
Destructive Interference Mediated Topological Transitions in Bilayer Metasurfaces

Bo Wang ,* Ruhao Pan,† Lechen Yang , Xu Ji, Haifang Yang, and Junjie Li ‡

Beijing National Laboratory for Condensed Matter Physics, Institute of Physics, Chinese Academy of Sciences, 100190 Beijing, China

(Received 17 June 2025; revised 18 November 2025; accepted 5 January 2026; published 26 January 2026)

Optical bound states in the continuum (BICs) are polarization singularities with integer topological
charges (ν) in momentum space, whose far-field radiation vanishes in the surrounding radiative states.
Here, we study the dynamic evolution of topological charges in symmetry-protected BICs within bilayer
metasurfaces. Governed by threefold rotation symmetry (C3), the topological charges obey ν ¼ 3nþ 1

(n∈Z). Theoretically and experimentally, we demonstrate that merely tuning the spacer thickness of the
bilayer metasurfaces induces a topological transition from a fundamental charge (ν ¼ 1, n ¼ 0) to a high-
level charge (ν ¼ −2, n ¼ −1) without modifying symmetry. Perturbation theory reveals this transition
occurs when the first derivative of the far-field radiation with respect to the Bloch wave number k vanishes
at Γ, induced by destructive bilayer interference. This interference simultaneously enhances the quality
factors of near-Γ resonances and alters their scaling laws from Oðk−2Þ to Oðk−4Þ. Our work introduces a
symmetry-preserved mechanism to dynamically control BIC topology.
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Introduction—Topological physics has emerged as a
pivotal domain in modern physics. Physical systems,
including quantum materials [1,2], photonic crystals
[3,4], and sonic crystals [5,6], exhibit rich topological
properties. Topological states are characterized by topo-
logical invariants, such as the Chern number associated
with the quantum Hall effect [7]. The discrete jump in
topological invariants indicates a topological transition.
Bound states in the continuum (BICs) are intensely inves-
tigated topological states in photonic systems [8–11]. In
metasurfaces, BICs manifest as topological defects or
vortex centers in polarization vectors [12–14], carrying
conserved quantized charges defined by winding far-field
polarization vectors around the BICs [12]. These BICs
enable broad applications in lasing [15–18], sensing
[19–22], polarization control [23–28], and beam steering
[29–31]. Spatial symmetry constrains the topological
charges ν of the BICs at the Γ points [12]: ν ¼ 3nþ 1
for C3 symmetry and ν ¼ 4n� 1 for C4 symmetry (n∈Z).
High-order topological charges ν ¼ −2 [32–34], allowing
deterministic generation of off-Γ BICs [33] and merging
BICs [32,35–37], have been demonstrated in metasurfaces
with C6 symmetry, which generally obey ν ¼ 6n − 2.
Under certain symmetry, multiple topological charges are
allowed. However, nearly all prior works on the symmetry-
protected BICs only concern the fundamental topological
charges (n ¼ 0), high-level charges (jnj ≥ 1) [38], or

transitions from fundamental to high-level charges have
remained unrealized.
On the other hand, layer stacking is a powerful way to

realize tunable topological states. Bilayer or multilayer
Chern insulators have been demonstrated to have high-
Chern number states [39–43]. The topological charges of
BICs have been manipulated by bilayer interactions
[31,44–47] in a symmetry-breaking way. Manipulating
BIC topological charges in bilayer metasurfaces (BMs)
—particularly transitions from lower-order to high-order
while preserving symmetry—remains unexplored.
Here, we theoretically propose and experimentally dem-

onstrate a symmetry-preserved tuning of the at-Γ BICs in
BMs from fundamental charges to high-level charges. Our
BMs preserve D3d symmetry (including inversion and C3v
symmetry), ensuring topological charges obey ν ¼ 3nþ 1.
To reveal evolutions of the topological charges, we ana-
lytically solve all the surrounding resonant states of the
BICs by perturbation theory, finding that the far-field
radiation of their first-order correction states can vanish
when simply tuning the spacer layer thickness due to
bilayer destructive interference. When the destructive
interference happens, topological transition from ν ¼ 1
(n ¼ 0) to ν ¼ −2 (n ¼ −1) emerges and the Q factors
of all near-Γ resonant states are enhanced, with the scaling
laws changing fromOðk−2Þ toOðk−4Þ, where k is the Bloch
wave number. The predicted topological transition has been
validated with full-wave simulations and angle-resolved
spectrum measurements.
Theory—Figure 1(a) shows the structure of our BM.

Each layer is composed of a triangular lattice of TiO2

(refractive index no ¼ 2.46) nanopillars. All the dimen-
sional parameters for the two layers remain the same, but
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the top layer (tL) is shifted along the y axis by p relative to
the bottom layer (bL). The tL and bL are vertically
separated by 2s. The refractive index of the surroundings
ns is 1.46. The individual layers are governed by D6h
(C6v × C1h) point group. We focus on the lowest TE-like
band shown in Fig. 1(b). Its eigenstate at the Γ point
belongs to the A irreducible representation of the C6v
group, and hence is symmetry-protected at-Γ BIC, carrying
polarization singularity with ν ¼ þ1 [12] [see the inset of
Fig. 1(b)]. The tL and bL alone have the same energy band,
but the inversion operator relates their eigenstates at the Γ
point [see Fig. 1(c)]. The stack of the two layers breaks the
C6 and up-down mirror symmetry, resulting in theD3d [48]
(C3v × C1i) point group. Because of the symmetry
breaking, the eigenstates of the two single layers,
jut;bi≡ ut;bðρ; z ∓ sÞ, become mixed, where (ρ; z) is the
coordinate. Using group representation theory [49], we find
that jusi≡ jubi þ juti ðjuai≡ jubi − jutiÞ is associated
with the A2g (A1u) irreducible representation of the D3d

group. Therefore, jus;ai are the eigenstates at the Γ points
of the BM. Knowing the eigenstates, the corresponding
resonant frequencies can be written as [49]

ωs;a ¼ ω2
0

hubjðε0 þ ε1Þjubi � hubjðε0 þ ε2Þjuti
hubjεjubi � hubjεjuti

; ð1Þ

where ε0 is the permittivity for surroundings,
ε0 þ ε1;2 ¼ n2o, inside TiO2 nanopillars of the bL and tL,
respectively, while in other regions ε1;2 ¼ 0, ε ¼ ε0 þ ε1 þ
ε2 and hubjεjuti≡ð1=p3ÞR ũbðρ;zþsÞ ·utðρ;z−sÞεðρ;zÞ
dzdρ;ũ is the complex conjugate of u. The analytically
calculated ωs;a according to Eq. (1) are perfectly consistent
with the simulated ones by COMSOL Multiphysics software
[Fig. 1(d)], indicating that we have found correct

eigenstates at the Γ point for the BM. As the electric-field
profile of jus;ai in Fig. 1(e) indicated, Pijusi ¼ jusi, while
Pijuai ¼ −juai, where Pi is the inversion operator. We
hence call photonic bands related to jusi and juai sym-
metric band (SB) and antisymmetric band (AB), respec-
tively. Since both juti and jubi of the single layers are
BICs; their linear superpositions, i.e., jus;ai, are BICs,
exhibiting polarization singularity in the momentum spaces
with the topological charges generally obeying ν ¼ 3nþ 1
(n∈Z) because of the C3 symmetry. Although jus;ai have
vanished far-field radiation, the so-called quasi-BICs near
the Γ point will radiate. This radiation, contributed from
both the tL and bL, is expected to interfere constructively or
destructively as s varies. It is the collective behaviors of the
whole surrounding quasi-BICs that determine the topo-
logical properties of the BICs.
To reveal the interference behavior of the surrounding

radiative states around the BICs and the evolutions of the
topological charges, we use perturbation theory to directly
solve the far-field polarization vectors at a near-Γ Bloch
wave vector α ¼ ð2πδ=pÞ½ cos θ; sin θ �T, where θ is the
angle between α and the x axis, and δ is the perturbation
parameter. The perturbation theory can efficiently predict
the resonant frequencies ωðδ; θÞ and states juðδ; θÞi at the
off-Γ points [50,53], only needing to know the resonant
frequency ω� and state ju�i at the Γ point. The spirit of
perturbation theory [50] is to expand the resonant states as
juðδ; θÞi ¼ ju�i þ δju1ðθÞi þ δ2ju2ðθÞi þ � � �. The first-
order correction state ju1ðθÞi has a plane-wave asymptotic
solution ∼d1

�e�iγz, where γ ¼ nsω�=c, c is the speed of
light, and d1

� are the polarization vectors of the upward
and downward radiation. We show [49] that the dþ

1 can be
calculated from

� dþ1y
dþ1x

�

¼ Mκs;a

�
cos θ

− sin θ

�

; ð2Þ

where κs;a ¼ huþ
y�jL1xjus;ai ¼ 1ffiffi

2
p huþ

y�jL1xjub � uti and

M is a normalization parameter [49], which are solely
dependent on the at-Γ BICs. Here, juþ

y�i is the scattering
state when a y-polarized plane wave is normally incident
onto the top layer, and L1x is the x component of the first-
order perturbation operator. Now, we have obtained a
global coupling parameter κs;a that relates the far-field
polarization vectors of all the near-Γ states jus;ai þ
δju1ðθÞi with the at-Γ states jus;ai, where θ spans
0 − 2π. In fact, κa;s are the first derivatives of the polari-
zation vectors with respect to the Bloch wave number [54].
According to Eq. (2), ν ¼ þ1 (n ¼ 0) for the SB and AB if
κs;a are nonzero [12]. Note that κs;a are contributed from the
tL and bL. Can the addition of the two contributions make
κs;a approach zero where destructive interference happens?
To answer this question, we derive a detailed form of κs;a to
reveal how they vary with s [49],

FIG. 1. (a) Schematic of the BM. The parameters are r ¼ 0.6p,
d ¼ 0.4p, and p ¼ 300 nm. (b) Band structure for the single-
layered structure. Inset: eigenpolarization distribution of the
lowest band. (c) Electric-field profiles at the Γ point. (d) Simulated
and analytical at-Γ resonant frequencies of the BM. (e) The
electric profiles (Ex) in the z-y plane.
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κs;a ¼
κ0ffiffiffi
2

p eisγ
1 ∓ e−ið2sγþφÞ

1 ∓ r̃0e−2isγ
; ð3Þ

where κ0 is the coupling coefficient of the single layer, and
φ ¼ ∠ðr0 − t0Þ, r0 (t0) is the normal reflection (trans-
mission) coefficient of the single layer. Equation (3)
indicates that when 2sγ þ φ ¼ 2Nπ, κs ¼ 0 and that when
2sγ þ φ ¼ ð2N þ 1Þπ, κa ¼ 0, where N is an integer. So
far, we have demonstrated in theory that far-field radiation
of the resonant states near BICs from two separated layers
can produce destructive bilayer interference.
We show next that the destructive bilayer interference

can boost the Q factors of all near-Γ resonant states and
trigger topological transitions of the polarization singular-
ities. Figure 2(a) shows the calculated results of κs;a. The
squares mark the simulated results according to the
definition κs;a ¼ huþ

y�jL1xjus;ai. The solid curves denote
the analytic results from Eq. (3), consistent with
the simulation results. Deviations at small s result from

the neglect of the interlayer near-field coupling in deriving
Eq. (3), which becomes significant when s gets small. Our
collective interference theory successfully predicts the
destructive interferences at s ¼ 122.3 nm for the SB and
s ¼ 268 nm for the AB.
Figures 2(b)–2(d) show the polarization vector patterns

when s ¼ 122.3 nm, s ¼ 190 nm, and s ¼ 268 nm. One
can find that when the destructive interference conditions
are satisfied, i.e, s ¼ 122.3 nm for the SB [Fig. 2(b)] and
s ¼ 268 nm for the AB [Fig. 2(d)], the ν becomes −2
(n ¼ −1). When κa;s deviate far from zero, ν ¼ þ1 (n ¼ 0)
for both the SB and AB [Fig. 2(c)]. These results indicate
that the topological charges can transition from þ1 to −2
by changing s without breaking or boosting symmetry.
Although ν ¼ −2 has been demonstrated in B representa-
tion of C6v symmetry [32,33], this charge intrinsically
belongs to fundamental charge because n ¼ 0. In our case,
ν ¼ −2 results from that when κs;a ¼ 0, the second-order
correction states of uðθÞ will generate far-field polariza-
tion vectors d2, and the C3v group, a subgroup of D3d
group, will guarantee that d2 has ν ¼ −2 (n ¼ −1) [49].
Figure S6 [49] shows that three pairs of C points with
opposite chirality, exhibiting a total charge of −3, are
created and gradually move away from the Γ point as s
increases from 122.3 nm. Hence, the total topological
charge is conserved. We note that the generation of
C-point [23–25,27,28] pairs here requires no symmetry
breaking [23,30].
When the wave vector deviates from the Γ point, the Q

factor decreases from infinity, typically ∼δ−2 [55]. We
show in Figs. 2(e) and 2(g) that when the condition for the
destructive interferences is met, theQ factors scale with δ−4

near the Γ point of both the SB and AB. When s departs far
from the destructive interference conditions, the Q factor
∼δ−2, as shown in Fig. 2(f). Moreover, the near-Γ Q factor
becomes much larger when κs;a ¼ 0, which results from
radiation suppression by destructive interference. The δ−4

scaling law originates from the fact that at least d2

contributes to the radiation leaking when d�
1 vanishes. A

BIC surrounded by radiative states with Q-factor scaling
with δ−4 is usually called a “super BIC.” Previous schemes
to realize super BICs merged a few isolated BICs in the
momentum space. Our results present a different way to
realize super BICs: merging three pairs of C points.
According to Eq. (3), there are infinite s to make
κs;a ¼ 0, providing more flexibility to realize super
BICs. Counterintuitively, the Q-factor enhancement near
the Γ point persists even at extremely large separations
where near-field coupling vanishes. We verify this by
simulating structures with s ∼ 5–6 μm and s ∼
99–100 μm at an incident angle of 2°. As shown in
Fig. S7 [49], extremely narrow resonances emerge when
ka;s ≈ 0, demonstrating that the enhancement stems from
far-field destructive interference between the radiation
channels of the two decoupled layers.

FIG. 2. (a) Simulated and analytical coupling coefficients for
the SB and AB. (b)–(d) Polarization vector patterns of the far-
field radiation from the SB and AB. The blue and red colors
distinguish opposite chirality. (e)–(g) Q factors and their evolu-
tion trends with δ. Here, δ changes along the x axis. The dashed
lines are guidelines.
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Experiments—We fabricated the designed BMs with
their spacer thickness of s ∼ 120 nm and s ∼ 190 nm based
on the alignment lithography [31]. The detailed fabrication
process can be found in our previous paper [56]. The
scanning electron microscope (SEM) images shown in
Figs. 3(a) and 3(b) confirm the fine alignment and the
precise control of the spacing layers. We use a commercial
angle-resolved spectrometer [14] (Ideaoptics) to reveal the
topological transition of the BICs. Using this spectrometer,
one can measure the angle-resolved (η) reflection spectra
along each sample azimuthal angle φ, as shown in Fig. 3(c).
Figure 3(d) shows the measured spectra when s ∼ 120 nm
and s ∼ 190 nm. The dispersions of the resonant modes in
the SB and AB are clearly presented, which agree with the
simulated reflection spectra, as shown in Fig. 3(g). The blue
shifts of the measured resonances originate from the
dimensional deviation of the fabricated samples. When η
approaches 0°, the Fano resonant structures disappear,
indicating the existence of BICs. The resonance linewidth
of the SB is noticeably narrower than that of the AB when
s ∼ 120 nm, which provides preliminary evidence for
destructive interference.
We then rotated the samples and recorded the reflection

spectra under the illumination of s-polarized input lights at
a fixed η of 4°. The reflectance peak amplitudes scale with
Rpeak ∝ cos2β [26], where β is the angle between the input
light polarization and the major axis of the polarization
ellipses. Consider that the sample azimuth angle is φ, the

input polarization vector is then ½− sinφ; cosφ �T . If the
topological charge is þ1 (−2), as shown in Fig. 2(b), the
polarization vector is ½−sinφ; cosφ �T (½− cos 2φ; sin 2φ �T)
and then Rpeak ∼ 1 (Rpeak ∼ sin23φ). Hence, as the samples
are rotated by 180°, the reflectance at the resonances remains
unchanged when ν ¼ þ1 while Rpeak oscillates by 3 cycles
when ν ¼ −2. Figures 3(e) and 3(h) shows the measured and
simulated φ-dependent reflection spectra. It can be seen that
when s ¼ 120 nm, the resonant peaks for the SB oscillate 3
times while those for the AB remain nearly unchanged.
When s ¼ 190 nm, the resonant peaks for both bands do not
oscillate. The experimental results are consistent with the
simulated ones. These results indicate that we observed a
topological transition of polarization singularities simply by
changing the thickness of the BM spacer layer.
Figures 3(f) and 3(i) present the measured Q factors of

the resonances, extracted from angle-resolved reflection
spectra via a established fitting procedure [57,58] (see
Fig. S8 in the Supplemental Material [49]). When
s ∼ 190 nm, the AB and SB modes exhibit comparable
Q factors, consistent with theoretical expectations. Notably,
at s ∼ 120 nm—where destructive interference is predicted
—the SB mode shows higher Q factors than the AB mode
for η < 2°, reaching a maximum value exceeding 1000 at
η ∼ 0.85°. This confirms a measurable Q enhancement
attributable to bilayer destructive interference. However,

FIG. 3. (a),(b) SEM images of the fabricated BMs. (c) Measurement configuration of the angle-resolved reflection spectra. (d),
(g) Experimental and simulated angle-resolved reflection spectra. (e),(h) Experimental and simulated azimuth-angle dependence of the
reflection spectra. (f),(i) Extracted Q factors of the BMs with s ¼ 120 nm and s ¼ 190 nm.
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the scaling behavior of the SB mode deviates substantially
from the predicted Oðη−4Þ trend.
To understand this discrepancy, we systematically evalu-

ated the influence of various fabrication imperfections—
including TiO2 nanopillar parameters (radius, height,
refractive index), spacer thickness, substrate-superstrate
asymmetry, and interlayer alignment error—on the Q
factors and their angular scaling (see Supplemental
Material for details [49]). Our analysis reveals that the
Oðη−4Þ scaling remains robust against all parameter var-
iations except alignment errors. Although a 5-nm misalign-
ment disrupts the ideal scaling law, the simulated Q factors
of the SB mode remain on the order of 104–105, still
surpassing those of the AB mode. This suggests that
alignment inaccuracy alone cannot account for the signifi-
cantly lower Q values obtained in experiments.
We therefore ascribe the significant discrepancy of the

measured Q factors to the limited wavelength resolution of
our spectrometer. Recent studies on BICs have successfully
measuredQ factors as high as 105–106 using tunable lasers
with sub-picometer-scale wavelength resolution [59–61].
In contrast, the spectrometer used in our experiments has a
resolution of ∼0.063 nm, which is insufficient to accurately
resolve such high-Q resonances by fitting procedures. The
recently demonstrated laser-scanning angle-resolved spec-
troscopy technique [61] offers a promising path toward
resolving the Oðη−4Þ scaling in future experiments.
Conclusions—We demonstrate theoretically and exper-

imentally that the topological charges (ν ¼ 3nþ 1) of BICs
in C3-symmetric bilayer metasurfaces can be dynamically
tuned from fundamental charges (n ¼ 0) to high-level
charges (n ¼ −1) by adjusting the spacer thickness.
Theoretically, we establish that this topological transition
is triggered by the vanishing first-order derivative of far-
field radiation at Γ, induced by bilayer destructive inter-
ference. Experimentally, we observe the transition through
angle-resolved reflection spectroscopy. Our work provides
a symmetry-preserved approach to control BIC topological
charges and quasi-BIC Q factors, critical for tunable vortex
lasers [62], ultrasensitive sensors [63], and other vortex-
based devices. Crucially, we reveal that far-field radiation
derivatives—not just the radiation itself—can drive non-
trivial topology, offering a new degree of freedom to
explore BIC physics. Furthermore, the Q-factor enhance-
ment originates from destructive interference in far-field
radiation, and can persist at spacer distances far beyond the
range of near-field coupling, enabling greater flexibility in
enhancing light-matter interactions.
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