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The combination of high-quality-factor (Q-factor) bound states in the continuum (BIC) and chiral metasurfaces has
attracted much attention in the field of photonics. Here, we design and analyze a “sandwich” all-dielectric metasurface with
two silicon cross-shaped cylinders distributed on the upper and lower surfaces of the silica. The transition from symmetry-
protected BIC to chiral quasi-BIC (QBIC) is achieved by innovatively breaking both the mirror symmetry and the in-plane
inversion symmetry of the structure, resulting in a transmittance-ratio circular dichroism (RCD) close to unity and a high Q-
factor. In particular, three chiral QBICs (QBIC1, QBIC2, and QBIC3) are realized in the terahertz band without increasing
the complexity of the structure at each layer. Multipole decomposition and near-field analysis demonstrate that QBIC1
and QBIC2 are dominated by the toroidal dipole and magnetic quadrupole, while QBIC3 is mainly affected by the electric
quadrupole and magnetic quadrupole. In addition, the presence of positive and negative states due to the RCD values of the
structure suggests a spin selectivity for different frequency bands. Theoretical assessment shows a maximum Q-factor of
3.94×104, a maximum sensitivity of 245 GHz per refractive index unit (RIU), and a figure of merit of 7927 RIU−1. The
results reveal a novel approach for selectively modulating circularly polarized light, demonstrating significant potential in
biomolecular detection, high-spectral-resolution chiral biosensors, and chemical analysis.

Keywords: chiral quasi bound states in the continuum (QBIC), all-dielectric metasurfaces, circular dichroism,
sandwich structure
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1. Introduction

In the field of photonics, achieving a high quality factor
(Q-factor) is important. Bound states in the continuum (BICs)
are regarded as an effective method to obtain high Q-factors.
These are localized non-radiative wave modes embedded in a
continuous medium, characterized by zero linewidth and zero
leakage,[1] and are widely used in diverse fields such as optical
sensing and optoelectronic devices.[2] In metamaterials, there
are two primary types of BICs: symmetry-protected BICs and
Friedrich–Wintgen BICs.[3] BICs are essentially dark modes
that do not couple with radiative waves.[4] To overcome the
limitation of no coupling, BICs can be converted into quasi-
BICs (QBICs) by breaking the symmetry, for example by
modifying the structural geometry or changing the angle of the
incident light. QBICs exhibit field-enhanced bright modes and
sharp asymmetric Fano profiles in the spectrum, in addition to
high Q-factors.[5,6] They also have a significant field enhance-
ment effect, can reduce energy leakage and loss to improve the
efficiency of optical processes, and offer a promising platform

for advanced optical modulation.[7,8] The integration of chiral
responses into optical metasurfaces has attracted increasing in-
terest due to the interaction between circularly polarized light
and chiral objects with different helicities.[9]

Chirality, a natural phenomenon in which an object dif-
fers from its mirror image, gives rise to unique optical re-
sponses on metasurfaces.[10] Introducing QBICs into chiral
structures generates pronounced chiral optical responses and
leads to distinct interactions with left- and right-circularly po-
larized (LCP/RCP) light, resulting in circular dichroism (CD)
that can be characterized by measuring the differential light–
structure interactions.[11–15] On chiral optical metasurfaces,
chiral QBICs enable high-Q resonance and enhance light–
matter interactions. This enhancement amplifies the differ-
ential response between LCP and RCP light, giving rise to a
markedly pronounced CD with high potential for applications
such as biosensing, optical detection, and quantum informa-
tion processing.[16–18] By precisely designing and controlling
BICs and chiral structures, selective control of LCP and RCP
light can be achieved, consequently paving the way for the de-
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velopment of novel optical devices and technologies.[19,20]

Tailoring the structure and parameters of metasurfaces en-
ables precise modulation of the polarization, phase, and ampli-
tude of light to improve the chiral response.[21] For example,
Cao et al. have designed metasurfaces made of asymmetri-
cal silicon ellipse pairs. Two QBIC-driven chiral resonances
are excited with a maximum CD of 0.91 and a Q-factor of
7196.[22] Sun et al. have considered a single cell composed
of split-ring resonators by modifying the angle of incidence
of the circularly polarized light, resulting in external chiral-
ity with a maximum CD of 0.17.[23] Shi et al. have proposed
metasurfaces with α-Si columns by introducing in-plane struc-
tural asymmetry, showing a maximum CD of 0.99 and a Q-
factor exceeding 390 at optical frequencies.[24] However, most
studies on chiral metasurfaces have focused on achieving chi-
ral QBICs by breaking the out-of-plane symmetry or perturb-
ing the mirror symmetry. The design and realization of chiral
metasurfaces capable of simultaneously attaining both a high
Q-factor and a high CD remain challenging and require sys-
tematic investigation.

Herein, a two-layer chiral metasurface of cross-shaped
silicon cylinders is designed. By simultaneously breaking the
in-plane and mirror symmetry of the “sandwich” structure,
high Q values as well as transmittance-ratio circular dichro-
ism (RCD) are achieved. The numerical results show that
the RCD of this sandwich structure exhibits both positive and
negative forms, with a maximum RCD of 0.995 and a maxi-
mum Q-factor of 3.94×104. The maximum sensitivity (S) is
245 GHz per refractive index unit (RIU) and the figure of merit
(FOM) is 7927 RIU−1. Notably, we demonstrate higher sen-
sitivity and FOM than in prior works. The contributions of
magnetic quadrupole (MQ), toroidal dipole (TD), and electric
quadrupole (EQ) modes to the three chiral QBICs are analyzed
by multiple field analysis and decomposition. The effects of
structural parameters on RCD are investigated by numerical

simulation. The all-dielectric metasurface is shown to achieve
near-unity RCD, high Q-factors of several orders of magni-
tude, and enhanced localized fields. The linewidth (i.e., spec-
trally selective) and chirality (i.e., spin-selective) of the meta-
surface can be flexibly tuned by varying the chiral asymmetry.
The results establish a practical framework for terahertz radi-
ation modulation of chiral all-dielectric metasurfaces, which
have high potential in terahertz sensing systems.[25,26]

2. Theory and model
2.1. Structure and modeling

The two-layer cross-shaped cylinder structure is depicted
in Fig. 1(a): two cross-shaped silicon cylinders are asymmet-
rically arranged on the top and bottom surfaces of the silica
substrate. Compared with structures having rectangular cross
sections, less mesh accuracy is required. The reduced preci-
sion needed for meshing results in lower losses, improved effi-
ciency, and higher process robustness.[27] The substrate lattice
is Px = Py = P = 300 µm, its thickness is H = 130 µm, and
the refractive index is 1.46. The refractive index of the model
structure is 3.7, and the symmetric metasurface is shown in
Fig. 1(b). To obtain a chiral QBIC, both the in-plane symme-
try and the mirror symmetry are broken so that the four arm
lengths of the cross-shaped cylinder become L1 = L− 1.5α ,
L2 = L− 0.5α , L3 = L + 0.5α , and L4 = L + 1.5α , where
L = 54 µm, and the width of the arms is W = 36 µm. In
the symmetry-breaking process, the positions of L1 and L3

are interchanged, while the structural parameters of the cross-
shaped cylinder remain unchanged. The top view of the sym-
metric and asymmetric structure of a single unit is presented
in Fig. 1(c). We set periodic boundary conditions in the x and
y directions and a perfectly matched layer in the z direction to
absorb the reflected wave energy. The theoretical analysis is
performed using the finite-element frequency-domain solver.
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Fig. 1. (a) Single asymmetric metasurface, (b) symmetric metasurface, and (c) top view of symmetrical and asymmetrical structures.
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2.2. Multipole decomposition

To elucidate the mechanisms of the three chiral QBIC
modes, multipole decomposition is adopted. It can be cate-
gorized into the electric dipole (ED), magnetic dipole (MD),
EQ, MQ, and TD modes,[28,29] which are represented by the
following expressions:

P =
1

iω

∫
jd3r, (1)

M =
1
2c

∫
(r× j) d3r, (2)

T =
1

10c

∫ [
(r× j)r−2r2 j

]
d3r, (3)

Qαβ =
1

2iω

∫ [
rα jβ + rβ jα −

2
3
(r · j)δαβ

]
d3r, (4)

Mαβ =
1
3c

∫ [
(r× j)

α
rβ +(r× j)

β
rα

]
d3r, (5)

where j represents the current density, c is the speed of light,
ω is the angular frequency, and P, M, Qαβ , Mαβ , and T are
the ED, MD, EQ, MQ, and TD moments, respectively.[30,31]

Equations (1)–(5) show the different multipole contributions
to far-field scattering.

2.3. Fano fitting

To demonstrate that the asymmetric parameter α and the
Q-factor exhibit an inverse quadratic relationship with Q =

1/α2, the Fano model fit is applied to the transmittance curve
T for calculation, as shown below:[32,33]

T = T0 +G
[q+2(ω−ω0)/Γ ]2

1+[2(ω−ω0)/Γ ]2
, (6)

where T0 is the background transmittance, G is the continuum-
discrete coupling constant, q is the asymmetry factor, i.e., the
Breit–Wigner–Fano parameter, ω = 2πc/λ is the resonant an-
gular frequency, λ is the resonance wavelength, c is the speed
of light in a vacuum, and Γ is the resonant linewidth.

3. Results and discussion
3.1. Analysis of the chiral QBIC model

When the cross-shaped cylinder possesses symmetry with
a displacement parameter α = 0 µm (arm length L1 = L2 =

L3 = L4 = L), the transmission spectra of all Jones matrix
elements are as shown in Fig. 2(a). Typically, the trans-
mission of terahertz circularly polarized waves can be repre-
sented by a Jones matrix. This Jones matrix is represented as
follows:[34,35]

Jcirc =

(
tRR tRL
tLR tLL

)
, (7)

where ti j (i = R, L; j = R, L, where R denotes RCP and L de-
notes LCP) denotes the transmission coefficient from the input

polarization j to the output polarization i, and the transmit-
tance is given by Ti j = |ti j|2. TLL and TRR denote the polar-
izations under the incidence of LCP and RCP, respectively,
and TLR and TRL denote the cross-polarizations. Since the
symmetry of the structure is not broken, the configuration ex-
hibits mirror symmetry but lacks chirality. Consequently, LCP
and RCP light undergo the same physical interactions with the
structure.[36] Since no distinct excitation modes or energy re-
lations are generated, the transmission properties of LCP and
RCP are identical, as manifested in the transmission spectra
by coincident TLL and TRR curves.

In order to obtain a chiral QBIC, both the in-plane sym-
metry and mirror symmetry are broken. The transmission
spectrum at a displacement parameter α = 10 µm is shown
in Fig. 2(b). For α = 0 µm, the transmission spectrum re-
mains nearly constant at 0.76–0.80 THz. Although this fre-
quency range shows a BIC with infinite Q, it is not observed
in the transmission spectrum due to its non-radiative nature.
When the cross-shaped cylinder metasurface is shifted by
α = 10 µm, three resonance modes appear at frequencies of
0.7614 THz, 0.7768 THz, and 0.7928 THz (marked as QBIC1,
QBIC2, and QBIC3). The orange and green lines indicate the
transmission properties under RCP and LCP incidence and re-
flect the ability of the structure to modulate the transmission of
light with different polarization states.[37,38] The purple solid
line and the blue dashed line indicate cross-polarization of the
incident light when TLR = TRL 6= 0, indicating the presence of
cross-polarization. The CD response originates from the dif-
ferential interaction of the chiral metasurface with LCP and
RCP, resulting in distinct transmission peaks for the two po-
larizations. From the simulated energy band structure maps
and Q-factor trends in Figs. 2(c) and 2(d), it is evident that
the bands labeled red, green, and blue represent the symmetry-
protected BICs at the Γ point, which supports three symmetry-
protected BICs. Figures 2(e)–2(g) show the calculated Q-
factors at different degrees of asymmetry for QBIC1, QBIC2,
and QBIC3, all exhibiting the same inverse quadratic trend as
described by the formula Q = kα−2, where k is a constant.

To determine the physical mechanism, the far-field scat-
tering and near-field electromagnetic field distribution at α =

10 µm were investigated. At α = 10 µm, the contour plots of
the electromagnetic field at different cross sections of QBIC1,
the fitting plots of the Fano model, and the multipole decom-
position are shown in Figs. 3(a)–3(d). As shown in Fig. 3(a),
the total scattering rate of this mode is primarily attributed to
TD, followed by MQ. To further elucidate the mechanism of
the Fano resonance, Fig. 3(b) shows the Fano model fitting of
QBIC1 at α = 10 µm, indicating that the Fano model predic-
tion (red curve) agrees well with the transmission rate (black
line) around the resonance frequency. Figure 3(c) shows the
electric field distribution in the x–y plane, and the two black
arrows in Fig. 3(c) indicate displacement currents in two dif-
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ferent directions. The white ring-shaped displacement current
connects the two ring-shaped magnetic fields in different di-
rections, as shown in Fig. 3(d), corroborating the existence
of the MQ and TD modes. The near-field electromagnetic

field distribution of QBIC1 is consistent with the multipole
decomposition results in Fig. 3(a), further verifying that this
mode stems from the combined contribution of the TD and
MQ modes.
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Figures 4(a)–4(d) show the multipole decomposition,
Fano fitting, and electromagnetic field maps at α = 10 µm.

Figure 4(a) shows that the QBIC2 mode is primarily influ-
enced by the TD and MQ modes. Figure 4(b) presents the
Fano fitting curve to provide information about the interac-
tions and coupling mechanisms between different modes on
the optical metasurface. It shows the Fano model fitting of
QBIC2 at α = 10 µm, indicating that the Fano model predic-
tion agrees well with the transmission rate around the reso-
nance frequency. Figure 4(c) shows the electric field distri-
bution at the y–z cross-section at x = 150 µm, and Fig. 4(d)
shows the magnetic field distribution at the x–z cross-section
at y = 150 µm. The electric field intensity of the QBIC2 mode
is primarily distributed at the interface between the structure
and the substrate. At this location, two counter-directed ring-
shaped displacement currents are formed (white ring-shaped
arrows in Fig. 4(c)). Combined with the ring-shaped magnetic
vectors at the central position in Fig. 4(d), this demonstrates
that the mode is influenced by the TD mode. Figure 4(d) shows
two magnetic vectors with completely different directions on
both sides (two black arrows), proving the existence of the MQ

067801-4



Chin. Phys. B 35, 067801 (2026)

mode. Based on the above analysis, the electromagnetic fields
of the multipole modes in Figs. 4(c) and 4(d) are consistent
with the equipotential line diagram of the multipole contribu-
tions in Fig. 4(a), indicating that the scattering efficiency of the
QBIC2 mode is jointly influenced by the TD and MQ modes.

Figures 5(a)–5(e) show the multipole decomposition,
Fano fitting, surface charge distribution, and electromagnetic
field distribution of QBIC3 at α = 10 µm. Figure 5(a) is the
multipole decomposition diagram, showing that the QBIC3
mode is primarily dominated by the EQ mode, followed by
the MQ mode, while other modes have negligible effects. Fig-
ure 5(b) is the Fano fitting diagram, where the fitted curve
closely matches the simulated curve. Figure 5(c) is the x–y
surface charge distribution diagram, with four pairs of posi-
tive and negative charges symmetrically coupled, indicating
the presence of the EQ mode. Figure 5(d) is the y–z cross-
section electric field diagram at x = 150 µm, showing four
displacement currents with opposite directions distributed at
the contact surfaces between the upper and lower structures
and the substrate. Combined with Fig. 5(e), the x–z cross-
section magnetic field distribution diagram at y = 81 µm and
y = 199 µm, the four magnetic vectors of different directions

confirm the presence of the MQ mode. By comprehensively
analyzing the multipole decomposition and the electromag-
netic field distribution diagrams, QBIC3 is jointly dominated
by the EQ and MQ modes.
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3.2. Analysis of structural parameters of chiral QBIC
models

To illustrate the influence of structural parameters on chi-
ral QBIC-induced CD, the following parameters were cho-
sen: P = 300 µm, W = 36 µm, G = 76 µm, L = 54 µm, and
H = 130 µm. The offset α = 10 µm remains constant. The
chiral response is obtained by varying each parameter individ-
ually. The CD is calculated using a normalized transmittance-
based formula, which more clearly reflects the selectivity be-
tween LCP and RCP light. All CDs reported in the text are de-

fined using transmittance ratios, referred to as transmittance-
ratio CDs (RCDs). In order to prevent the situation where
transmittance is low for both LCP and RCP light, we have also
evaluated the average transmittance (Tavg) as follows:[9,39–41]

RCD =
LCPT−RCPT

LCPT +RCPT
, (8)

Tavg =
LCPT +RCPT

2
, (9)

where LCPT (RCPT) is the transmittance under LCP (RCP)
incidence.
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Fig. 6. Circular dichroism of metamaterial transmission: (a) effects of
cross-shaped cylindrical thickness G on RCD spectra; (b) effects of sub-
strate thickness H on RCD spectra; (d) effects of cross-shaped cylindri-
cal arm length L on RCD spectra; (d) effects of cross-shaped cylindrical
arm width W on RCD spectra.

As shown in Fig. 6, the regularity of the transmitted wave
depends on changes in the structural or material parameters.
Figure 6(a) shows the effects of different thicknesses G of the
cross-shaped cylinder on the RCD. As G increases, the RCD of
the QBIC1 mode gradually becomes evident, reaching a min-
imum value at G = 76 µm. Since the transmittance of linear
LCP is lower than that of RCP, this indicates spin-selective
transmission at different frequency bands, resulting in a nega-
tive RCD value. At this point, RCDmin =−0.996. The center
frequency of the RCD for the QBIC2 mode blueshifts slightly,
and the RCD shows a gradually increasing trend, reaching a
maximum at G = 80 µm with RCDmax = 0.995. The large
blueshift of QBIC3 causes the center frequencies of QBIC2
and QBIC3 to shift from mode 3 to mode 2. The RCD value of
the QBIC3 mode first decreases and then increases, reaching a
minimum value at G = 74 µm with RCDmin =−0.9997. The
RCD spectrum exhibits three inverse resonances, clearly in-
dicating that the cross-shaped cylindrical metasurface has dif-
ferent chiral responses across multiple frequency bands. As
the height of the structure G increases, the effective refrac-
tive index and equivalent optical range decrease, while due
to the sandwich structure studied, it will modulate the rela-
tive phase of the coupling strength and the radiation channel,

resulting in an elevated resonance frequency manifested as a
blueshift. Figure 6(b) shows the effects of different thick-
nesses of the SiO2 substrate H on the superstructure RCD. As
H increases from 120 µm to 140 µm in 5 µm intervals, the
effective optical cavity length between the upper and lower
structures increases and the equivalent refractive index de-
creases, resulting in a higher resonance frequency and an over-
all blueshift. The RCD of the QBIC1 mode reaches a min-
imum at H = 130 µm, with RCDmin = −0.996. The RCD
spectrum of the QBIC2 mode gradually decreases, reaching
a maximum at H = 120 µm, with RCDmax = 0.928. The
RCD value of the QBIC3 mode continuously increases, with
RCDmin = −0.998 at H = 120 µm. To investigate the effects
of arm length on the chiral response of the cross-shaped cylin-
drical structure, the changes in the RCD spectrum are ana-
lyzed as the arm length L increases from 50 µm to 58 µm.
When the structural arm length L is increased, the electro-
magnetic energy distribution of the unit and the equivalent
boundary conditions are reconstructed, which reduces the ef-
fective refractive index and shortens the equivalent optical
range; at the same time, the increase in L will change the
near-field coupling strength and the phase matching relation-
ship between the upper and lower layers, which leads to el-
evation of the resonance frequency and the occurrence of a
blueshift. The RCD value of QBIC1 reaches its minimum
at L = 54 µm with RCDmin = −0.996. The RCD values
of QBIC2 and QBIC3 both reach their maximum and mini-
mum at L = 50 µm, with RCDmax = 0.973 and RCDmin =

−0.9996, respectively. Figure 6(d) shows the effects of the
arm width W on the structural RCD, with the arm width grad-
ually increasing from 34 µm to 38 µm (increasing by 1 µm
each time). In this process, the confinement of the electric
and magnetic fields in the transverse direction is increased,
causing all resonant modes to exhibit significant blueshifting.
The QBIC1 mode shows the minimum RCD value at W =

36 µm, with RCDmin = −0.996. At W = 38 µm, the QBIC2
mode exhibits the maximum RCD value, RCDmax = 0.945.
When W = 37 µm, the QBIC3 mode reaches its minimum
RCD value, with RCDmin = −0.998. Therefore, the differ-
ent couplings between the cross-shaped cylindrical metasur-
face structures and LCP and RCP waves produce different
chiral responses at different frequencies. QBIC1 is a TD-
dominated QBIC, and geometric perturbations continuously
tune the coupling and leakage, while QBIC2 and QBIC3 are
EQ-dominated or multichannel hybrid QBICs, and geometric
perturbations asymmetrically change the multipole interfer-
ence and LCP/RCP coupling difference, resulting in stronger
and more complex changes in RCD. Compared with QBIC1,
QBIC2 and QBIC3 have larger radiative losses leading to Q
limitation, while QBIC3 is dominated by EQ, and its mode
coupling to free-space radiation is more likely to be turned on
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in the presence of structural asymmetry. Therefore, we need to
enhance the radiative cancellation to suppress the residual low-
order radiative components and reduce the additional leakage
due to substrate asymmetry and processed scattering.

To investigate the strong chiral response of the cross-
shaped cylindrical structure, the transmission spectra for LCP
and RCP incidence under three chiral QBIC modes with the
maximum absolute value of RCD are shown in Figs. 7(a)–
7(f). When α = 10 µm, Figs. 7(a) and 7(b) show the trans-
mission spectra and RCD spectra of QBIC1 for G = 76 µm,
H = 130 µm, L = 54 µm, and W = 34 µm. Owing to the
significant difference in transmission rates between LCP and
RCP, the RCD of QBIC1 reaches its minimum value at this
point, with RCDmin = −0.996. Figures 7(c) and 7(d) show
the transmission spectrum and RCD spectrum at G = 80 µm,
H = 130 µm, L = 54 µm, and W = 34 µm. The transmis-
sion rate for LCP is higher than that for RCP. At this point,

the RCD of QBIC2 exhibits a positive value, with a maximum
RCDmax = 0.995. Figures 7(e) and 7(f) show the transmission
diagram and RCD spectrum for G = 74 µm, H = 130 µm,
L = 54 µm, and W = 34 µm. The RCD of QBIC3 exhibits a
negative value, with RCDmin = −0.9997. To avoid practical
issues that may arise when the transmittance under either LCP
or RCP incidence approaches zero, we further analyzed the av-
erage transmittance for LCP and RCP, as shown in Fig. 7(g).
In addition, Fig. 7(h) illustrates the dependence of the struc-
ture’s RCD on α for different values of the asymmetry param-
eter. As α increases, the center frequencies of the RCD in
the three chiral QBIC modes do not shift significantly. How-
ever, the linewidths of the QBIC2 and QBIC3 modes gradu-
ally increase, exhibiting a trend of shifting toward the QBIC3
mode. Accordingly, the significant difference in transmittance
between the two different spin states indicates a strong intrin-
sic chiral response on the chiral metasurfaces.[42–44]
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Fig. 7. Transmittance and RCD spectra under LCP and RCP incidence for different chiral QBIC modes: (a), (b) transmittance and RCD spectra
of QBIC1; (c), (d) transmittance and RCD spectra of QBIC2; (e), (f) transmittance and RCD spectra of QBIC3;(g) average transmittance under
LCP and RCP; (f) effects of different asymmetry parameters α on the RCD of the structures.

3.3. Analysis of sensing characteristics of chiral QBIC
models

For ultra-high sensitivity, significant progress has been

achieved with extensive applications in fields such as biosen-

sors and environmental monitoring. Consequently, we inves-

tigated the sensing performance of the proposed metasurface.

Due to its narrow full width at half maximum (FWHM) and

RCD approaching unity, it can detect minute variations in the

refractive index of the surrounding environment. Its sensitivity

S and FOM are expressed by the following formulae:[45]

S =
∆ f
∆n

, (10)
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FOM =
S

FWHM
, (11)

where∆n is the change in refractive index and ∆ f is the shift
of the center frequency with ∆n.

We investigated the RCD as a function of the environ-
mental refractive index n ranging from 1.00 to 1.04. As shown
in Fig. 8(a), all three chiral QBICs exhibit a blue shift with
increasing refractive index n. To quantify the sensitivity of
the proposed structures, the refractive indices corresponding

to the band positions of the three QBICs were fitted linearly,
as depicted in Fig. 8(b). The maximum coefficient of determi-
nation R2 in the figure can reach 100%. The fitting results in-
dicate that the maximum S is 245 GHz/RIU from QBIC3. The
sensitivity advantage of QBIC3 comes from its stronger inter-
facial electric field with a larger ambient field energy share,
and the sensing sensitivity is dominated by the ambient cou-
pling weights rather than by the Q value alone. The maximum
FOM is 7927 RIU−1.
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Fig. 8. (a) RCD spectra for refractive indexes going up from 1.00 to 1.04. (b) Linear fitting of QBICs and refractive index.

In summary, our cross-shaped cylindrical metasurfaces
achieve a high Q and a chiral response, RCD, in the terahertz
band, showing three chiral QBICs without introducing com-
plex interlayer structures. The field-enhanced nature of the
high-Q resonance makes the device more sensitive to ambient
refractive index and weak chiral perturbations, which signifi-
cantly improves the sensing frequency modulation efficiency

and reduces the detection limit. By optimizing the structural

parameters, we have also achieved dynamic tuning of the de-

vice performance, including sensitivity and circular dichroism.

A comparison of our results with previous ones reveals that

this structure has a superior high Q and a giant chiral response,

as shown in Table 1.

Table 1. Comparison of chiral responses between our design and those reported recently.

Reference Material Waveband CD Q-factor S FOM

[46] Si 938–940 nm 0.98 3216 47.9 nm/RIU 163 RIU−1

[47] Si 8.4–9.9 GHz ∼ 2303 67 GHz/RIU 7023 RIU−1

[22] Si 49–54 THz 0.91 7196 12.87 THz/RIU 1371 RIU−1

[48] Au 0.1–0.7THz 0.52 4.45 39.4 GHz/RIU –

[49] Si 1470–1500 nm 0.94 2×104 136.2 nm/RIU 1135 RIU−1

This work Si 0.75–0.81 THz > 0.99 3.94×104 245 GHz/RIU 7927 RIU−1

4. Conclusion

In this work we designed and analyzed a double-layer all-
dielectric cross-shaped cylindrical structure metasurface. By
simultaneously breaking the planar symmetry and mirror sym-

metry of this structure, three chiral QBICs were generated in

the terahertz frequency band. Numerical simulation disclosed

a pronounced chiral response and high Q-factors, showing a

maximum Q-factor of 3.94×104, S of 245 GHz/RIU and FOM
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of 7927 RIU−1. By analyzing the effects of different struc-
tural parameters on the RCD spectra, the irradiance, linewidth
and operating frequency of the chiral response can be tuned
flexibly. The thickness of the cross-shaped cylindrical struc-
ture affects the coupling between the upper and lower struc-
tures. The electromagnetic field distribution of each mode
was analyzed in detail, and the dominant role of TD, MQ and
EQ modes in chiral QBICs analyzed by multilevel decom-
position as well as near-field distribution. The variability of
the transmission spectra under LCP and RCP incidence leads
to spin-selective transmission of RCD in different frequency
bands, while RCDmax = 0.995 and RCDmin = −0.999 were
obtained. The cross-shaped cylindrical double-layer metasur-
face structure presents a new design and solution for spin-
selective transmission in multiple terahertz bands with high
potential in chiral optics and chiral biosensors with high Q
values.

Appendix A: Processing steps

Figure A1 illustrates the fabrication procedure for the
metasurface. Prior to fabrication, the fused silica substrates
were cleaned with acetone to remove organic contaminants,
followed by rinsing with isopropyl alcohol and deionized wa-
ter to eliminate residual oil, dust, and other surface impurities.
After the cleaning process, silicon films were deposited onto
the SiO2 substrates using low-pressure chemical vapor depo-
sition (LPCVD). To address the low electrical conductivity of
the SiO2 substrate, the Si film was subsequently coated with
ZEP520 photoresist and AR-PC conductive adhesive. Elec-
tron beam lithography (EBL) was then employed to define the
metasurface pattern in the photoresist layer. After resist de-
velopment, pattern fixation, and etching, the samples were im-
mersed in acetone to remove the conductive adhesive. Finally,
the samples were rinsed with deionized water and dried under
a nitrogen flow to prevent the formation of watermarks.[50,51]

LPCVD Spin resist

EBL

ICP etchingResist removal

Fig. A1. Processing steps for metasurface fabrication.
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