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Metasurfaces with spin-selective transmission play an increasingly critical role in realizing optical chiral responses,
especially for strong intrinsic chirality, which is limited to complex three-dimensional geometry. In this paper, we
propose a planar metasurface capable of generating maximal intrinsic chirality and achieving dual-band spin-
selective transmission utilizing dual quasi-bound states in the continuum (quasi-BICs) caused by the structural
symmetry breaking. Interestingly, the value of circular dichroism (CD) and the transmittance of two kinds of
circular polarization states can be arbitrarily controlled by tuning the asymmetry parameter. Remarkable CD
approaching unity with the maximum transmittance up to 0.95 is experimentally achieved in the dual band.
Furthermore, assisted by chiral BICs, the application in polarization multiplexed near-field image display is also
exhibited. Our work provides a new avenue to flexibly control intrinsic chirality in planar structure and offers an
alternative strategy to develop chiral sensing, multiband spin-selective transmission, and high-performance cir-
cularly polarized wave detection. The basic principle and design method of our experiments in the microwave
regime can be extended to other bands, such as the terahertz and infrared wavelengths. ©2024ChineseLaser Press

https://doi.org/10.1364/PRJ.507081

1. INTRODUCTION

Chirality is a widespread phenomenon in nature, defined as the
inability to be superimposed with their own mirror image via
either translation or rotation transformation [1], which is fun-
damental to many applications such as circular dichroism (CD)
spectroscopy [2], information processing [3], biosensing [4,5],
imaging [6–8], and broadband wave plate [9]. In nature ma-
terials, contribution from chiroptical effects on light–matter in-
teraction is limited to the insignificant chirality of materials.
Therefore, it is strongly desirable to achieve giant chiral re-
sponses with engineered structures [10]. Recently, chiral meta-
surfaces and metamaterials [11] with properly designed
resonance units have been proposed, including folded metasur-
faces [12], chiral mirrors [13,14], curled metasurfaces [15],

multilayered structures [16], origami-based reconfigurable meta-
materials [17], and fishnet structures [10,18], which show a
broad prospect of application based on strong chiral responses.
However, these intrinsically chiral materials are confined to com-
plicated 3D structures [19–27], which lead to evident fabrication
challenges. As a remedy, we can resort to the so-called extrinsic
chirality of planar structures under oblique incidence [28,29].
However, planar structures with strong intrinsic chirality are pre-
ferrable for its irreplaceable ability to work efficiently under nor-
mal incidence [30] rather than oblique incidence.

Recently, a kind of special eigenmode of wave systems called
bound states in the continuum (BICs) has offered an effective
way to confine waves above the light cones embedded in the
radiation continuum [31–34], which has been exploited in
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applications such as sensors [35,36], lasers [37–39], nonlinear
optics [40–42], near-field imaging [43], beam control [44–46],
on-chip channel-less transmission [46,47], unidirectional radi-
ation [48,49], and wireless power transfer [50]. In theory, BICs
have vanishing linewidths and thus cannot be observed in the
spectrum. In practice, through adding some perturbation,
e.g., the symmetry breaking, the unobservable BIC evolves
to a sharp Fano resonance, so-called quasi-BIC with ultrahigh
Q-factor, that can be accessed externally [51–54]. Owing to the
ultrahigh Q-factors, quasi-BICs can significantly enhance
light–matter interaction, and hence provide a promising ap-
proach to boost chirality responses [28,55–64]. For example,
K. H. Kim and J. R. Kim theoretically proposed a chiral dielec-
tric metasurface that possesses giant chirality empowered by
single quasi-BIC through breaking the in-plane inversion and
mirror symmetries simultaneously [59]. Shi et al. revealed an
exquisite planar design supporting one chiral quasi-BIC and
observed experimentally near-perfect circular dichroism [60].
However, the intrinsic chirality of these metasurfaces empow-
ered by quasi-BIC is restricted to a single chiral resonance.
More importantly, the CD value cannot be controlled by ad-
justing structural parameters without frequency shifts. It limits
the potential applications of chiral BIC on multiband spin
selection. Therefore, achieving giant and tunable intrinsic chi-
rality at multiple fixed wavelengths in a planar metasurface
is still challenging yet desirable for polarization multiplexed
applications.

In this paper, we theoretically and experimentally demon-
strate a planar metasurface capable of generating maximal in-
trinsic chirality and achieving tunable dual-band spin-selective
transmission through dual quasi-BICs. The gigantic intrinsic
chirality and spin-selective transmission originate from the
combined manipulation of the quasi-BICs and symmetry of
the structure. By breaking either in-plane inversion symmetry
or out-of-plane symmetry, the dual BICs can be transformed
into dual quasi-BICs, and the chiral dual quasi-BICs can be
constructed by breaking both symmetries simultaneously.
Most importantly, the value of CD and the transmittance of
two spin states [left circularly polarized (LCP) and right circu-
larly polarized (RCP)] at dual band can be arbitrarily controlled
by tuning the asymmetry parameter. Based on dual quasi-BICs,
both the maximal transmittances are more than 0.94 of the
chosen circularly polarized light, while its counterpart is close
to zero. The measured maximal CD at two different frequencies
approaches 0.95, with the maximum transmittance exceeding
0.9. Finally, as a potential application of the giant chiral re-
sponse, the spin-dependent near-field image display based on
the visualization of the metasurface consisting of chiral enan-
tiomers is also exhibited. Our work provides a path to design
chiral nonlinear optics devices [65], narrowband spin-selective
pass filters [66], and circular polarization multiplexed sen-
sors [67].

2. MODEL AND METHOD

An original schematic of the proposed planar metasurface is
shown in Fig. 1(a). The unit cell possesses the C3 rotational
symmetry with period P, as shown in the inset. The original
metasurface consists of an array of three parallel metal dimers

supported by a commercial printed substrate F4BM (εr � 2.2,
tan δ � 0.009). Here, the material of metal dimers is selected
to be copper. One can see that the proposed dimer composed of
two metal strips satisfies three types of mirror planes: two mir-
ror symmetry planes σ1 and σ2, the normals of which are in the
x–y plane, as shown in Fig. 1(b); and one mirror symmetry
plane σ3, the normal of which is out of the x–y plane. It is
obvious that the original single-layer metasurface is achiral since
its mirror symmetries are not broken. Therefore, the structure
cannot distinguish between light with different pseudospins,
i.e., LCP or RCP lights. To achieve giant chirality and spin-
selective transmission in the spectra, one can simultaneously
introduce two parameters, rotating angle θ [i.e., the metal strips
rotate in the x–y plane at an angle θ around their respective
centers, as shown in Fig. 1(c)] and vertical offset d [i.e., shifting
a metal strip around the z direction, as shown in Fig. 1(d)] to
establish a chiral metasurface that breaks all mirror symmetries,
as illustrated in Fig. 1(e). It is worth noting that rotational
deformation occurs in the x–y plane, breaking the in-plane
symmetry, and the mirror symmetry plane σ2 disappears.
The introduction of vertical offset refers to the deforma-
tion in the z direction, which is considered to break the out-
of-plane symmetry, and the mirror symmetry planes σ1 and σ3
disappear.

The time dependence of waves propagating along the pos-
itive direction is assumed as e−iωt . The wave-polarized complex
unit vectors are expressed as

(b) (c)

d d

(d) (e)

LCP RCP(a)

Fig. 1. (a) Schematic diagram of the original achiral metasurface
supporting perfect BICs and a partial magnification of the lattice is
shown on the right side. The unit cell with honeycomb lattice constant
p consists of three dimers possessing the C3 rotational symmetry.
w and l are the width and length of each metal line in a dimer, re-
spectively, and the gap between parallel metal wires is set to g.
(b) Parallel metal wires and their lattice hosting dual BIC resonances.
Two types of mirror symmetry planes, σ1 and σ2, satisfied by the
dimer are indicated. (c), (d) Metal wires rotated by θ or vertically offset
by d, respectively, and the unit cell of their lattice hosting dual quasi-
BIC resonances but still no chirality. (e) Metal wires rotated by θ and
vertically offset by d, and the unit cell of their lattice hosting dual
quasi-BIC resonances with chirality. All metal wires are identical
and the colors indicate location on different sides of dielectric slab.
Relative orientation and offset of electric dipole moments character-
izing BIC and quasi-BIC eigenstates are shown on the top for each
dimer type.
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e� � ex � ieyffiffiffi
2

p , (1)

where e− and e� correspond to LCP and RCP, respectively.
Typically, such reflection-transmission problems can be de-
scribed by an S-matrix equation. The key optical parameters
to characterize the chiral response of the system are values
of CD and optical rotation (OR):

CD � jtRj2 − jtLj2
jtRj2 � jtLj2

, OR � �arg�tR� − arg�tL�	∕2, (2)

where tL and tR are the transmission coefficients of LCP and
RCP, respectively. In the following, the underlying physical
mechanism of chirality and spin-selective transmission will be
clearly explained by manipulating symmetry of the structure.

The electric resonance of parallel metal strips excited by a
normally incident wave can be characterized by a pair of electric
dipole moments P1,2, as shown in Fig. 1(b). For an incident
wave polarized along the unit vector e, with a wave vector k
along the z axis, its coupling with the eigenstates could be
estimated through integrating the current density [56,68]:

me ∝
Z

0

V 1,V 2

dr�j�r� · e	eikz � −iω�P1 · eeikz1 � P2 · eeikz2�,

(3)

where me is the coefficient describing the coupling of circularly
polarized waves and dipole eigenstate; j�r� represents the cur-
rent density; P1,2 are the dipole moments located at the metal
surfaces; V 1 and V 2 are the volumes of a pair of metal strips,
respectively; the dipole moments P1,2 are parallel or antiparal-
lel, i.e., P1 � �P2, z1 � z2. When P1 � −P2, Eq. (3) can be
written as me ∝

P
iPi · eeikz � �P1 · e� P2 · e�eikz � 0, indi-

cating that this eigenstate completely decouples from the
incident wave for all polarizations due to symmetry protec-
tion. Interestingly, the antisymmetric eigenstate corresponds
to BICs. However, perfect BICs are quite unusual since they
have vanishing spectral linewidths and thus cannot be observed
in the spectrum.

Next, we convert BICs to quasi-BICs with sharp Fano-type
line profiles by breaking in-plane or out-of-plane symmetry and
further introduce chirality to realize spin-selective transmission.
First, we break the in-plane symmetry by introducing a rotating
angle θ, which eliminates the mirror plane σ2, as shown in
Fig. 1(c). As a result, the dipole moments P1,2 no longer cancel
each other out. The coupling coefficient can be derived from
Eq. (3) as m� � m− ∝ i

ffiffiffi
2

p
p sin θ, which means the opposing

circularly polarized states are coupled to the structure.
Therefore, by breaking in-plane symmetry, the BICs transform
into the quasi-BICs. It is noted that the structure cannot
yet distinguish between the two circularly polarized waves
(i.e., LCP and RCP waves) due to m� � m− [56].

In addition to breaking in-plane symmetry, we can also
break the out-of-plane symmetry to obtain quasi-BICs by
introducing a small vertical offset d between the two metal
sheets in the z direction indicated in Fig. 1(d). The actual dis-
placement between dipoles is approximately equal to the rela-
tive vertical shift d of the metal strips, i.e., d � z1 − z2. Thus,
the corresponding coupling coefficients for circularly polarized

waves are m� � m− ∝ peikd sin�kd∕2�, which means the
structure is also achiral as the mirror plane σ1 remains.

To obtain chirality, one needs to break all mirror symmetry
planes of the structure through introducing vertical offset d and
rotation angle θ simultaneously, as illustrated in Fig. 1(e). The
coupling coefficient for different circularly polarized waves can
be estimated as

m� ∝ peikd sin�θ� kd∕2�, (4)

which explains the emergence of resonances with chirality.
Only if all symmetry planes are eliminated, the system at nor-
mal incidence is chiral, i.e., m� ≠ m− ≠ 0 [28,56]. Later, we
will prove our theoretical analysis.

3. RESULTS AND DISCUSSIONS

To confirm the above theoretical analysis, we perform numeri-
cal simulation by using a finite-element frequency-domain
solver as a part of the CST Microwave Studio. The Floquet
ports are utilized in the z direction, while periodic boundary
conditions are imposed in the x–y plane. The dimensions of
metal strips are w � 3.6 mm, l � 14 mm, and thickness
t � 0.035 mm. The period of the unit cell p is 50 mm and
the gap g is set to 7.3 mm. By breaking the in-plane symmetry,
we first simulate the transmittance of the achiral metasurface at
d � 0 mm as the rotation angle θ varies from 0° to 12° [cor-
responding to Fig. 1(c)], as shown in Fig. 2(a). Then, we also
give the simulated transmittance of the structure as d varies
from 0 to 2 mm [corresponding to Fig. 1(d)], by adjusting
the thickness of the dielectric layer to break the out-of-plane
symmetry at θ � 0°, as illustrated in Fig. 2(b). It is worth men-
tioning that the offset d is approximately equal to the thickness
h of the dielectric layer because the thickness of the dielectric
layer is much larger than that of the metal wires (h ≫ t). One
can see that no matter whether in-plane symmetry or out-of-
plane symmetry is broken individually, the transmittance spec-
tra exhibit asymmetric Fano line shapes for LCP or RCP wave
incidences, as shown in Figs. 2(a) and 2(b). We fit the quasi-
BICs with the classical Fano resonance (see Appendix A). As the

Fig. 2. Evolution of transmission spectra versus (a) divergence angle
θ and (b) vertical d . (c), (d) Simulated transmission spectra of dual
BICs by sweeping θ from −10° to 10° at d � 0 and d from 0 to
3 mm at θ � 0°, respectively.
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symmetries of the structure are not completely broken, the
transmittance spectra of the structure are identical for LCP
and RCP waves.

Here, we are particularly interested in two branches of
higher frequencies whose resonance linewidth enlarges notice-
ably as asymmetry parameters gradually increase. In particular,
the resonance linewidth of the two modes disappears when ex-
ternal perturbation θ or d is zero since the antiparallel dipole
moments are completely canceled. Namely, symmetry-pro-
tected dual BICs can be supported in the proposed structure
where the two modes correspond to dual quasi-BICs [69–71].
Herein, we choose the LCP wave as a case to intuitively show
the evolution of BICs to quasi-BICs and re-simulate the trans-
mittance of the structure in a wider parameters range, as shown
in Figs. 2(c) and 2(d). It can be clearly seen that symmetry-
protected dual BICs appear when external perturbation θ and
d are zero. Although the in-plane or out-of-plane symmetry of
the structure can be broken by introducing asymmetry param-
eter θ or d, all mirror symmetry planes of the structure are not
yet broken simultaneously. Therefore, the achiral structure re-
sults in identical electromagnetic response under the excitation
of LCP and RCP waves.

As evidence for the quasi-BICs [corresponding to modes 1
and 2 in Fig. 2(a) or Fig. 2(b)] stems from symmetry-protected
BICs, the surface current distribution and corresponding elec-
tric dipole moments for the LCP wave incidence with different
asymmetry parameters are given in Fig. 3. The blue arrow in-
dicates the electric dipole moments. Since the structure is achi-
ral and the distribution of dipole moments for two distinct spin
states is similar, here we only consider the case under the LCP
wave incidence. One can see that each pair of electric dipoles at
BICs frequencies is strictly antiparallel and cancels each other
out when all mirror symmetry planes are preserved, as shown in
Fig. 3(a). In other words, symmetry-protected dual BICs can
exist in the structure. It should be pointed out that both BIC1
and BIC2 belong to symmetry-protected BICs but there are
different eigenstates. As can be seen from Fig. 3(a), the surface
currents are mainly concentrated on the inner side of the metal
strips for BIC1, while they are concentrated on the two sides of
the metal strips for BIC2. To transform perfect BICs into

quasi-BICs, we first introduce an external perturbation, θ,
to break the in-plane symmetry [52]. Dipole moments cannot
completely cancel out because of the rotation angle θ ≠ 0°, as
shown in Fig. 3(b). The corresponding coupling coefficient for
different circularly polarized waves can be obtained from
Eq. (3) as me ∝

P
iPi · e ≠ 0.

Another way to break symmetry is to introduce vertical off-
set d , which can break the out-of-plane symmetry [56,57].
When θ � 0°, the surface currents are antiparallel but there
exists an offset along the propagation direction of the incident
wave so that the coupling coefficient between the localized
state and the propagating wave is no longer zero, as shown
in Fig. 3(c). Therefore, the leakage (coupling) of BICs to the
propagating modes gives rise to the formation of quasi-BICs.
Although there are minor differences in asymmetric Fano line
shapes and surface currents under different ways of breaking
symmetry, the dipole moments possess the same directions.
Thus, the dual quasi-BICs resulting from arbitrary symmetry
breaking are essentially identical, which is determined by the
generation mechanism of the symmetry-protected BICs and
the structure itself. However, no matter which way to break the
symmetry, there will always be remaining mirror symmetry
planes σ1 or σ2, as marked in Figs. 3(b) and 3(c), resulting
in the structure being achiral, i.e., m� � m− ≠ 0.

Thus, to achieve the chiral responses, the offset d and ro-
tation angle θ must be introduced simultaneously as indicated
in Fig. 1(e), which means all mirror symmetry planes σ1, σ2,
and σ3 are broken. In this case, the metasurface is transparent to
the incident wave of one spin state at the two frequencies where
the quasi-BICs occur, while suppressing the transmission of its
counterpart. We studied the dependence of the transmittance
on divergence angle θ when offset d � 2.2 mm, as shown in
Fig. 4(a). At θ � 0°, the degeneracy of two spin states leads to
an identical transmittance spectrum for both LCP and RCP
waves. As the angle θ increases, the spin degeneracy is broken
and an apparent asymmetry emerges in the transmission spec-
trum for different polarizations. It is obvious that the chirality
and line shapes at dual quasi-BIC modes have changed dra-
matically. When θ � −8°, the RCP incident wave is almost
unobstructed at both quasi-BIC frequencies and maintains a
high-efficiency transmittance over 0.92, while the transmit-
tance of the LCP wave remarkably reduces to 0.05 (i.e., near
zero). If we overturn d as −2.2 nm, the reversed spin-selective
transmission at dual bands can be observed, as shown in
Fig. 4(b). The reversed chirality can be explained as the inver-
sion of coupling coefficients of eigenstates and different spin
states, which can be quantified by Eq. (3).

We further studied how the chirality assisted by dual quasi-
BICs changes with altering rotation angle. The CD spectra of
the structure with d � −2.2 mm under varying θ indicate that
the chiral response is also completely reversed when the diver-
gence angle θ is rotated in the opposite direction, as shown in
Fig. 4(c). At different structural parameter θ, the resonance
frequencies basically do not shift while the CD values change.
Specifically, the simulated CD of the lower-frequency branch
grows steadily with increasing divergence angle θ up to the
maximum (exceed�0.95) at θ � �12° [blue line in Fig. 4(d)],
while for the higher-frequency branch, the near-unity CD

(a) (b) (c) = 00 °°

dd ≠≠ 00 mmmm

= 00 °°

dd = 00 mmmm

≠≠ 00 °°

dd = 00 mmmm

BIC 1

BIC 2

Quasi-
BIC 1

Quasi-
BIC 2

Quasi-
BIC 1

Quasi-
BIC 2

Fig. 3. (a) Surface current distribution of dual BICs. The unit cell
possesses in-plane and out-of-plane mirror asymmetry. (b) Surface cur-
rent distribution of dual quasi-BICs at θ � 0° and d ≠ 0. (c) Surface
current distribution of dual quasi-BICs at d � 0 and θ ≠ 0°.
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occurs at θ � �5° and the CD value reduced gradually as the
divergence angle continued to increase [red line in Fig. 4(d)].
So far, we have demonstrated that the Fano line shapes and
chirality of the multiband spin-selected resonances under-
pinned by dual quasi-BICs can be modified flexibly by simply
tuning the divergence angle. It is worth mentioning that the
intrinsic loss is also a necessary factor for maximum chirality
(see Appendix B). Therefore, strong tunability makes it possible
to realize dual maximum chiral quasi-BICs by using other ma-
terials or in other frequency regimes. As an example, we extend
the chiral metasurface to terahertz (THz) wavelengths and
prove that perfect dual-band circular dichroism can also be
achieved (see Appendix C).

To experimentally demonstrate dual-band near-unity circu-
lar dichroism, copper and F4BM were selected as the metal
and dielectric substrate, with thickness t � 0.035 mm and
h � 2.2 mm, respectively. We set the structure parameters
as w � 3.6 mm, l � 9.4 mm, and θ � 8° and etch copper
strips on two sides of the dielectric substrate, as illustrated
in Fig. 5(a). The sample is fabricated by standard printed-
circuit-board technique on F4BM substrates. First, wet film
printing and exposure are used to obtain development. Next,
the pattern is electroplated and further etched to form a sample.
The experimental measurements are performed in an anechoic
chamber using microwave broadband horn antennas equipped
with a vector-network analyzer (Agilent PNA network analyzer
N5222A), as shown in Fig. 5(b). At θ � 8°, the metasurface
exhibits an almost perfect intrinsic chirality underpinned by
BIC at 6.35 GHz and 7.43 GHz, as indicated in Fig. 4(d).
The simulated and experimental transmission spectra of the
metasurface with d � �2.2 mm are plotted in Figs. 5(c)
and 5(d), respectively. It can be observed that the multibands
have giant chirality which is reversed when d is opposite. The

theoretical and experimental CD spectra of the meta-
surface with the same thickness of dielectric plates but metal
sheets distributed on opposite sides (d � −2.2 mm and
d � 2.2 mm) are shown in Figs. 5(e) and 5(f ), respectively.
The CD value in simulation at two resonance frequencies
can exceed 0.98 while that measured by experiment merely ex-
ceeds 0.95, which is mainly caused by the inaccurate loss of the
sample material, whereas this small experimental error does not
affect the basic results. It is worth noting that the CD spectra of
RCP waves and LCP waves are reversed when the metal sheets
are distributed on opposite sides. The result of the experiment
is highly consistent with the theoretical simulations, verifying
the existence of maximal intrinsic chiral resonances of the de-
signed structure underpinned by BICs.

Finally, to exhibit the potential application in the multiband
near-field image display of giant intrinsic chiral response em-
powered by dual quasi-BICs, we fabricated patterns containing
numbers “0” or “1” using two enantiomers and simulated the
electric field distribution under LCP and RCP incidence at dif-
ferent frequencies. The pattern array consists of approximately
16 × 8 cells [Fig. 6(a)], where different regions correspond
to different enantiomers with the same θ but opposite
d � �2.2 mm, as shown in the insets. To achieve giant chi-
rality in both bands, we choose θ � 8° where the simulated CD
values of two modes exceed 0.9 and corresponding dual chiral
BICs are at 6.35 GHz and 7.43 GHz denoted by patterns “0”
and “1,” respectively. Since the two enantiomers possess com-
pletely inverse chiral responses for circularly polarized waves,
one can see that, under the LCP illumination, the electric field
intensity distributions in the numbers “0” and “1” area are
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Fig. 5. (a) Schematic diagram of the original achiral metasurface
supporting perfect BICs. (b) Schematic diagram of the microwave ex-
perimental setup. Measured (solid lines) and simulated (dashed lines)
transmittance spectra of the normally incident co-polarized wave at
(c) d � −2.2 mm and (d) d � 2.2 mm. The corresponding circular
dichroism spectra at (e) d � −2.2 mm and (f ) d � 2.2 mm.

(a) (b)

(c) (d)

Fig. 4. Dependence of transmittance spectra of the structure on di-
vergence angle θ at (a) d � 2.2 mm and (b) d � −2.2 mm. The blue
and red lines represent LCP and RCP waves, respectively. (c) CD spec-
tra of the structure with d � −2.2 mm versus rotated angles.
(d) Circular dichroism with varying θ at dual quasi-BICs frequencies.
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strong at two BICs frequencies due to resonant coupling with
the LCP wave, while that in the remaining background area is
weak because there is almost no resonance [the top row of
Fig. 6(b)]. For the RCP incident wave, the opposite is true.
The electric field in the area of the number is weak, while that
in the background area is strong [the bottom row of Fig. 6(b)].
Therefore, the multiband near-field image display can be flex-
ibly controlled by changing the polarization of the incident
wave. And it is evident that the switch between “on” and
“off” states for any BIC frequency can be independently real-
ized by tuning divergence angle θ. It is worth pointing out that
this near-field image display is formed through the highly local-
ized electric field on the structural surface or inside [72,73],
which is different from far-field holographic imaging [8].
The above results exhibit the potential application of chiral dual
quasi-BICs in multifrequency polarization multiplexing near-
field image display.

4. CONCLUSION

In summary, a chiral metasurface possessing maximal intrinsic
chirality and dual-band spin-selective transmission under-
pinned by dual quasi-BICs is theoretically and experimentally
investigated. By properly designing the asymmetric parameters,
an almost perfect multiband circular dichroism (CD � 0.95)
induced by dual quasi-BICs is observed experimentally, which
is in good agreement with the numerical simulation, proving
the validity of the proposed model. In addition, by changing
the divergence angle θ, the line shapes and chirality of the
dual-band resonances can be modified simultaneously. As
a practical example, the polarization-multiplexed near-field

image display assisted by dual quasi-BICs is also exhibited.
Our work provides a new route to design multiband spin-
selective resonators avoiding complicated 3D structures and
oblique incidence. The designed planar metasurface supporting
dual chiral quasi-BICs has great potential in applications such
as spin-selective bio-detection, on-chip chiral manipulation,
and chemical analysis.

APPENDIX A: FANO FITTING OF DUAL
QUASI-BICS

Two asymmetric resonances originated from the interference
between the dipole moment of metal wires and the continuum-
free space. In Figs. 7(a) and 7(b), as d � 0 mm, we fit the curves
of dual quasi-BICs when θ � 6° and θ � 12° with the classical
Fano formula

T �ω� � T 0 � A0

�q � 2�ω − ω0�∕τ	2
1� �2�ω − ω0�∕τ	2

, (A1)

where T 0 is the transmission, q denotes the Breit–Wigner–
Fano parameter, A0 represents the continuum-discrete cou-
pling constant, ω0 is the resonant frequency, and τ is the
resonant linewidth. The Q of quasi-BICs can be evaluated with
Q � ω0∕τ.

APPENDIX B: THE EFFECT OF INTRINSIC LOSS
OF MATERIALS ON MAXIMUM CHIRALITY

We keep all other parameters fixed in Fig. 5(d) and simulate the
transmission of structures with different dielectric loss tangent
tan�δ� of the substrate, as illustrated in Figs. 8(a) and 8(b).
Increasing tan�δ� from 0.004 drastically elevates the jtLj2 mini-
mum for quasi-BIC2 as the losses are critical for the CD. When
tan�δ� increases to 0.01, the jtLj2 minimum of two quasi-BICs
is close to 0, indicating the appearance of maximum chirality.
Increasing tan�δ� far above 0.01 also negatively affects the
CD value, especially for quasi-BIC1. Plot min jtLj2 values as
a function of tan�δ� [see the insets in Figs. 8(a) and 8(b)].
Therefore, intrinsic loss is also a necessary factor for maximum
chirality.

We also discuss how to realize the maximum chirality at
dual quasi-BICs frequencies under different dielectric loss tan-
gent tan�δ�. The simulated transmissions of structures with

n

n

input

(a)

(b)

L input

6.35 GHz 7.43 GHz

Fig. 6. (a) Construction of the pattern containing numbers “0” and
“1.” Insets show the partially magnified lattice. (b) Electric field inten-
sity distributions (2 mm from the surface) of the proposed metasurface
at 6.35 GHz and 7.43 GHz under the normal incidence of circularly
polarized waves.
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Fig. 7. Fano fitting of dual quasi-BICs at (a) θ � 6° and
(b) θ � 12° with d � 0 mm.
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tan�δ� � 0.01, 0.015, and 0.02 are given in Fig. 8(c). With the
increase of loss, longer metal wire l and larger incident angle θ
can make the structure always match the maximum chirality,
which has been proved by their CD spectra in Fig. 8(d). Strong
tunability makes it possible to use different materials or in dif-
ferent bands to achieve maximum chirality.

APPENDIX C: THz METASURFACE
SUPPORTING DUAL BICS WITH MAXIMAL
CHIRALITY

We extend the chiral metasurface to THz wavelengths and
prove that perfect dual-band circular dichroism can also be
achieved. The material of the dielectric plate has been replaced
with silicon dioxide from the original F4BM, ignoring intrinsic
losses at the concerned wavelengths. Here, the dimensions
of metal strips are w � 25 μm, l � 100 μm, and thickness
t � 0.035 μm. The period of the unit cell p is 350 μm and
the gap g is set to 26 μm. As we introduce relative vertical
shift d � −15.5 μm and rotation angle θ � 8°, the transmit-
tance of LCP waves reaches 0.95 at two frequencies, while the
transmittance of RCP waves is close to 0, as shown in Fig. 9(a).

The metasurface exhibits maximal chiroptical response driven by
dual quasi-BICs. With opposite rotation angles θ, the near-per-
fect circular dichroism (jCDj > 0.95) also reverses, as shown in
Fig. 9(b). Therefore, the basic principle and design method
of our experiments in the microwave band can also be extended
to other bands, such as the THz and infrared wavelengths.
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