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ABSTRACT

In optoelectronics and photonics, developing multifunctional light-emitting devices has become a prominent research area. However, achiev-
ing integration of polarization control, intensity modulation, and tunability within a single device presents a formidable challenge. Here, we
report the design and implementation of a symmetric bound state in the continuum (BIC) realized by a metasurface composed of perovskite
nanobars on a silica substrate. Through the incorporation of both in-plane and out-of-plane symmetries, the BIC undergoes a transformation
into a chiral quasi-bound state in the continuum (q-BIC). The chiral q-BIC metasurface exhibits an intrinsic chiral response, characterized by
nearly perfect circular dichroism of 0.96, a key property for chiral optical applications. Furthermore, the integration of Sb2S3 phase-change
materials into the metasurface enables dynamic regulation of resonant circularly polarized emission wavelengths between 760 and 820 nm,
with selective enhancement of right circularly polarized emission by 240-fold and suppression of left circularly polarized emission. Our chiral
q-BIC metasurface enables single-device multi-function integration, offering a versatile and dynamically tunable platform for enhanced chiral
optical responses across optoelectronics and photonics.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0267717

In the rapidly advancing field of optoelectronics and photonics,
the exploration of multifunctional light-emitting devices has attracted
substantial attention. These devices, distinguished by their versatile
functional attributes, possess significant potential for a wide range of
applications.1,2 Polarization control represents a critical aspect within
the realm of multifunctional light-emitting devices. Circularly polar-
ized (CP) luminescence, in particular, has emerged as a prominent
research focus, owing to its potential utility in various domains such as
information storage,3 display technology,4,5 biomedicine,6 and quan-
tum optics.7 The unique optical properties of CP light offer an addi-
tional dimension of information, thereby facilitating the development
of high-resolution and high-contrast optical devices and systems.

However, traditional semiconductors commonly exhibit a lack of effec-
tive polarization control during the emission process.8–10 This is pri-
marily due to the typically isotropic nature of the electron transition
process within these materials, which results in a uniform distribution
of the polarization state of the emitted light.

Intensity control constitutes another crucial aspect of multifunc-
tional light-emitting devices. These devices must possess the ability to
precisely modulate the intensity of light emission, a requirement of
utmost importance for applications that demand varying levels of
brightness, such as display technology11,12 and optical communica-
tion.13 The quality factor (Q), a quantitative measure of resonant sys-
tems, plays a significant role in enhancing luminescence efficiency and
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the sharpness of the optical response.14,15 In addition to polarization
and intensity control, tunability emerges as a key characteristic of mul-
tifunctional light-emitting devices.16–18 Dynamic tunability and recon-
figurability are indispensable for meeting the diverse requirements of
these devices across different application scenarios. However, there is a
lack of in-depth investigations into the integration of polarization con-
trol, intensity control, and tunability within a single device. The com-
plex interplay among these functions, along with the necessity for
precise control at the micro- and nano-scales, presents significant sci-
entific and technological challenges. To address these challenges, a
comprehensive understanding of the fundamental physical mecha-
nisms underlying these phenomena is essential.

Metasurfaces, as innovative artificial micro-nano structured
materials, hold great promise in precisely manipulating light–matter
interactions. By designing their geometric shape, size, and material
composition, flexible control over light propagation, polarization, and
phase can be achieved, making them a promising candidate for realiz-
ing multifunctional light-emitting devices.19,20 In particular, the
dynamic tuning of metasurfaces has been realized through electrical
doping,21,22 liquid crystals,23,24 and phase-change materials.25

Nevertheless, two-dimensional (2D) planar metasurfaces are devoid of
intrinsic chirality, a feature that is of utmost significance not only for
the phenomenon of CP luminescence but also for the accurate detec-
tion and sophisticated manipulation of chiral biomolecules in various
biological and chemical processes. The out-of-plane mirror symmetry
of 2D planar structures limits the generation of intrinsic chirality and
impedes the development of multifunctional light-emitting devices
with efficient polarization control.26–29 In contrast, three-dimensional

(3D) structures have the potential to break mirror symmetry and
introduce specific asymmetries in 3D space, thereby generating intrin-
sic chirality.30–33 Despite the complexity of 3D structures and signifi-
cant fabrication challenges,34–36 achieving dynamic tunability and
reconfigurability in 3D chiral metasurfaces remains challenging.
Further research is needed to explore mechanisms that can respond to
external stimuli such as thermal, mechanical, optical, and electric field
control, and facilitate the adjustment of chiral structure and optical
properties.

In this study, we propose a reconfigurable 3D high-Q chiral
metasurface for efficient and dynamic control of CP luminescence in
perovskite materials. Its unique design supports a bound state in the
continuum (BIC) state, which enhances the Q-factor37–39 and lumines-
cence efficiency. Breaking 3D mirror symmetry induces intrinsic chi-
rality, enabling selective interaction with CP light, which can be
identified by circular dichroism (CD) of 0.96. By varying the ratios of
amorphous and crystalline Sb2S3 phase-change materials, we showcase
active tuning of CP emission wavelength from 760 to 820 nm, accom-
panied by a 240-fold enhancement in light emission intensity. Our
work provides a foundation for integrating polarization, intensity, and
tunability in a single device, with potential applications in sensing,
communication, quantum computing, and displays.

The schematic diagram proposed in this study is illustrated in
Fig. 1. The initial BIC metasurface is constructed based on a square-
lattice periodic structure with lattice spacing a. Each unit cell
comprises of two cuboid-shaped nanobars made of perovskite materi-
als, characterized by the length (L), width (W), and height (H). The
entire structure is supported on a silica substrate (refractive index

FIG. 1. Concept of the maximally chiral q-BIC metasurface. (a) Schematic diagram of the maximally chiral q-BIC metasurface. The inset shows the transition from BIC to chiral
q-BIC, illustrating the specific structural parameters of the perovskite nanobars, the length (L), width (W), height (H), and the in-plane asymmetry parameter (h), respectively.
(b) The RCP and LCP transmittance spectra measured at an in-plane asymmetry parameter h¼ 8� with L¼ 310 nm, W¼ 100 nm, and H¼ 120 nm, maintaining a fixed height
difference of d¼H–W¼ 20 nm. At this time, LCP incidence exhibits strong field enhancement, while RCP incidence remains completely decoupled from the structure, thereby
maximizing chirality generation. (c) The evolution process of the CD value of the structure with changes in the refractive index of the phase-change material Sb2S3, achieving
near-unity CD across a broad spectral range of 760–820 nm.
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nsub¼ 1.45). A 20-nm-thick phase-change antimony trisulfide (Sb2S3)
film is grown on it to introduce tunability, and subsequently covered
with polymethyl methacrylate (PMMA, refractive index npmma¼ 1.49).
The significant refractive index contrast caused by the structural phase
transition of Sb2S3

40,41 makes this structure create unique conditions
for achieving tunable light polarization modulation. Due to the non-
leaking characteristic of BICs, evidenced by a theoretically infinitely
large Q-factor, this symmetric metasurface cannot effectively couple
with the free light field. By introducing asymmetry parameters, specifi-
cally the included angle (h) and the height difference (d¼H–W)
between two nanobars [see Fig. 1(a) inset], which break the in-plane
and out-of-plane symmetries, respectively, the primitive BIC metasur-
face can be transformed into the chiral quasi-bound state in the con-
tinuum (q-BIC) metasurface. Consequently, as shown in Fig. 1(b)
chiral light–matter interactions have significantly enhanced the chiral
response of perovskites, characterized by the transmission CD, defined
as CD¼ (TLCP�TRCP)/(TLCPþTRCP), where TLCP and TRCP are the
transmission rates of left circularly polarized (LCP) and right circularly
polarized (RCP) light, respectively. In Fig. 1(c), the chiral response of
perovskites can be dynamically tuned from 760 to 820nm, which
aligns with a photoluminescence (PL) emission spectrum of MAPbI3
[refer to Fig. S1(c)], by changing the refractive index of Sb2S3 from 2.6
to 3.6 [as seen in experimentally measured data in Fig. S1(a)] during
phase transition. This perturbation affects only the resonant wave-
lengths without significantly modifying the main field patterns and
corresponding chiral response.42

Figure 2 presents the simulated results of the symmetric BICmeta-
surface. The geometric parameters are a¼ 420nm, L¼ 330nm,
W¼ 100nm, and H¼ 120nm, respectively. As illustrated in Fig. 2(a),
the transmission spectra of the passive metasurface were calculated as a
function of the in-plane rotation angle h, which serves as an asymmetry
factor to convert non-radiative BIC into the leaky q-BIC. As the h
increases from 0� to 12�, the resonant position gradually undergoes a
blueshift from 773nm to around 765nm. In Fig. 2(b), the Q-factor
exceeds 107 near 0� and decreases rapidly with increasing rotation angle.
Due to the existence of out-of-plane symmetry, the metasurface does
not exhibit a chiral response (CD¼ 0) as the rotation angle changes.
The formation of the BIC mode in the symmetric structure is mainly
attributed to the destructive interference between two parallel electric
dipoles with opposite orientations.33 As depicted in Fig. 2(c), the distri-
bution of the electric field in the XY-plane reveals that two electric
dipoles with opposite directions jointly form an electric quadrupole-like
configuration with the C2 symmetry. The transverse electric (TE) field
arranges in a circular pattern, generating an out-of-plane magnetic
dipole moment. The magnetic field is oriented along the Z-direction,
which is perpendicular to the electric field. Previous studies indicate that
optical activity, such as polarization rotation or chirality, cannot occur
when the electric and magnetic fields are mutually perpendicular and lie
on two orthogonal planes.30,43,44 Under a configuration, the radiated
fields are parallel, resulting in the absence of a chiral response.

To achieve a chiral q-BIC metasurface, we introduce both asym-
metry parameters of the rotation angle h and the height difference d

FIG. 2. The characteristics of the BIC supported by the parallel dielectric plate structure. (a) Simulation of the variation of the Y-polarized light transmittance spectrum with
h (shown on the color scale). The solid white circles denote the BIC. (b) The calculated CD (orange dots) and the corresponding fitted Q-factors (olive squares) as a func-
tion of h. (c) The electromagnetic distribution characteristics of the BIC. The electric field enhancement and the out-of-plane magnetic field distribution of the parallel dielec-
tric rod structure under LCP and RCP incidence indicate that the BIC is in the transverse electric (TE) mode. The in-plane electric field is perpendicular to the out-of-plane
magnetic field.
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between two nanobars to break the in-plane and out-of-plane symme-
tries. The height difference of nanobars with rotation angle redistrib-
utes their fields and creates a vertical offset (d) between the two
dipoles. The coupling parameters of LCP and RCP waves (m6) to a
metasurface are proportional to sinðkd=27hÞ,33 producing a chiral
response (see the supplementary material for details). In Fig. 3(a), with
the fixed height difference of d¼ 20 nm, as the rotation angle h
increases, the metasurface gradually decouples from the RCP, while
strong resonance occurs for the LCP, thereby generating maximum
chirality. The CD value gradually increases with rotation angle h and
reaches its maximum when the rotation angle h¼ 8� [orange curve in
Fig. 3(b)]. The breaking of the in-plane symmetry of the structure
causes a sharp drop in the Q-factor [dark cyan curve in Fig. 3(b)].
When the angle h is introduced, the C2 symmetry of the in-plane elec-
tric field is broken, resulting in a non-zero average in-plane electric
field. Upon introducing a height difference d, the circular electric field
plane tilts, generating an out-of-plane electric field component. This,
in turn, leads to the appearance of an in-plane magnetic field
[Fig. 3(c)].

To further understand this phenomenon, we analyzed the chiral-
ity of the metasurface by calculating the reactive helicity density
(RHD),30,45,46 which is defined as RHD ¼ c

xReðD � B�Þ, where x is the
angular frequency of light, D is the electric displacement field, and B�

is the complex conjugation of magnetic flux density.47 This optical chi-
rality factor is typically normalized to the reference value using circu-
larly polarized light. The RHD distribution in q-BIC metasurfaces with
either in-plane or out-of-plane symmetry breaking exhibits antisym-
metric characteristics [Figs. S4(a) and S4(b)]. However, in chiral q-BIC

metasurfaces where both in-plane and out-of-plane symmetries are
simultaneously broken, the near-field generates a non-equilibrium
RHD distribution, corresponding to circularly polarized radiation in
the far field, as shown in Fig. 3(d).

Subsequently, we turn to investigate the chiral optical response of
the active metasurface. We calculated CP emission spectra using the
reciprocity principal method (see the supplementary material for
details), as depicted in Fig. 4. The degree of circular polarization
(DCP) is defined as qc ¼ ð̂IRCP � Î LCPÞ=ð̂IRCP þ Î LCPÞ, where Î is the
field enhancement factor. Compared to the symmetry-protected BIC
metasurface [Fig. 4(a), top panel], the chiral q-BIC metasurface dem-
onstrates significantly enhanced the LCP emission, while the RCP
emission is almost completely suppressed, leading to a DCP close to
unity [Fig. 4(a), bottom panel]. Figure 4(b) presents a direct compari-
son of field distributions under RCP and LCP incidences at the peak-
enhanced wavelength from the bottom panel of Fig. 4(a). Compared
with the field intensities in symmetry-protected BIC metasurfaces, the
chiral q-BIC metasurface exhibits dramatically enhanced LCP field
intensity while strongly suppressing RCP field strength. The field
enhancement factor can be calculated with the temporal coupled mode
theory, which can be expressed by the following equations: Qt/Qr,
where Qt and Qr represent the total and radiative Q-factors, respec-
tively. The high Q-factor of the q-BIC enables a significant enhance-
ment of the CP field enhancement factor.

Figure 4(c) illustrates the simulated CP emission spectra with
varying the ratios of amorphous and crystalline Sb2S3, consistently dis-
playing an ultra-narrow full width at half maximum (FWHM) of
1.35 nm. The upper and lower parts represent the enhancement factors

FIG. 3. Generation of maximum chirality. (a) When the height difference between the left and right dielectric rods is fixed at d, the simulated variations of the LCP and RCP
transmittance spectra with h (shown on the color scale) are presented. As the angle h increases, RCP is completely decoupled from the structure. (b) The left part shows the
calculated LCP and RCP transmittance spectra when the height difference is fixed at d and h¼ 8�. The position of the maximum chiral q-BIC is marked with a yellow back-
ground. The right part shows the calculated CD (orange dots) and the fitted Q-factors (olive squares) as a function of h when the height difference is fixed at H–W. Maximum
chirality occurs at h¼ 8�. (c) Electromagnetic distribution characteristics of the maximum chiral q-BIC. The in-plane symmetry breaking results in a component of the electric
dipole in the X direction. The out-of-plane symmetry breaking causes the magnetic dipole perpendicular to the plane to tilt, and there is a magnetic dipole component in the in-
plane X direction. (d) Near-field RHD distribution of the maximum chirality structure. In-plane and out-of-plane mirror symmetry breaking induces asymmetry in the near-field
RHD within the dielectric rod, leading to a non-zero overall RHD.
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of the LCP and RCP emission fields, respectively. During the phase
transition of the phase-change material, the alteration in its refractive
index affects solely the resonant wavelengths, rather than significantly
modifying the main field patterns and their associated chiral response.
The resonant CP emission can be effectively modulated, exhibiting a
wavelength redshift from 760 to 820 nm while maintaining the maxi-
mal CD and strong emissions enhancement with over 240-fold circular
polarization selectivity. This phenomenon implies that the crystallinity
can be precisely tuned to continuously control the resonance peak
within the operational bandwidth.

In summary, we have transformed a symmetric BIC metasurface
into a chiral q-BIC metasurface through introducing 3D asymmetry
parameters for in-plane or out-of-plane symmetry breaking. This high
Q-factor chiral q-BIC metasurface showcases enhanced intrinsic chiral
light–matter interactions and near-unity chiral dichroism. The incor-
poration of phase-change material Sb2S3 further endows the metasur-
face with the ability to dynamically tune the resonant CP emission
wavelengths of perovskite. This leads to dynamically tunable chiral
emission across a broad spectral range, which significantly enhances
the emission of LCP light while effectively suppressing the RCP light

emission, demonstrating a remarkable chiral emission enhancement
effect. Our metasurface design offers a versatile, dynamically tunable
platform with significant potential to advance optical technologies. By
enabling precise control of CP emission spectra, the system supports
polarization-division multiplexing and enhances chiral response for
detecting environmental changes and biomolecules.

See the supplementary material for the supplementary figures
about the experimentally measured n and j of the materials, the char-
acteristics of q-BIC with in-plane or out-of-plane symmetry breaking,
generation of maximum chirality, optical chirality density of maxi-
mum chiral metasurfaces, chiral q-BICs and maximum chirality, and
reciprocity calculations of chiral emission.
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However, in the tilted dielectric rod pair, the RCP emission is strongly enhanced while the LCP emission is almost completely suppressed, resulting in the degree of circular
polarization approaching unity (qc� 0.96). (b) Field profiles under RCP and LCP incidence at the peak enhancement wavelength in (a, bottom panel). The dielectric rod is indi-
cated by a dashed box. (c) The evolution process of the reciprocal calculations of the LCP and RCP emission enhancements of the structure with the refractive index change
of the phase-change material Sb2S3. DCP close to unity can be achieved in the wide spectral range of 760–820 nm.
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