector
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onto the xy-plane. As such, the polarization state inferred

from these components differs from that of the radiated

plane waves propagating at oblique angles (in which Ez ≠

0). However, this approach is correct from the point of view

of describing the polarization properties of the modes con-

fined to the xy-plane and their coupling to the far-field radia-

tion. Apart from that, at the center of a polarization vortex,

all the field components of the far-field vanish, rendering

its momentum-space location independent of the approach

used.

In the case of a 𝜎z-symmetric grating, the radiation

patterns in both the upward and downward directions are

identical. The patterns clearly show the polarization vor-

tices associated with the BICs. Their topological charges

can be easily determined by counting the number of full

counter-clockwise rotations completed by the major axis of

the polarization ellipse following a closed trajectory around

a given vortex in the counter-clockwise direction. In partic-

ular, the symmetry-protected BIC is found to have a topo-

logical charge of −1, whereas each of the accidental BICs

has a topological charge of+1. Figure 2i shows that merging
of the accidental BICs with the symmetry-protected BIC (by

decreasing𝑤) gives rise to a single polarization vortex that

is strongly stretched along the kx-axis, corresponding to the

modified scaling law presented in Figure 2d. The topological

charge of this vortex is +1, which is equal to the sum of the

charges of the constituent vortices, in accordance with the

global charge conservation.

2.2 Breaking the up-downmirror symmetry

Optical near-fields of merging BICs in the above-considered

structures are buried deep in SiO2, and as such, they can-

not be used in practice, e.g., for sensing applications. To

make the BIC’s near-fields accessible, the grating should be

suspended in air. While such a free-standing geometry is

feasible in the case of photonic crystal slabs, suspending

a large-area grating considered in this work is extremely

challenging, if not impossible. In such cases, using a sub-

strate is unavoidable. However, introducing an interface

with air, as illustrated in Figures 1b and 3a, will break the

𝜎z symmetry and destroy the accidental BICs, transform-

ing them into finite-Q quasi-BICs. We track this transition

in Figure 3b and c by gradually decreasing the distance d

between the interface and the grating (keeping unchanged

𝑤 = 175 nm and h = 500 nm). The interface introduces a

noticeable radiation loss already at d = 600 nm (decreasing

the Q factor below 106), whereas at d = 0 the Q factor of

the accidental quasi-BICs is reduced nearly down to that of

the background photonic band (103). On the other hand, the

symmetry-protected BIC is not affected by the 𝜎z-symmetry

breaking, retaining its diverging Q factor.

Fixing d at 200 nm, we end up with a Q factor on the

order of 104. In Figure 3d and e, we show our attempt to

merge these quasi-BICs with the symmetry-protected BIC by

tuning𝑤, just like in the previous case (see Figure 2c and d).

We find that the Q factor at kx = 0.001𝜋∕Λ can be increased

by up to two orders of magnitude at 𝑤 = 120 nm, whereas

the scaling law is improved only to slightly exceed 1∕k3
x
, and

only at kx > 0.1𝜋∕Λ.
Figure 3f and g shows the near-fields of the accidental

and merging (quasi-)BICs in such a system. In both cases,

the evanescent fields of the modes extend above the inter-

face, allowing them to be physically accessed from the top.

However, this comes at the cost of the reduced Q factor and

deteriorated topological robustness of the BICs.

The far-field polarizationmaps in Figure 3h and i reveal

the reason of the reduced performance. Breaking the 𝜎z
symmetry splits the polarization vortices of the accidental

BICs into half-vortices moved towards positive and nega-

tive ky. The half-vortices correspond to circularly-polarized

states, which are sometimes called “C points” in the liter-

ature [54], by analogy to the polarization singularities of

paraxial beams [71] (likewise, full vortices are sometimes

called “V points”). Here, we decided to call them “half-

vortices” to emphasize their half-integer topological charge,

as opposed to C points which may have a zero charge [71].

The half-vortices are associated with outgoing radiation,

rendering the Q factors finite. Moreover, their momentum-

space trajectories are different in the upward and down-

ward radiation (see the middle and bottom plots, respec-

tively). For example, in the upward radiation in Figure 3h,

the half-vortices move away from the Γ-point, while in

the downward radiation, they merge with the symmetry-

protected BIC, flipping its topological charge from−1 to+1.
Large difference in the momentum-space positions of the

half-vortices in the upward and downward radiationmakes

it impossible to merge them with the symmetry-protected

BIC vortex simultaneously in both radiation directions, as

can be seen in Figure 3i. Therefore, the overall Q factor can

only be slightly increased by merging, due to an improved

suppression of the outgoing radiation in one direction but

not in the other direction.

2.3 Recovery of the accidental BICs

Recovery of BICs in various symmetry-broken systems has

been proposed and demonstrated in several previousworks

[53], [54], [56], [64]. For example, in Ref. [53], the authors

managed to restore accidental BICs in asymmetric periodic

gratings with oblique walls by overlapping half-vortices in
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Figure 3: Effects of breaking the up-down mirror symmetry on the accidental and merging BICs. (a) Schematic illustration of the unit cell

of the grating, with a SiO2-air interface located at a distance d from the grating. (b) The Q factor as a function of kx and d, with𝑤= 175 nm and

h= 500 nm. (c) Plot of the Q factor versus kx for several values of d [horizontal cross sections through (b)]. (d) The Q factor as a function of kx and𝑤,

with d = 200 nm and h= 500 nm. (e) Log-log plot of the Q factor versus kx for several values of𝑤 [horizontal cross sections through (d)]. The scaling

laws of Q ∝ 1∕k3.25 and Q ∝ 1∕k2 are shown by the dashed and dotted black lines, respectively. (f) and (g) Electric field distributions (color for |E|,
arrows for instantaneous E) of the accidental and merging (quasi-)BICs, respectively. (h) and (i) Momentum-space distributions of the Q factor

(top plots) and the orientation of the major axis of the polarization ellipse [Eq. (1)] in the upward (middle plots) and downward (bottom plots)

radiation before and after BIC merging, respectively. In (h), the circled numbers indicate the topological charges of the BICs and the half-vortices.

Since (i) contains the same features as (h), the numbers are not shown there.

only one radiation direction (upward or downward), giving

rise to a “unidirectional BIC”. A similar result has been

obtained in Ref. [54] utilizing a periodic structure made of

two misaligned gratings. In Ref. [56], BICs were found to

exist in 1D periodic gratings with broken in-plane symmetry

for specific sets of two geometrical parameters along con-

tinuous contours in the parameter space. In Ref. [64], the

authors proposed a method based on a tapered geometry

to restore the Q-factors of quasi-BICs deteriorated by the

presence of a substrate.
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However, all of the above examples involve complex

geometry modifications that are very challenging to imple-

ment in practice. In contrast, we propose to compensate

for the broken 𝜎z symmetry by adding a thin layer of a

high-refractive-index material, as shown in Figures 1c and

4a. Intuitively, such a layer is intended to effectively balance

the dielectric environment on both sides of the grating [67].

Here, we consider the layer to bemade of the samematerial

(Si) as the grating, but one could choose any other high-

index material, e.g., a functional material. Even though the

main purpose of this work is to demonstrate the proposed

concepts rather than to focus on practical realization of a

specific sample, we can suggest an approach to fabricate the

structures shown in Figures 1c and 4a. Obtaining a Si grating

on a SiO2 substrate can be done by patterning a commercial

silicon-on-insulator (SOI) wafer using one of the standard

methods [66], such as electron beam lithography (EBL) or

focused ion beammilling (FIB). The next step is to deposit an

additional layer matching the refractive index of SiO2 that

fills the space between the grating bars and simultaneously

creates a flat surface on the top. Such a planarization can be

achieved using spin-on-glass, which is commonly employed

in fabrication of multilayer photonic structures [72]–[77].

Finally, the top Si layer can be deposited on the obtained flat

surface, e.g., by evaporation.

Figure 4b and c shows that the diverging Q factor of

the accidental BIC is restored if the Si layer thickness is t ≈
54 nm. Without the layer (t = 0), the grating corresponds to

that presented in Figure 3 (with𝑤= 175 nm, h= 500 nm, d=
200 nm), hosting the quasi-BIC with aQ factor limited to 104.

It turns out that adding the layer of almost any t provides a

noticeable improvement of the Q factor. For example, if t is

off by±25 nm from the optimum, theQ factor can still reach

105, while if t is off by±5 nm, one can achieveQ on the order
of 106. In addition, increasing the layer thickness shifts the

accidental (quasi-)BIC along the kx-axis, up to its merging

with the symmetry-protected BIC at t close to 200 nm. The

large tolerance of the Q factor to the variation of t is of

Figure 4: Restoring the diverging Q factor of the accidental BICs. (a) Schematic illustration of the unit cell of the grating with a top layer of thickness t

to compensate for the symmetry breaking. (b) The Q factor as a function of kx and t, with𝑤= 175 nm, h= 500 nm, and d = 200 nm. (c) Plot of the Q

factor versus kx for several values of t [horizontal cross sections through (b)]. (d) Momentum-space distribution of the Q factor (top plot) and

the orientation of the major axis of the polarization ellipse [Eq. (1)] in the upward (middle plot) and downward (bottom plot) radiation. (e) Close-ups

of the momentum-space region in (d) showing the restored accidental BIC and the accompanying half-vortices. (f) Electric field distribution

(color for |E|, arrows for instantaneous E) of the restored accidental BIC.
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high practical importance, since the optimal t depends on

the chosen value of d, and in the case of a spin-on-glass

planarization proposed above, the surface of a fabricated

sample could exhibit a non-uniformity of d on the order of a

few nanometers. Figure 4c suggests that the Q factor would

not be strongly affected by such a variation. On the other

hand, bulging of the spin-on-glass layer above the grating

barsmay affect the BICs in a distinct way. A detailed analysis

of this and other possible fabrication imperfections can be

done at the sample fabrication and testing stages, when all

the imperfections are revealed and characterized.

Figure 4d and e shows that the radiation pattern of the

restored accidental BIC is actually not trivial. For example,

the BIC has an opposite topological charge in the upward

and downward radiation. It is also accompanied by a

pair of half-vortices that neutralizes the overall topological

charge in its vicinity in the momentum space. At the same

time, the topological charge of the symmetry-protected

BIC is flipped to +1 in both the upward and downward

directions, meaning that it must have merged with other

topologically-charged features. Despite the complexity of

the far-field polarization patterns, the near-field (Figure 4f)

appears to be similar to that of the accidental BIC in the

𝜎z-symmetric grating (Figure 2e). It is also noticeably more

up-down symmetric compared to the symmetry-broken

case (Figure 3f).

To explain the observed BIC recovery, we investigate

into the momentum-space evolution of the half-vortices

upon gradually increasing t, as shown in Figure 5. In the

upward radiation, two half-vortices of charge +1/2 move
towards the line ky = 0, intersecting with it and restor-

ing the full +1 vortex at t = 53.3 nm. Further increase of

t separates the half-vortices again, moving them towards

another pair of half-vortices of charge −1/2. These half-

vortices have splitted from the symmetry-protected BIC of

charge−1, leaving behind charge+1 (a second identical pair
of half-vortices has moved towards negative kx). Finally, all

the oppositely-charged half-vortices annihilate each other

at t > 55 nm.

In contrast, in the downward radiation, there are no

half-vortices at small t (at least in the studied momentum-

space region). Only when t is increased above 40 nm, pairs

of oppositely-charged half-vortices are created. Those with

charge −1/2 move towards the line ky = 0 and intersect

with it at t = 53.3 nm, forming a full vortex of charge −1.
The intersection coincideswith that observed in the upward

radiation, not only in t, but also in kx , which is why the

diverging Q factor of the accidental BIC is fully restored.

This coincidence is enforced by the in-plane Cz
2
T symmetry

of the grating structure. To restore a full vortex only in one

Figure 5: Momentum-space trajectories of the half-vortices of charge

+1/2 (black dotted lines) and−1/2 (black dashed lines) upon increasing
thickness t of the top layer (indicated by the colors), for the same grating

geometry as in Figure 4 with𝑤= 175 nm, h= 500 nm, and d = 200 nm.

In the upward radiation, two pairs of oppositely charged half-vortices

annihilate each other at t > 55 nm, whereas in the downward radiation,

two pairs of oppositely charged half-vortices are created at t > 40 nm.

The arrows point at the symmetry-protected BIC at the Γ-point (which is
outside the plotted kx range). In the upward radiation, the charge of the

symmetry-protected BIC is changed from−1 to+1 as a result of giving
birth to four half-vortices at t > 30 nm (two moving towards positive kx
and two towards negative kx). The in-plane symmetry of the grating

ensures that the half-vortices intersect at ky = 0 simultaneously in both

the upward and downward radiation directions (at t = 53.3 nm, indicated

by the vertical red dashed line), restoring the full vortex of the accidental

BIC with a diverging Q factor.

radiation direction, this symmetry would have to be broken

[53], but in our case it is preserved.

2.4 Recovery of the merged BIC

Complete recovery of the accidental BICs means that it

should be possible to restore also the extreme Q-factor

boost of the merged BIC. However, as opposed to the

𝜎z-symmetric grating considered at the beginning of this

paper, the restored accidental BIC cannot be simply moved

along kx by tuning𝑤, as thiswould alter the optimal value of

t. To locate the new merging point, we repeat the same pro-

cedure as in Figure 2g, looking at the values of the Q factor

at a fixed kx = 0.001𝜋∕Λ. Figure 6a–c presents these values
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as a function of t and𝑤, revealing the merging point at t ≈
52 nm and𝑤 ≈ 132 nm. At this point, the Q-factor scaling is

improved to 1∕k6
x
, and the merging-induced boost of the Q

factor is close to that observed in the 𝜎z-symmetric gratings

(Figure 2), with the values of the Q factor approaching 1013

at kx = 0.001𝜋∕Λ, i.e., six orders of magnitude higher than
without merging.

The near-field of the merged BIC (Figure 6d) is very

similar to that in the 𝜎z-symmetric grating (Figure 2f) and

clearly more symmetric than in the grating with broken

𝜎z symmetry (Figure 3g). On the other hand, the far-field

pattern still lacks the up-down symmetry (see Figure 6e).

While the upward radiation shows a fully merged BIC of

charge+1, the downward radiation features a BIC of charge
−1 surrounded by half-vortices. The presence of additional
half-vortices is not surprising, taking into account their

different locations around the restored accidental BIC

(Figure 4e) as well as the fact that they can be created and

annihilated independently in the upward and downward

radiation (Figure 5). The process of half-vortex creation and

annihilation has recently been shown to originate from an

interplay between BICs and Dirac points on degenerate pho-

tonic bands [78]. We do not discuss the exact mechanism in

our case, leaving it as a topic for future investigations.

2.5 Strongly broken symmetry (d= 0)

The electric field distributions presented in Figures 4f and

6d show that the compensation for the broken symmetry

makes the restored accidental andmerging BICsmuchmore

confined inside the grating. In particular, the amplitude of

the evanescent field extending into the air is significantly

Figure 6: Restoring the extreme Q factor near the merged BIC. The grating geometry is the same as in Figure 4a. (a) The Q factor at kx = 0.001𝜋∕Λ
as a function of t and𝑤, with h= 500 nm and d = 200 nm. (b) and (c) Log-log plots of the Q factor versus kx for several values of t and𝑤, respectively.

The scaling laws of Q ∝ 1∕k6 and Q ∝ 1∕k2 are shown by the dashed and dotted black lines, respectively. (d) Electric field distribution (color for |E|,
arrows for instantaneous E) of the restored merged BIC. (e) Momentum-space distribution of the Q factor (top plot) and the orientation of the major

axis of the polarization ellipse [Eq. (1)] in the upward (middle plot) and downward (bottom plot) radiation.



908 — H. Bai et al.: Recovery of topologically robust merging bound states

diminished, compared to that of the BICs without the com-

pensating layer (see Figure 3f and g). Accessing the near-

fields of BICs is essential for many practical applications,

e.g., to enhance light-matter interactions in sensing. There-

fore, we consider a geometry shown in Figure 7a, which

leaves no gap between the grating and the top layer (d = 0),

pushing one of the hot spots outside the grating. Since the

top Si layer is now effectively connected with the grating,

the proposed structure could be fabricated using a different

approach than the other structures discussed in this paper.

For example, the approach can be based on patterning a SOI

wafer such that the grooves in the Si layer do not reach the

buried SiO2 layer (i.e., the initial thickness of the Si layer

would have to be greater than the desired h). Next, the

obtained one-sided grating could be coated using the spin-

on-glass technique and bonded to another SiO2 substrate.

Then, the Si substrate of the SOI wafer could be removed,

e.g., by inductively coupled plasma etching (ICP), allowing

one to subsequently remove (e.g., with HF) the buried SiO2

[14]. The exposed flat Si surface can then be coated with an

additional Si layer to match the optimal t.

Figure 7b and c (analogous to 4b and c) demonstrates

that the diverging Q factor of the accidental BIC can be

fully restored even in such an extreme scenario, while also

giving rise to a high evanescent-field amplitude on the top

surface of the structure (Figure 7d). Figure 7e–g (analogous

to 6a, b, and c) shows that the merged BIC can also be

fully restored in this geometry. Upon compensation for the

broken 𝜎z symmetry with perfectly adjusted parameters

(𝑤 = 152 nm, t = 63 nm), BIC merging brings the Q-factor

scaling up to 1∕k6
x
and provides the Q-factor boost of almost

six orders of magnitude, similar to that in a fully 𝜎z-sym-

metric grating presented in Figure 2. At the same time,

the evanescent field of the merged BIC becomes physically

accessible from the top, as can be seen in Figure 7h, provid-

ing a higher relative field amplitude than in Figure 6d.

Figure 7b, c, e–g reveals the tolerance of the restored

BICs to the geometry distortions. For example, Figure 7c

shows that theQ factor of the restored accidental (quasi-)BIC

exceeds 106 if t is off by ±5 nm, and it remains close to

105 if t is off by ±20 nm. Furthermore, the Q-factor boost
by BIC merging remains very high across a wide range of

parameters. For example, if the values of t or 𝑤 are off by

±20 nm, the Q factor at kx = 0.001𝜋∕Λ is still improved by

approximately two orders of magnitude. This means that

the proposed method enables one to achieve exceptionally

high Q factors in experimentally realizable structures.

Figure 7: Restoring the accidental and merging BICs in a grating with strongly broken up-down mirror symmetry. (a) Schematic illustration of the unit

cell of the grating, which is equivalent to the geometry in Figure 4a with d = 0. (b) The Q factor as a function of kx and t, with𝑤= 175 nm and

h= 500 nm. (c) Plot of the Q factor versus kx for several values of t [horizontal cross sections through (b)]. (d) Electric field distribution (color for |E|,
arrows for instantaneous E) for the restored accidental BIC. (e) The Q factor at kx = 0.001𝜋∕Λ as a function of t and𝑤, with h= 500 nm.

(f) and (g) Log-log plots of the Q factor versus kx for several values of t and𝑤, respectively. The scaling laws of Q ∝ 1∕k6 and Q ∝ 1∕k2 are shown by
the dashed and dotted black lines, respectively. (h) Electric field distribution (color for |E|, arrows for instantaneous E) of the restored merged BIC.
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2.6 Refractive index sensing

The structures considered in the above sections can be used

for optical sensing applications. Usually, the sensing perfor-

mance is quantified by a figure of merit defined as

FOM = D
Sn

FWHM
, (2)

whereD is the relative change of the signal by the resonance

(e.g., depth of a transmittance dip), Sn = Δ𝜆res∕Δn is the

sensitivity of the resonance wavelength 𝜆res to the refrac-

tive index change Δn, and FWHM is the full width at half

maximum of the resonance. While D depends on the sensor

design and the method of light coupling to the resonance,

the other parameters are general for such sensors and can

easily be calculated.

Figure 8a shows the calculated shift of the resonance

wavelength at kx = 0.01𝜋∕Λ depending on the change of the

refractive index of air, Δn, in the range from 10−9 to 10−3

refractive index units (RIU) for several grating geometries

considered in this work. The choice of kx = 0.01𝜋∕Λ is

inspired by Ref. [14], where it was the smallest kx at which

the resonance near the merged BIC could be excited. Figure

8b shows the corresponding relative shift, i.e.,Δ𝜆res divided

by FWHM. The highest Sn of 132.7 nm/RIU is obtained for

an isolated symmetry-protected BIC in the geometry with

strongly exposed grating (𝑤 = 175 nm, d = 0, and t = 0;

see the blue lines in Figure 8, corresponding to the extreme

case in Figure 3b and c). However, this resonance has a low

Q factor, resulting in a relatively moderate Sn/FWHM ratio

of around 3.26 × 103 RIU−1. Separating the grating from air

by a SiO2 layer of d = 200 nm (black dashed lines in Figure

8) slightly improves Sn/FWHM, but Sn is reduced down to

ca. 40 nm/RIU. Merging such a symmetry-protected BICwith

an accidental quasi-BIC by changing 𝑤 to 120 nm (green

lines in Figure 8, corresponding to the geometry considered

in Figure 3d and e) does not affect Sn, but Sn/FWHM is

increased by a factor of 45 (up to 1.75 × 105 RIU−1) due

to the increased Q factor. Compensating for the broken

𝜎z-symmetry by adding a Si layer (t = 52 nm) and tun-

ing 𝑤 to the merging point (𝑤 = 132 nm; orange lines in

Figure 8, corresponding to the geometry investigated in

Figure 6) boosts Sn/FWHM up to nearly 109 RIU−1. How-

ever, since the grating becomes more separated from air,

Sn is reduced down to 18.3 nm/RIU. Finally, decreasing d

down to 0 and readjusting the parameters (𝑤= 152 nm and

t = 63 nm; red lines in Figure 8, corresponding to the

Figure 8: Sensing performance for several grating geometries considered in this work (see Figures 3, 6, and 7). (a) Shift of the resonance wavelength,

Δ𝜆res, at kx = 0.01𝜋/Λ as a function of the refractive index change above the grating,Δn. (b) The corresponding relative shift, i.e.,Δ𝜆res divided by the
resonance’s FWHM. The refractive index above the grating is 1+Δn. The geometrical parameters of the studied gratings (𝑤, d, t) and the obtained
factors Sn and Sn/FWHM are given in the legend on the right-hand side of the plots. The other parameters areΛ= 1000 nm and h= 500 nm.



910 — H. Bai et al.: Recovery of topologically robust merging bound states

geometry in Figure 7e–h) improves Sn by a factor of three

(up to around 60 nm/RIU) while also providing a two-fold

increase in Sn/FWHM (up to nearly 2 × 109 RIU−1). This

means that Δn as small as 10−9 would lead to a spectral

shift by approximately two resonance linewidths that can

be measured, e.g., using a tunable narrowband laser [79],

[80]. Even though such extreme values of Sn/FWHM can

be difficult to achieve in practice, restoring the merging

BICs provides a clear advantage. Moreover, compared to

the state-of-the-art sensors based on surface plasmon res-

onances (SPRs) and Bloch surface waves (BSW) reaching

Sn/FWHM at most on the order of 103 [81]–[83], the sensors

based on the restoredmerging BICs are able to show orders-

of-magnitude higher Sn/FWHM.

3 Conclusions

In this work, we have shown that diverging Q factors of

accidental BICs and topological robustness of merging BICs

can be obtained in structures with broken up-down mir-

ror symmetry (𝜎z) with the help of a simple asymmetry

compensation method. As an example, we have considered

a 1D periodic dielectric grating, in which the 𝜎z symme-

try is broken by a one-sided interface with air. This trans-

forms the accidental BICs into quasi-BICs and splits their

polarization vortices into pairs of circularly polarized half-

vortices. Although these quasi-BICs can be tuned to merge

with the symmetry-protected BIC at the Γ-point, the result-
ing merged BIC provides a limited Q-factor improvement

compared to that in a 𝜎z-symmetric grating. By adding a

layer of a high-index material on one side of the grating,

we restore the integer-charge vortex of the accidental BIC.

The underlying mechanism is based on the in-plane Cz
2
T

symmetry-protected coincidence of intersections between

the momentum-space trajectories of half-vortices in both

upward and downward radiation. This approach allows us

to fully restore also the merging-assisted Q-factor boost,

including the improved Q-factor scaling law of k−6
x
. Finally,

by considering a strongly asymmetric geometry, we demon-

strate that the restored accidental and merging BICs offer

physical access to their near-fields, which is important for

practical applications based on enhanced light-matter inter-

actions, e.g., for optical sensing, lasing, and nonlinear opti-

cal effects.

The inherent robustness of themerging BICsmakes our

design highly practical. For instance, every realistic pho-

tonic structure has a finite size, which splits the resonant

modes into many copies distributed over the momentum

space. The role of the merged BIC is to boost the Q factor

of all these modes simultaneously. This happens with high

efficiency even before the complete merging is achieved

[14]. Similar observations have been made in the case of a

BIC laser, in which the optimal suppression of radiation loss

occurs before the complete merging [19]. Moreover, in prac-

tice, surface roughness and other fabrication imperfections,

as well as finite absorption by the materials can easily push

the achievable Q factors down to ∼106 [14], [15], regardless
of the exact asymmetry compensation and exactly reached

merging point. Due to these additional losses, the practical

tolerance to the geometrical parameters is actually even

higher than the tolerances discussed in this paper.

The proposed mechanism of the BIC recovery is not

limited to 1D gratings and can readily be extended to 2D pho-

tonic crystal slabs and metasurfaces, enabling ultrahigh-

Q accidental and merging BIC excitations to be realized

in structures without the up-down mirror symmetry. This

opens the possibility to create a variety of surface-mounted

structures that support topologically robust BICswith acces-

sible near-fields. Furthermore, the top layer that compen-

sates for the asymmetry can be made of any material that

has a refractive index higher than that of the substrate. This

could be a functionalmaterial, e.g., a gainmedium, a nonlin-

ear medium, or an analyte. Therefore, we believe our find-

ings will unlock the true potential of BICs for diverse light-

based technologies. Our findings also suggest that certain

symmetry-protected topological properties can be achieved

even if the essential symmetry is broken,which could poten-

tially relax critical symmetry constraints in many systems.
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