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Moiré metasurfaces exhibit high optical tuneabilities and
versatile light manipulation capabilities. Both infinite qual-
ity factor (Q factor) and topological vortex configurations in
momentum space (k-space) of the bound state in the contin-
uum (BIC) have introduced new dimensions for light modu-
lation. Herein, we propose a moiré metasurface comprising
two identical square photonic lattices superimposed with
a commensurate angle of 12.68°. By tuning the incidence
angle, the symmetric-protected BICs, Friedrich–Wintgen
BIC, and accidental BIC can be achieved simultaneously
in our moiré metasurfaces. It is found that the quasi-BICs
maintain an ultrahigh Q factor beyond 107. The photonic
band structures manifest that the three types of BICs are at
the center of far-field polarization vortices in k-space, which
have their own topological charges. We experimentally show
that these BICs exhibit high sensitivity to subtle changes in
analyte refractive index for thin-film sensor application. Our
discovery predicts an approach to a highly sensitive multi-
channel terahertz biosensor. © 2024 Optica Publishing Group.
All rights, including for text and data mining (TDM), Artificial Intelli-
gence (AI) training, and similar technologies, are reserved.
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Moiré metasurfaces can be created by the interference of two
or more periodic fringes with relative differences in lattice con-
stants or commensurate angles. This approach is employed to
precisely and easily manipulate the interacting photons [1,2].
Owing to the moiré photonic superlattice layout, such meta-
surfaces exhibit photonic flatband, chirality conversion, and
vortex tenability [3,4]. Compared to the tedious manipulations
of individual meta-atoms and complex spatial arrangements,
moiré metasurfaces can achieve a large-scale functional area of
a photonic device with highly optical tenability by tuning the
twisted angles between individual photonic lattices. Therefore,
moiré metasurfaces have more abundant photonic responses
than their periodic counterparts owing to the quasi-periodicity
of the moiré fringes [5,6]. These properties open up a wide
range of possibilities for the exploration of entirely new physical

phenomena and device architectures. Furthermore, the distin-
guished BIC by considering two types of polarizations has been
proposed in the one-dimensional superlattice [7]. Additionally,
such metasurfaces possess untapped topological characteristics
and infinite Q factors, meaning infinite photonic lifetime on
the state. Particularly, in quasi-periodic structures with well-
defined wave vectors, the bound states in the continuum (BICs)
exhibit far-field topological charges in momentum space. These
unique properties led to numerous applications in lasers [8,9]
and sensors [10,11]. With these advantages, the generation and
manipulation of BICs in the first Brillouin zone (FBZ) of an
artificial moiré photonic superlattice at very low energy level of
meV has not been properly investigated.

Herein, we propose a terahertz moiré metasurface that exhibits
the symmetric-protected BICs (SP-BICs), Friedrich–Wintgen
BIC (FW-BIC), and accidental BIC relying on the incident tera-
hertz mode of TE and TM polarization, respectively. Our moiré
metasurface is constructed by superimposing two initial square
photonic lattices with a commensurate angle of 2α, where the
first layer of the square photonic lattices is twisted counterclock-
wise by an angle, α, and the second layer is twisted clockwise
by an angle, α. The distance between two layers is zero. The
meta-atoms on the site of the square photonic lattices are metal-
lic disks made up of perfect electric conductor (PEC). However,
most of the metals exhibit a PEC behavior at the terahertz band.

Regarding the quasi-BICs that occurred in the twisted bilayer
graphene of the hexagonal lattice close to 10° [6], we hereby
select a specific commensurate angle of 2α= 12.68° at which
the moiré metasurface forms a quasi-periodic photonic super-
lattice with translational symmetry. The schematic diagram is
illustrated in Fig. 1(a). The radius of the disk, r, is 6 µm, and
the spacing between two adjacent disks is 8 µm, resulting in
a square photonic lattice period, p, of 20 µm. The thickness
of all disks is 0.2 µm. Correspondingly, the calculated quasi-
periodicity of the moiré photonic superlattice, Lm, is 128.06 µm
[12]. The size of the proposed metasurface is 1 cm2. Figure 1(b)
shows the schematic diagram of the moiré metasurface excited
obliquely by planar terahertz waves. The terahertz transmittance
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Fig. 1. (a) Schematic of the initial square photonic lattice and the
corresponding moiré fringes. The circular dots indicate the disks of
PEC. α denotes the twisting angle, and the dashed area marks the
unit cell. (b) Schematic diagram shows a terahertz pulse obliquely
incident on the proposed moiré metasurface.

of the moiré metasurface was simulated by using the frequency-
domain solver of the CST Microwave Studio platform. Periodic
boundary conditions were applied along the x and y directions,
while perfectly matching layers were applied along the z direc-
tion. The mesh is set to adaptive mode. The incident terahertz
pulse is parallel to the xy-plane at an angle θ relative to the z
axis. Here, the in-plane terahertz polarization is in the transverse
electric mode (TE mode), while the out-of-plane polarization
is in the transverse magnetic mode (TM mode). The photonic
band structure is obtained by using the eigenfrequency solver in
COMSOL Multiphysics [13]. The permittivity of polyimide, ε,
is 3.5, with the thickness of 75 µm.

The transmittance of the proposed moiré metasurface versus
the oblique incidence angle of terahertz waves and the Q fac-
tor trajectories of different types of quasi-BIC as a function of
oblique incidence angle are presented in Fig. 2. In the case of
the TM mode excitation, the v1 and v2 resonance modes exhibit
anti-crossing behavior as the incidence angle θ increases. The
ν1 and ν2 resonance modes at 1.45 THz vanishes at an incidence
angle of θ = 15.4°, marked by a white circle in Fig. 2(a). As θ
deviates from 15.4°, a transmission dip gradually appears in the
transmittance spectrum. Here, we consider the general scenario
where the two resonances have different frequencies ν1 and ν2

with different radiation rates γ1 and γ2. The two resonances
radiate into the same channel, so interference of terahertz radia-
tion gives rise to the coupling term. The effective non-Hermitian
Hamiltonian can be written as follows [14]:

H =
(︃
ν1 κ
κ ν2

)︃
+ i

(︃
γ1 ±

√
γ1γ2

±
√
γ1γ2 γ2

)︃
, (1)

where ν1 and ν2 are the resonant frequencies of two modes, γ1

and γ2 are the decay rates, and κ and±(γ1γ2)−1/2 are the near-field
coupling and the far-field interference coefficients, respectively.
BIC is reported to emerge when these parameters satisfy the
Friedrich–Wintgen condition:

κ(γ1 − γ2) = ±
√
γ1γ2(ν1 − ν2). (2)

When κ ≈ 0 or γ1 ≈ γ2, Friedrich–Wintgen BICs occur near
the frequency crossings of the uncoupled resonances. In our
case, at an incidence angle, θ = 15.4°, the Friedrich–Wintgen
condition is satisfied since the decay rate of one mode vanishes,

Fig. 2. (a) Transmittance of the proposed moiré metasurface as
a function of frequency and incidence angle in the TM mode exci-
tation. The inset represents the diagram of the first Brillouin zone.
(b) Q factor trajectories of the FW-quasi-BIC and SP-quasi-BIC
in the TM mode excitation. Red curve: Q factor trajectories of the
v1 and v2 resonance modes. Green curve: Q factor trajectories of
the v3 resonance mode. (c) Transmittance of the proposed moiré
metasurface as a function of frequency and incidence angle in the
TE mode excitation. (d) Q factor trajectories of the SP-quasi-BIC
and accidental quasi-BIC in the TE mode excitation. Blue curve: Q
factor trajectories of the v4 resonance mode.

effectively forming a bound state, while the other mode retains
a higher decay rate. In other words, a destructive interference
occurs between distinct modes when the FW-BIC emerges at
theta= 15.4°. Furthermore, the degrading ratio of the radiative
Q factor of the v1 resonance mode as a function of incidence
angle, shown in Fig. 2(b), exhibits asymmetric behavior off the
Γ point, which is the significant evidence of the FW-BIC [15].

Additionally, the v3 resonance mode redshifts from 1.34 THz
to 1.18 THz with the incidence angle tilting gradually from 0°
to 30°. The ν3 resonance mode at 1.34 THz vanishes at an inci-
dence angle of θ = 0°, marked by a white circle in Fig. 2(a).
At θ = 0°, the moiré metasurface exhibits a reflection symme-
try as well as a rotational symmetry owing to the C4 structural
symmetry of the square lattice, modes of the aforementioned
symmetry classes that completely decouple lead a bound state
of one symmetry class embedded in the continuous spectrum
of modes of another symmetry class, and the coupling is for-
bidden owing to the symmetry preservation of the C4 structure.
Regarding the quasi-periodicity in the xy-plane, the 0° rotational
symmetry around the z axis (C4) is preserved, commonly known
as the Γ point in k-space. The SP-BIC at the Γ point can also be
considered as a result of the coupling of the degenerated modes
of the aforementioned symmetry classes [16]. Meanwhile, the
radiative Q factor of the v3 resonance mode is satisfied with the
inverse square formula of the asymmetry parameter a(θ) (Q ∝

a(θ)−2), as shown in Fig. 2(b). As such, the vanished point at
1.34 THz is approved to be a SP-BIC [17].

In the case of the TE mode excitation, the v4 resonance mode
is blueshifted from 1.41 THz to 1.48 THz with increasing angle
of incidence, as shown in Fig. 2(c). The ν4 resonance mode at



7018 Vol. 49, No. 24 / 15 December 2024 / Optics Letters Letter

Fig. 3. (a) Three-dimensional representations of the topolog-
ical band structure around the Γ point. (b) Schematic of a
single polarization vector. Φ: the orientation angle reflecting the
amplitude-proportional relationship between the electric field com-
ponents along the x (Ex) and y (Ey) directions. χ: the inverse tangent
ellipticity reflecting the absolute phase difference between Ex and
Ey components. (c)–(f) Calculated polarization vectors around the
BICs with Q factors as the background in the first Brillouin zone in
both TM and TE mode excitation, respectively.

1.41 THz vanishes at an incidence angle of θ = 0°, indicated on
Fig. 2(c) by a white circle. Similar to the ν3 resonance mode, the
vanished point at 1.41 THz is a SP-BIC, and the correspondingly
radiative Q factor of the v4 resonance mode at the G point satis-
fies the inverse square formula, shown in Fig. 2(d). Interestingly,
the transmittance spectra of the ν4 resonance mode at 1.47 THz
accidentally vanish at an incidence angle of θ = 11.3°, marked
on Fig. 2(c) with white circles. The transmittance spectrum of
the metasurface at an incidence angle of θ = 11.3° exhibits an
asymmetric Fano line shape, indicating that the radiating source
weakly interacts with the free space, thereby significantly reduc-
ing the radiative loss in the moiré metasurface. Owing to the
accidental cancellation of radiation, an accidental BIC is arising.
As shown in Fig. 2(d), the Q factor first exponentially increases
and then exponentially decreases along with a maximal point
that depicts the ideal accidental BIC with infinite Q factor. So,
the vanished point at 1.47 THz is demonstrated to be an acci-
dental BIC. Such an accidental BIC is similar to the dielectric
metasurface excited by the TM mode radiation [18,19].

BICs are identified as topological defects in momentum space,
and the topological charge they carry is defined by the winding
major axis of the polarized states around the BICs [20,21]. The
momentum space of the moiré photonic superlattice excited by

the TE and TM mode terahertz radiation reveals intrinsic topo-
logical properties of all different BICs, as shown in Figs. 3(a) and
3(b). They illustrate the topological band structure around the Γ
point and polarization ellipses formed by electric field vectors.
The topological charges can be defined as follows [20,22]:

q =
1

2π

∮
c
dk · ∇kϕ(k), (3)

whereΦ(k) is the angle between the polarization major axis and
the x axis and c is a closed path in the k-space around the BICs
along the anticlockwise direction. The topological charge can
be identified by counting the winding numbers of polarization
vectors in an anticlockwise direction. The far-field polarization
of the v1, v3, and v4 resonance modes are calculated within
the first Brillouin zone (FBZ) where BICs occur, as shown in
Figs. 3(c)–3(e). Figure 3(f) represents the enlarged image of
the central region near the Γ point in Fig. 3(e). Notably, the
far-field polarization directions exhibit winding around BICs
where the Q factor approaches infinity, forming polarization
vortices. In the TM mode excitation, both the FW-BIC and
SP-BIC are topologically protected by an identical topological
charge of −1. In the TE mode excitation, the SP-BIC at the G
point is topologically protected by a charge of −1, while the
accidental BIC at the off-G point is also topologically protected
but carries an opposite charge of +1, which coexisted at the v4

resonance mode. These topological properties provide another
strong evidence for the existence of BICs [20].

To demonstrate the sensitivity of the abovementioned fabri-
cated moiré metasurface, their performance is evaluated with the
help of a 10 µm thick artificial analyte thin film with different
refractive indices (n). The simulated resulting transmission reso-
nance is shown in Fig. 2, when incident obliquely with terahertz
waves at a fixed incidence angle θ = 22.0°. The chosen angle
of incidence produces sharp resonance of the SP-quasi-BIC,
FW-quasi-BIC, and accidental quasi-BIC, respectively. Here, n
varies from 1.0 to 1.5 with a step size of 0.1. The frequency shift
of the above sharp resonance is shown in Figs. 4(a) and 4(b).
When n increases, the quasi-BIC is redshifted. Sensitivity (S)
is defined as S=∆ν / ∆n in which ∆n represents the difference
in refractive index between the analytes, as shown in Figs. 4(c)
and 4(d). The frequency shift of all the quasi-BICs correlates
well with ∆n. Although the conductivity of a metal and the
loss tangent of polyimide are both having a significant impact
on the Q factor of the quasi-BICs, the quasi-BICs still exhibit
high Q factors in practical applications [23,24]. Additionally, the
integration of micro-electromechanical system technology with
metasurfaces holds promising potential for achieving tunable
optical properties [25].

Table 1 lists the sensitivity of the aforementioned quasi-BIC
in GHz per refractive index unit (GHz/RIU). All the quasi-BIC
shift at 11± 0.5 GHz with n increases by 0.1.

In conclusion, we propose a moiré photonic superlattice com-
posed of two identical square photonic lattices superimposed
with a commensurate angle of 12.68°. Our investigations show
that our proposed design supports the SP-BIC, FW-BIC, and
accidental BIC on-and-off the Γ points when incident with the
terahertz mode of TE and TM polarization, respectively. The
evolution from ideal BICs to quasi-BICs can be induced by tun-
ing the incidence angle θ. It is found that the quasi-BICs maintain
an ultrahigh Q factor beyond 107. The temporal coupled-mode
theory is employed to reveal the underlying physics of the FW-
BIC. The topological band structures manifest that the FW-BIC
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Fig. 4. (a) and (b) Transmittance spectra of the moiré metasurface
sensor with analyte for different refractive indices in both TM and
TE mode excitation, respectively. (c) and (d) Simulated sensitivity
analysis of the sensing model at different quasi-BICs for different
refractive indices.

Table 1. Sensitivity Analysis of the Proposed Moiré
Metasurface for Analytes of Different n

n Sensitivity (GHz/RIU)
FW-Quasi-BIC SP-Quasi-BIC Accidental Quasi-BIC

1.1 9.6 10.4 8.0
1.2 20.8 23.2 18.4
1.3 30.4 34.4 28.8
1.4 41.6 46.4 39.2
1.5 52.0 57.6 51.2

and SP-BIC are at the center of far-field polarization vortices in
k-space, which are both topologically protected with a charge
of −1 in the TM mode excitation. Interestingly, the SP-BIC at
the G point is topologically protected by a charge of −1, while
the accidental BIC at the off-G point is also topologically pro-
tected but carries an opposite charge of +1. This occurs at the
v4 resonance mode in the TM mode excitation. The biosensing
performance of the aforementioned quasi-BICs are evaluated by
introducing a 10 µm thin film of analytes with different refractive

indices ranging from 1.0 to 1.5, and all the quasi-BIC exhibit
11± 0.5 GHz/RIU. Our findings manifest a novel approach to
achieve multiple terahertz BICs with high tunability for medical
biosensor application.
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