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Steerable chiral optical responses unraveled in planar metasurfaces
via bound states in the continuum
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Chiral metasurfaces, with appealing properties for studying light-matter interactions at the nanoscale, have
emerged as a promising platform for the realization of chiral optical responses, thereby showing advantages
in chirality-related applications. The conventional approaches primarily concentrate on circular dichroism and
the high Q factor of the chiral resonances, while little attention has been paid to the aspects of flexibility
and controllability in the modulation of optical chirality, further inhibiting the implementation of tunable and
multifunctional chiral metadevices. Here, we employ a planar chiral silicon metasurface governed by bound
states in the continuum (BICs) to unravel steerable chiral optical responses. In particular, the BIC-based intrinsic
and extrinsic planar chiralities can be precisely steered by breaking the in-plane symmetry and the illumination
symmetry, respectively. Moreover, a hybrid Si-VO2 metasurface, manifested by the chiral coupled-mode theory,
showcases the feasibility of actively tuning the dissipative loss while maintaining chiral quasi-BICs, then yielding
desired loss-steered optical chirality. Our results provide alternative insights into tunable optical chirality and
pave the way for advancements in chiroptical applications.
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I. INTRODUCTION

Chirality refers to the property of an object in which it
cannot be superimposed on its mirror image through rotations
and translations [1–3]. It is well known that many natural
objects can exhibit chirality, such as conch shells, DNA, and
molecular structures. The study of chirality is of tremendous
significance in scientific research fields, including analytical
chemistry [4], nanomedicine [5], and the search for extrater-
restrial life [6]. As chiral objects interact with light, a unique
optical response termed the chiral optical response can be
induced, characterizing the differences in intensity and phase
between left-handed circularly polarized (LCP) and right-
handed circularly polarized (RCP) light illuminations and
emerging circular dichroism (CD), chiral field enhancement,
and so on [7,8]. However, in many natural chiral materi-
als, the optical chirality is typically weak and challenging
to control. Fortunately, with the remarkable advancements in
nanoscience and nanotechnology, the development of opti-
cal chirality has experienced explosive growth. For instance,
chiral metamaterials consisting of unit cells (meta-atoms)
that employ chiral structural designs can empower chiropti-
cal properties that are beyond the reach of natural objects
[8–13]. Chiral metasurfaces that are two-dimensional meta-
materials composed of periodic or aperiodic subwavelength
artificial structures possess the capability of manipulating
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electromagnetic wave fronts, thus enabling the enhancement
of optical chirality through fine control of materials and the
unit cell geometric configuration [8,14–16]. Compared to
chiral metamaterials, chiral metasurfaces that eliminate one
degree of freedom associated with three-dimensional struc-
tures have been explored in pursuit of both intrinsic planar
chirality at normal incidence [14,17,18] and extrinsic chirality
at oblique incidences [10,19,20]. This reduction not only can
simplify the fabrication process but also can provide good
tolerance of fabrication imperfections. Therefore, owing to
their flat, ultrathin, and compact nature, chiral metasurfaces
have gained prominence in various applications, including
biosensing [21–23], chiral harmonic generation [14,24–27],
and chiral lasing [28,29].

In recent years, the emergence of bound states in the con-
tinuum (BICs) in photonics has provided a promising avenue
for chiroptics [16,30–32]. BICs, which reside in the radia-
tion continuum but are unaffected by damping, were initially
proposed in the field of quantum mechanics [33] and have
subsequently been demonstrated in various wave systems
[34–36], particularly optics. These states have garnered signif-
icant attention due to their infinite-Q-factor property, offering
new possibilities for photonics applications that require strong
light-matter interactions. In practical applications, BICs often
undergo transformations into radiative states that couple with
free space as a result of small perturbations [35,37–41], yield-
ing quasi-BIC (q-BIC) modes that can exhibit characteristics
similar to supercavity modes. This fascinating physical prop-
erty has been successfully harnessed in chiral metasurfaces,
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FIG. 1. (a) Schematic illustration of a planar silicon metasurface
supported chiral BIC, which consists of double-semicircle unit cells
deposited on a quartz substrate. The incident circularly polarized
light acts vertically, along the negative-Z direction, on the metasur-
face. (b) Zoomed view and the related geometric parameters for the
unit cell.

leading to the realization of ultrahigh Q factors and nearly
perfect single chirality [14,16,42,43], expanding the repertoire
of methods and applications for achieving optical chirality.
However, conventional wisdom on chiral metasurfaces is pri-
marily to unveil a perfect single CD and Q factors of chiral
resonances, whereas few studies aim at the utility of flexibil-
ity and accessibility in optical chirality. This limitation also
hinders the design and implementation of tunable and multi-
functional chiral metadevices. Consequently, actively steering
optical chirality while satisfying the requirements for the chi-
rality intensity and Q factor is desired and still needs to be
further explored.

In this paper, we theoretically propose and numerically
demonstrate that a planar chiral silicon metasurface governed
by BICs can be employed to unravel steerable chiral optical
responses that enclose intrinsic and extrinsic planar chiralities.
In particular, the intrinsic planar chirality can be accomplished
by tailoring the in-plane symmetry at normal incidence, while
the tunable extrinsic planar chirality can be implemented
by altering the illumination symmetry at oblique incidence.
Moreover, a hybrid Si-VO2 metasurface is proposed to
enable loss-steered chiral optical responses which is ratio-
nalized based on chiral coupled-mode theory and showcases
the feasibility of actively tuning the temperature-dependent
dissipative loss for achieving desired q-BIC sustained op-
tical chirality. Our results offer an alternative approach
for tunable optical chirality and show advantages in chiral
metadevices.

II. STRUCTURE AND MODEL

Herein, we consider a planar silicon metasurface that con-
sists of periodic silicon double-semicircle (DS) unit cells,
as shown in Fig. 1(a), deposited on a quartz substrate. The
circularly polarized light (CPL), including the LCP and RCP,
propagates along the negative-Z direction and acts vertically

on the metasurface. The related geometric parameters of the
unit cell are presented in Fig. 1(b). R = 200 nm depicts the
radii of the DS structure, with W = 100 nm being the distance
between either of the semicircle centers and the unit cell cen-
ter in the Y direction. H = 350 nm denotes the height of the
DS structure. Px = Py = 800 nm are the periodic lengths of
the unit cell in the X and Y directions, respectively. Moreover,
the numerical simulation of the planar silicon metasurfaces
can be achieved by harnessing the finite-element method,
where the dielectric constants of silicon and quartz are from
Palik’s handbook, with the extinction coefficient κ of silicon at
1000–1200 nm being reduced from 4.90×10−4 to 1.39×10−7

[44,45]. Therein, the perfectly matched layers are set as the
boundary conditions on the front and back sides of the Z
direction, which can enact a reflectionless absorbing medium
that absorbs without any reflected electromagnetic waves at all
frequencies and angles of incidence. The periodic boundary
conditions that ensure the continuous distribution of media
on the boundary are set in the X and Y directions of the
planar silicon metasurface. In particular, the Floquet periodic
boundary conditions are used in both the X and Y directions
for oblique illuminations, and the eigenfrequency solver in
COMSOL MULTIPHYSICS simulation software is used to com-
pensate their phase differences and replicate an infinite planar
array of the unit cell.

III. THE BAND STRUCTURE AND POLARIZATION
MAPS NEAR THE � POINT

To characterize the physics of BICs with chiral properties,
we study the eigenmodes of the planar silicon metasurface that
are analyzed using the eigenfrequency solver (here, COMSOL

MULTIPHYSICS). As shown in Figs. 2(a) and 2(b), the band
structures of three modes (the related wavelengths are from
1025 to 1085 nm) and their quality factors (Q factors) present
at the first Brillouin zone (near the � point) along the M-�-X
direction, respectively. Among them, mode 3 (orange solid
line) shows the characteristics of ideal symmetry-protected
BIC [37,46], thus leading to the Q factor at the � point tending
to infinity, where the considered silicon is without the intrinsic
loss. However, as shown in Fig. 2(d), the eigenpolarization
map elucidates that the at � the BIC occurs as a vortex po-
larization singularity (V point, labeled as a black dot), which
is defined by the Poincaré sphere axes as (S0, S1, S2, S3 = 0)
[31,47]. It has been demonstrated that fine-tuning the geomet-
ric asymmetry of the unit cell can indicate the presence of
intrinsic chirality of the related metasurface. By varying L of
the DS structure and introducing the asymmetric parameter
�S, the in-plane inversion Cz

2 symmetry is broken, as shown in
Fig. 2(c). In this way, L = 10 nm, and the V point is split into
a pair of circularly polarized states (C points, marked as red
and blue dots), defined as (S1, S2 = 0), with opposite chiral
properties in the proximity of the � point [31], as shown in
Fig. 2(e). By further increasing to L = 50 nm, in Fig. 2(f),
the C points move far away from the � point along one of
the diagonal directions in k space. Consequently, the chiral
BIC with adjustable C points in k space in the planar silicon
metasurface holds the key to unlocking high-Q and tunable
chiral optical responses.
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FIG. 2. The simulated band structure and Q factor of the related eigenmodes of the planar silicon metasurface near the � point, as well as
eigenpolarization maps with different values of L. (a) and (b) The band structure and Q factor of the eigenmodes in the vicinity of the � point
with L = 0 nm. (c) Top view of the unit cell suffering from in-plane geometry symmetry breaking that results from the asymmetric parameter
�S. (d)–(f) Eigenpolarization maps, where the polarization states are represented by blue and red ellipses corresponding to left-handed and
right-handed states in k space with L = 0 nm, L = 10 nm, and L = 50 nm, respectively.

IV. INTRINSIC PLANAR CHIRALITY EMPOWERED
BY IN-PLANE SYMMETRY BREAKING

In the following, breaking the in-plane Cz
2 symmetry of

the DS structure, as depicted in Fig. 3(a), we study the in-
trinsic chiral q-BIC responses in planar silicon metasurface
under normal incidence. It is found that the variation of the
related structural parameters of the metasurface, yielding in-
version symmetry breaking, makes the symmetry-protected
BICs transform into chiral q-BICs. Figure 3(b) shows the
transmittance Jones matrix spectra and the CD spectrum of the
chiral q-BIC metasurface with in-plane Cz

2 symmetry breaking
(L = 50 nm). Therein, measured in the far field, the collective
effect of the near-field chiral properties over the entire meta-
surface is defined as the transmittance difference under RCP
and LCP incidences [14,16],

CD = (TRR + TLR) − (TRL + TLL )

(TRR + TLR) + (TRL + TLL )
, (1)

where L and R represent the LCP and RCP, respectively.
Ti j (i = L, R; j = L, R) denotes the transmittance of output
polarization i from the input polarization j. As for the chiral
q-BIC mode at 1062 nm, TRR exhibits a sharp peak [see the
red curve in Fig. 3(b)], whereas TRL displays a dip near zero
[see the orange curve in Fig. 3(b)], with TLL immobilizing
at zero [see the light blue curve in Fig. 3(b)]. Meanwhile,
TLR reveals a low dip, resulting in the realization of RCP →
LCP (24.6%) polarization conversion [see the purple curve
in Fig. 3(b)]. These indicate that an ultrasharp CD spec-
trum can be implemented with a maximum (>0.95) and an

ultranarrow linewidth of 2.2 nm. Subsequently, the Cartesian
multipole expansion (see the Appendix) of the far-field scat-
tering cross section of the chiral q-BIC mode (under RCP
normal incidence) [48] in Fig. 3(c) is dominated by the electric
quadrupole (EQ), with the electric dipole being a secondary
contribution. This behavior can also be validated by the elec-
tric field distribution (color) and magnetic fields Hx and Hy

(vector) from the silicon-quartz interface of the chiral q-BIC
mode governed by the EQ mode in Fig. 3(d). In Fig. 3(e), by
varying L of the DS structure from L = 0 nm to L = 100 nm,
the CD spectra evolve from a BIC (see the red circle) to a
radiative chiral q-BIC with the linewidth increasing from zero
to a finite value, sustaining near-unitary CD peaks values with
finite linewidth. In addition, the Q factor of the chiral q-BIC
modes in Fig. 3(f) is inversely proportional to the in-plane
asymmetric parameter α = �S/S, which is in good agree-
ment with α−2, characterizing the ideal symmetry-protected
q-BIC modes (without considering the loss of the silicon).
As a consequence, the in-plane symmetry breaking of the
DS metasurface can empower the occurrence of tailorable
intrinsic planar chirality via chiral q-BIC responses.

V. EXTRINSIC PLANAR CHIRALITY ENABLED
BY ILLUMINATION SYMMETRY BREAKING

With regard to the customizable intrinsic chiral responses,
we can also access the tunable extrinsic chiral responses
under oblique incidence. As illustrated in Fig. 4(a), the illu-
mination symmetry breaking, namely, the out-of-plane mirror
symmetry breaking, can be achieved by varying the incident
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FIG. 3. (a) The side view of the unit cell in the planar silicon metasurface under normal incidence. (b) The transmittance Jones matrix
spectra of TRR, TRL , TLR, and TLL and the CD spectrum of the chiral q-BIC metasurface with symmetry breaking (L = 50 nm). (c) The Cartesian
multipole expansion of the scattering cross-section spectra of the chiral q-BIC mode in (b). (d) The electric field distribution (color) and
magnetic fields Hx and Hy (vector) of the chiral q-BIC mode governed by the electric quadrupole. (e) The evolution of CD spectra by varying
L. (f) Dependence of the Q factor of the chiral q-BIC modes on the in-plane asymmetric parameter �S/S. The orange solid line exhibits an
inverse quadratic fitting.

FIG. 4. (a) The side view of the unit cell in the planar silicon metasurface under oblique incidence. (b) The transmittance Jones matrix
spectra and the CD spectrum of the chiral q-BIC metasurface. (c) The Cartesian multipole expansion of the scattering cross-section spectra
of the chiral q-BIC mode in (b). (d) The electric field distribution (color) and magnetic fields Hx and Hy (vector) of the chiral q-BIC mode
predominated by the EQ. (e) The evolution of the CD spectra as a function of θ . (f) The Q factor of the chiral q-BIC modes for the out-of-plane
asymmetry parameter sin θ , with the orange solid line being an inverse quadratic fitting. With a fixed incident angle θ = 5◦, (g) the CD spectra
versus the wavelength and the conical angle ϕ and (h) the related maximum and minimum of the CD spectra with respect to the conical
angle ϕ.
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angle θ along the Y direction with the conical angle ϕ = 90◦.
Figure 4(b) elucidates the transmittance Jones matrix spectra
and the CD spectrum of the chiral q-BIC metasurface with
θ = 5◦ and ϕ = 90◦. Regarding the chiral q-BIC mode at
1072 nm, one can see a sharp CD spectrum (peak value equals
0.67; see the purple curve) with a narrow linewidth of 9.8 nm.
Moreover, TRL denotes a dip near zero (see the red curve),
and TLR depicts a slight dip, giving rise to the appearance
of the RCP → LCP (33.3%) polarization conversion (see the
blue curve). Conversely, TLL and TRR delineate a single peak
next to 0.05 (see the black and green curves), respectively.
In addition, the extrinsic chiral q-BIC mode in the Cartesian
multipole expansion (see the Appendix) in Fig. 4(c) is pre-
dominated by the EQ. This behavior can also be identified
from the electromagnetic field distribution in Fig. 4(d), where
the related distribution is from the silicon-quartz interface.
Figure 4(e) illustrates the evolution of the CD spectra by
continuously varying the incident angle θ from −10◦ to 10◦
along the Y direction (ϕ = 90◦). The linewidth of the CD
peak decreases from finite values to zero as the incident angle
θ tends to 0◦, capturing the transfer process from radiative
q-BIC modes to a nonradiative BIC state with strong extrinsic
chirality. The Q factors of the extrinsic chiral q-BIC modes in
Fig. 4(f) are also obviously inverse quadratic versus the out-of-
plane asymmetric parameter α = sin θ . It is of great interest to
see that, in Fig. 4(g), the evolution of CD spectra with varying
conical angles ϕ and a fixed incident angle θ = 5◦ unfolds the
different signs of the CD owing to the opposite helicities of
the eigenpolarization sustained by the DS structure along the
X and Y directions. Furthermore, for the maximum and mini-
mum of the CD spectra in Fig. 4(h), it is obvious that the sign
flip of the CD can be fulfilled (the maximum and minimum
are > 0.99 and −0.582, respectively), uncovering periodic
dependence (180◦) on the conical angle ϕ. This implies that,
by varying the incident angle θ and the conical angle ϕ of
the incident light, the tunable extrinsic planar chirality can be
realized by manipulating the illumination symmetry breaking.

VI. LOSS-STEERED CHIRAL OPTICAL RESPONSES
VIA BOUND STATES IN THE CONTINUUM

With the consideration of the optical chirality, the intrin-
sic chirality can be customized with the adjustment of the
structural parameters of the metasurface but is difficult to
change flexibly, whereas the illumination symmetry breaking
can be manipulated for tunable extrinsic chirality, requiring
precise adjustment of the incident angle and conical angle. It
has been proved that the maximum chirality can be achieved
with the loss of the chiral BIC metasurfaces [16]. Thus,
the regulable loss of such metasurfaces is highly desirable to
have the ability to actively steer the optical chirality. Phase
change materials, such as chalcogenide glass (Ge2Sb2Te5,
nonvolatile) and vanadium dioxide (VO2, volatile), can exhibit
large changes in their complex refractive index owing to the
reversible phase transition triggered by an external (electrical,
thermal, or optical) excitation [49,50]. It is noteworthy that
the reversible phase transition in VO2 appears near room tem-
perature, which makes it a promising candidate for realizing
tunable metadevices [51–54].

FIG. 5. (a) Sketch of the hybrid Si-VO2 metasurface. (b) Refrac-
tive index of VO2 with different temperatures from 500 to 2000 nm.
(c) Transmittance of LCP and RCP by altering the temperatures.

In this context, we design a hybrid Si-VO2 DS metasur-
face with tunable optical chirality with VO2 (h is the height
of VO2 film, herein, h = 5 nm) located between the DS
structure and quartz substrate, as shown in Fig. 5(a). Exper-
imentally, the VO2 thin film can be fabricated by chemical
vapor deposition, pulsed laser deposition, sputtering, atomic
layer deposition, and the chemical solution method [53,54].
As the reversible phase transition in VO2 is about 68 ◦C, a
dielectric state presents below the phase transition tempera-
ture, while a metallic state occurs above the phase transition
temperature. The real and imaginary parts of the refractive
index of vanadium dioxide with different temperatures (500
to 2000 nm) were taken from Ref. [55], as shown in Fig. 5(b).
In particular, the contrast of the real part of the refractive index
between 30 ◦C and 80 ◦C is �n ≈ 1.33 at 1060 nm, whereas
the contrast of the imaginary part is �κ ≈ 1.21. As for the di-
electric states of VO2 (i.e., the temperatures range from 30 ◦C
to 60 ◦C), as depicted in Fig. 5(c), the transmittance of LCP
(RCP) exhibits a dip (peak), which decreases with increasing
temperatures as a result of the slight increase of the extinction
coefficient κ of VO2. Note that the peak in the LCP resonance
and the dip in the RCP resonance are positioned at different
wavelengths. By further increasing the temperature to 70 ◦C
or 80 ◦C, VO2 operates in the metallic state, presenting the
flat transmittance of the LCP and RCP, which originates from
the strong increase in the extinction coefficient κ of VO2.
Compared to the CD of the optical chirality, the chiral optical
responses of the hybrid Si-VO2 DS metasurface are mainly
enforced by the transmittance difference of the RCP and LCP
at normal incidence.

To elucidate the effect of loss on the chiral optical re-
sponses, coupled-mode theory (CMT), which allows the
expression of abstract scattering amplitudes in terms of
physically meaningful parameters, seems to be an effective
approach to reproduce the optical chirality and clarify its un-
derlying physical mechanism [16,43,56]. It is well known that
the S-matrix equation can, in general, provide an efficacious
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description of the transmission and reflection of the light field
interaction with the metasurfaces. For the related chiral optical
responses, vector b, enclosing four amplitudes of the outgoing
light fields, can be expressed in a linear relation with vector a,
with four amplitudes of the LCP and RCP light fields incident
on different ports (i.e., I and II) of the metasurface. Then,
the S-matrix equation in the circular polarization basis can be
written as⎛

⎜⎜⎜⎜⎜⎝

bIL

bIIL

bIR

bIIR

⎞
⎟⎟⎟⎟⎟⎠

=

⎛
⎜⎜⎜⎜⎜⎝

rILL tIILL rILR tIILR

tILL rIILL tILR rIILR

rIRL tIIRL rIRR tIIRR

tIRL rIIRL tIRR rIIRR

⎞
⎟⎟⎟⎟⎟⎠

⎛
⎜⎜⎜⎜⎜⎝

aIL

aIIL

aIR

aIIR

⎞
⎟⎟⎟⎟⎟⎠

, (2)

where r and t represent the amplitudes of the reflection
and transmission, respectively. Meanwhile, the subscripts de-
pict the final and initial circularly polarized states, where
subscripts with the same and different letters correspond to
copolarized and cross-polarized components, respectively.

To describe the interaction of the metasurface with the
incoming light fields oscillating with a real frequency ω, the
eigenstates can be derived using amplitudes slowly varying
with the vector M, which indicates the eigenstate coupling to
the corresponding circularly polarized light fields incident on
different sides of the metasurface. cL and cR are the slowly
varying amplitudes of the metasurface eigenstates, where the
vector of these amplitudes c = (cL, cR )T . Then, the circularly
polarized light field can be described as

dc

dt
= [i(ω − ω0) − γ0]c + M · a, (3)

with

M = (
mI

L mII
L mI

R mII
R

)
(4)

denoting the coupling of the incident light fields with the
eigenmodes. As such, the irradiation of the outgoing light
fields can be described by another CMT equation,

b = NT · c + B · a, (5)

where the vector of outgoing light field amplitudes b is the
same as on the left-hand side of Eq. (2), with the matrix

N = (
mI

R mII
R mI

L mII
L

)
(6)

describing the irradiation of circularly polarized light fields
from the corresponding sides of the metasurface, the compo-
nents of which are related to Eq. (4) by Lorentz reciprocity.
The second term on the right-hand side of Eq. (5) represents
the background transmission. In this way, the related matrix
of the background transmission B with dissipation can be
given as

B =

⎛
⎜⎜⎜⎜⎜⎝

ρI
LL τ IILL ρI

LR τ IILR

τ ILL ρII
LL τ ILR ρII

LR

ρI
RL τ IIRL ρI

RR τ IIRR

τ IRL ρII
RL τ IRR ρII

RR

⎞
⎟⎟⎟⎟⎟⎠

. (7)

The S matrix from Eq. (2), dominated by the stationary
state of Eqs. (3) and (5), can be written as

S = B − NT · M
i(ω − ω0) − γ0

, (8)

where γ0 = γr + γd , with γr and γd being the radiative and
dissipative parts of the eigenmodes, respectively. Afterward,
the amplitudes of tILR, tIRR, tILL, and tIRL from the S matrix in
Eq. (8) can be described as

tILR = τ ILR − mII
R mI

R

i(ω − ω0) − γ0
, (9a)

tIRR = τ IRR − mII
L mI

R

i(ω − ω0) − γ0
, (9b)

tILL = τ ILL − mII
R mI

L

i(ω − ω0) − γ0
, (9c)

tIRL = τ IRL − mII
L mI

L

i(ω − ω0) − γ0
, (9d)

where τ Ii j (i = L, R; j = L, R) denotes the amplitude of the
background transmission and ω0 is the resonance frequency.
mI

L(R) depict the parameters of the coupling between the eigen-
states and the light fields of corresponding helicity incident
on side I of the metasurface, while mII

L(R) describe those for
side II.

It has been demonstrated that the CD can be realized by
enhancing |tR| and, especially, suppressing |tL| [16,43]. By
setting ω = ω0, i.e., the on-resonance case, |tL| can be given
as ∣∣tIL ∣∣2 = ∣∣tIRL

∣∣2 + ∣∣tILL

∣∣2

=
∣∣∣∣∣τ IRL + mII

L mI
L

γr + γd

∣∣∣∣∣
2

+
∣∣∣∣∣τ ILL + mII

R mI
L

γr + γd

∣∣∣∣∣
2

. (10)

This means that the optical chirality is rather sensitive to
dissipative loss γd of the Si-VO2 metasurface, which is much
greater than the radiative part γr and is positively correlated
with the extinction coefficient (the imaginary part of the re-
fractive index κ) of such a metasurface, γd ∝ κ [16]. The
signs of mI

L, mII
L , and mI

L can give rise to the modulation
of CD.

Next, we study the loss-steered optical chirality of hybrid
Si-VO2 chiral q-BIC metasurfaces undergoing in-plane sym-
metry breaking at different temperatures. Figure 6(a) clearly
shows that, at a temperature of 30 ◦C, with the VO2 operating
in the dielectric state, the hybrid metasurface exhibits a CD
peak (purple curve, 0.63) and a sharp linewidth of 4.7 nm at
1060.5 nm. TLR presents a shallow dip (blue curve), with TLL

being near zero. TRL reveals a deepened dip (red curve) and
suppresses the LCP → RCP polarization conversion, while
TRR shows a sharp peak (green curve). At 60 ◦C, a similar
conclusion can be made, but the dip of TRL [see the red
curve in Fig. 6(b)] gets shallower with the enhancement of the
polarization conversion, whereas the peak of TRR decreases
slightly [see the green curve in Fig. 6(b)], which is mainly
ascribed to the increase in the extinction coefficient κ of
VO2. By further increasing the temperature to 80 ◦C, which
is above the phase transition temperature (68◦C), as shown

155410-6



STEERABLE CHIRAL OPTICAL RESPONSES UNRAVELED … PHYSICAL REVIEW B 108, 155410 (2023)

FIG. 6. (a)–(c) The Jones matrix spectra of TLL , TRR, TRL , and TLR and the CD spectrum of the actively steerable chiral q-BIC metasurface
suffering from symmetry breaking (L = 50 nm) for different temperatures. (d) The CD spectrum and chiral enhancement (inset) of the actively
steerable chiral q-BIC metasurface for different temperatures. (e) and (f) The CD spectra versus L and the height h of the VO2 thin film,
respectively, for different temperatures. The inset in (f) is the Q factor as a function of h at different temperatures.

in Fig. 6(c), TRR is nearly gone (green curve), whereas TRL is
significantly enhanced, with the polarization conversion being
30% (red curve). Simultaneously, as shown in Fig. 6(d), the
CD spectra of the three temperatures decrease successively
near 1060.5 nm as the temperature increases from 30 ◦C to
80 ◦C. Here, the CD, which decreases from 0.63 (red curve) to
0.008 (blue curve), indicates the occurrence of a temperature-
dependent chiral switching in the hybrid Si-VO2 metasurface,
allowing for the realization of operational characteristics that
can be switched among left-handed, right-handed, and achiral
states. Moreover, it is worth noting that a CD background
spectrum of −0.2 enables the modulation of the CD down to
zero or less by increasing the dissipative loss γd . Furthermore,
the structural parameter L and the thickness h of the VO2

thin film may have an obvious impact on the CD spectra of
the hybrid Si-VO2 metasurface. Additionally, as for the elec-
tromagnetic density of the chirality, C = −ε0ω Im(E∗ · B)/2,
where E∗ and B denote the complex electric and magnetic
fields and ω and ε0 depict the angular frequency of light
and the permittivity of free space, respectively. With respect
to CPL in a vacuum, CCPL = ± ε0ω

2c E2
0 , with E0 being the

magnitude of the incident electric field. Thus, the chiral en-
hancement C/CCPL, which represents the spatial maximum in
C around the outside of a silicon metasurface, is achieved
in the inset of Fig. 6(d) [57,58]. By varying the dissipative
loss γd , a similar conclusion can be made about the chiral
enhancement C/CCPL. As depicted in Fig. 6(e), by varying L

from 20 to 70 nm and keeping h at 5 nm for the hybrid Si-VO2

metasurface, the CD spectra first increase and then saturate to
a fixed value when the temperature is 30 ◦C (red curve with
circles) but almost linearly increase when the temperature is
80 ◦C (blue curve with triangles). Notably, the maximal value
of the CD difference �CD can be achieved near L = 50 nm.
By referring to Eq. (10), it can be deduced that the same
dissipative loss γd has a distinct effect on the |tIL |2 due to the
different values of γr , mI(II)

L(R) , and τ Ii j . In analogy to Fig. 3(f),
the Q factor of the hybrid metasurface also exhibits a negative
correlation with L. Moreover, with L fixed at 50 nm, the CD
spectra in Fig. 6(f) exponentially decrease with the increase
in the thickness h (from 2 to 20 nm) for temperatures of
30 ◦C (red curve with circles) and 80 ◦C (blue curve with
triangles). The Q factor reveals a positive correlation with h,
as shown in the inset of Fig. 6(f). These behaviors that arise
from the increase in the film thickness h can be attributed
to the variation of the dissipative loss γd , which resembles
the method of suppression of temperature-dependent optical
chirality. In addition, with respect to the extrinsic chirality
at oblique incidence, the variation of the dissipative loss can
also be exploited to achieve the desired optical chirality at
low Q factors. Furthermore, for schemes similar to ours for
incorporating dissipative loss from VO2, it seems possible
to extend our results by replacing VO2 with other phase
change materials [59–61], two-dimensional materials [40,61],
etc. Accordingly, loss-steered chiral optical responses can be
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realized by manipulating the temperatures and related struc-
tural parameters of the hybrid Si-VO2 metasurface.

VII. CONCLUSIONS

In summary, we have investigated steerable BIC-based chi-
ral optical responses in planar metasurfaces that encompass
silicon and hybrid Si-VO2 double-semicircle structures with
Cz

2 symmetry. Specifically, the realization of at-� BICs reveals
the V point in k space. A chiral optical response governed
by symmetry-protected BICs can be accomplished due to the
occurrence of adjustable C points near the � point. Further-
more, it was shown that the tailorable intrinsic planar chirality
stems from the in-plane symmetry breaking, while the tunable
extrinsic planar chirality originates from the illumination sym-
metry breaking. These behaviors enable the transformation of
BICs into chiral quasi-BIC states and thus allow for precise
control of the optical chirality by adjusting the asymmetric
parameter and the polarization orientation of the incident
light. Then, a hybrid Si-VO2 metasurface was designed to
actualize loss-steered chiral optical responses via q-BICs and
was confirmed by the chiral coupled-mode theory, which can
be implemented by actively tuning the temperature-dependent
dissipative loss and the related structural parameters of the
metasurface. Our results provide a unique probe of tunable
optical chirality and have potential for developing flexibility
and accessibility in applications in chiroptical metadevices.
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APPENDIX: THE CARTESIAN MULTIPOLE EXPANSION

The electromagnetic multipole expansion is used to ana-
lyze each moment and its contribution to far-field radiation.
For multipole decomposition in the Cartesian coordinate sys-
tem, the polar moments can usually be obtained by integrating
the carrier density ρ(�r) or the current density �J (�r) inside the
structural unit cell. And then the sum of the far-field scattering
intensity of all polar moments can be calculated at a certain
frequency, thus leading to the total far-field scattering power.
By integrating either the charge density or current density
within the unit cell of the metasurface, all the multipoles under

Cartesian coordinates can be defined as [62]

�P = 1

iω

∫
�jd3r, (A1)

�M = 1

2c

∫
�r × �jd3r, (A2)

�T = 1

10c

∫
[(�r · �j)�r − 2r2 �j]d3r, (A3)

Q(e)
α,β = 1

i2ω

∫ [
rα jβ + rβ jα − 2

3
(�r · �j)δα,β

]
d3r, (A4)

Q(m)
α,β = 1

3c

∫
[(�r × �j)αrβ + [�r × �j]βrα]d3r, (A5)

IP = 2ω4

3c3
| �P|2, (A6)

IM = 2ω4

3c3
| �M|2, (A7)

IT = 2ω6

3c5
| �T |2, (A8)

IQ(e) = ω6

5c5
�

∣∣Q(e)
α,β

∣∣2
, (A9)

IQ(m) = ω6

40c5
�

∣∣Q(m)
α,β

∣∣2
, (A10)

where α, β = x, y. The symbols �P, �M, �T , Q(e), and Q(m)

represent the electric dipole, magnetic dipole, toroidal dipole,
electric quadrupole, and magnetic quadrupole, respectively. In
the numerical simulations, we took into account the current
density J = iωε0(ε̃r − 1)E, which contributes to the absorp-
tion within metasurface, where ω is the angular frequency, ε0

is the permittivity in vacuum, and ε̃r is the complex relative
permittivity. Since the effect of higher-order polar moments
on far-field scattering is small and negligible, the far-field
scattering case can be characterized by the contribution of
the above polar moments. Thus, the total far-field scattering
intensity is expressed as follows:

ITotal = 2ω4

3c3
| �P|2 + 2ω4

3c3
| �M|2 + 4ω5

3c4
( �P · �T ) + 2ω6

3c5
| �T |2

+ ω6

5c5

∑ ∣∣Q(e)
α,β

∣∣2 + ω6

40c5

∑ ∣∣Q(m)
α,β

∣∣2 + O

(
1

c5

)
.

(A11)

It should be noted that the third part of the Eq. (A11) can be
viewed as a composition of the electric and toroidal dipoles,
without far-field radiation, owing to the complete destructive
interference of their similar radiation patterns.
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