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ABSTRACT: Perovskite chiral metamaterials have attracted widespread attention due
to their enormous potential in areas such as chiral photoelectronics, spintronics, and
ferroelectricity. However, current research often struggles to balance large-area
fabrication with strong optical chirality responses. Here, we design and fabricate a
novel three-dimensional displaced overlapping structure. A universal method combining
electrochemical templating and stepwise glancing angle deposition enables large-area
sample fabrication (1.4 cm X 1.4 cm). Ellipsometry-based circular dichroism
measurements reveal a strong chiroptical response with a CD value of 12,149 mdeg
and an anisotropy factor of 0.82 at 700 nm. Simulations indicate that the response
originates from the resonant coupling of parallel electric and magnetic dipole
components within the structure, with extrinsic chirality tunable via the incident light
angle. Compared to conventional nanofabrication, this approach increases the
production area by 4 orders of magnitude while offering tunable polarization conversion
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(1° to 32.6°). This work provides a viable pathway for developing large-area, low-cost polarizers, imaging, displays, and biosensors.

hirality, the property of nonsuperimposability with one’s

mirror image, is widespread from macroscopic objects to
microscopic molecules such as amino acids, sugars, and viruses.
These chiral structures endow materials with distinct optical
properties—including circular dichroism (CD) and circular
birefringence (CB)—which provide effective means for
detecting molecular chirality. However, such effects are usually
weak in natural materials, limiting both nanoscale polarization
control and the sensitivity of chiral spectroscopy. In contrast,
artificially engineered chiral materials exhibit significantly
stronger optical responses and have thus become a prominent
research focus.'

Perovskites exhibit outstanding optoelectronic properties,
making them promising for solar cells,* LEDs, and lasers.’
Introducing chirality further extends their functionality into
chiral photoelectronics® and spintronics,” enabling applications
such as circularly polarized light detection, emission,®
spintronics,” biosensing'® and nonlinear chiral optics.'* Unlike
metals, perovskites offer a tunable bandgap via halide
composition, higher photoluminescence quantum yield, and
lower optical loss, and perovskite-based devices provide unique
capabilities beyond conventional plasmonic metals. Conven-
tionally, chirality is imparted by embedding chiral molecules
into the perovskite lattice. This approach allows for large-scale
production and diverse material design. However, it typically
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results in weak circular dichroism and a low asymmetry factor
(g), thereby limiting practical device performance. By
combining perovskites with nanofabrication, meta-atoms can
be designed with dimensions resonant at visible wavelengths,
yielding stronger optical responses.

Conventional nanofabrication techniques—such as electron
beam lithography, focused ion beam, and direct laser writing—
enable the creation of precisely shaped chiral metamaterials
with strong optical chirality.'”'> However, these methods are
generally costly and time-consuming, restricting large-scale
production. Recent approaches have employed polystyrene
sphere (PS) templates in glancing angle deposition or colloidal
lithography to achieve larger-area chiral structures,'* yet the
isotropic nature of PS limits symmetry breaking and hence
chiral response strength. In this work, we utilize anodic
aluminum oxide (AAO) porous templates to fabricate chiral
metamaterials with enhanced performance, which offers higher
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Figure 1. Comparison of our work with the performance of already reported results. In 2018, Sargent et al. demonstrated 85 mdeg CD and 0.006
gcp in 2D bromide chiral })erovskite films."” In 2019, Tang et al. achieved 200 mdeg CD and 0.02 gcp, in 1D chiral perovskite films for circularly
polarized photodetection.” In 2020, Miyasaka et al. achieved a record CD of 3200 mdeg and gcp of 0.04 in 1D chiral perovskite films through
morphology optimization."® In 2022, Long et al. demonstrated a perovskite chiral metasurface achieving unprecedented CD (6350 mdeg) and gcp,
(0.49) by shifting from structural to superstructural chirality via nanostructure engineering.'” In this work, we fabricate large- area three-
dimensional displaced overlapping wing perovskite metamaterials, achieving a CD of 12149 mdeg and a gcp of 0.82.

mechanical and thermal stability,'> as well as greater
compatibility with vacuum deposition processes, making it
advantageous for achieving pronounced chiral optical
responses.'®

In this work, we designed a three-dimensional displaced
overlapping structure based on the classic helical chiral
structure. Combining AAO templates and stepwise glancing
angle deposition (GLAD), we successfully fabricated this
structure by performing two tilted angle depositions on the
aluminum oxide nanopore array template. The fabricated chiral
structure exhibited remarkable chiral optical activity with a
circular dichroism of up to 12,149 mdeg at a wavelength of 700
nm, as shown in Figure 1. The asymmetry factor reached 0.82.
Furthermore, by varying the incident angle of light, we
achieved tunable polarization conversion properties, with the
maximum ellipticity at an incidence angle of 60°. With the aid
of simulations, we thoroughly elucidate the mechanism behind
the strong optical chirality response, which can be attributed to
these different electromagnetic coupling modes. Moreover, a
major advantage of this structure is its simple fabrication
process. It does not rely on chiral templates or complex
synthesis schemes, nor does it require multistep lithography
processes, significantly simplifying the fabrication procedure
and making it applicable to various materials. This work opens
up new avenues for large-scale fabrication of perovskite chiral
metamaterials with strong chiral optical activity.

The design concept is illustrated in Figure S3. Classic helical
structures (I) possess a distinct left- or right-handed character-
istic and exhibit drastically different optical responses to left-
and right-circularly polarized light, resulting in strong circular
dichroism (CD) responses. This phenomenon primarily arises
from the parallel alignment of electric and magnetic dipoles
leading to electromagnetic coupling. However, fabricating
helical structures at the nanoscale is extremely challenging.
Consequently, researchers have simplified them into stacked
twisted nanorods (II). This was further simplified into a quasi-

two-dimensional double nanorod structure (III). In this
bimetallic nanorod structure, the chiral response primarily
originates from a dipolar coupling mechanism: when two
perpendicular gold nanorods are positioned close to a quarter
of the wavelength apart, the electric dipole of one rod can
effectively act as a magnetic dipole within the plane of the
other rod."” This configuration enables the two nanorods to
mimic an electric dipole and a magnetic dipole oriented in a
parallel direction, leading to the generation of optical chirality.

The double-rod structure can form chiral structures and
exhibit chiral optical responses through specific interlayer
arrangement. However, the nanorods themselves still possess
rotational symmetry. If the rectangular nanorods possessing
C2-symmetry can be replaced with isosceles triangles which
lack rotational symmetry(IV), the structural symmetry will be
further broken, and the structure is expected to generate a
stronger chiral optical response. Three-dimensional structures
theoretically possess higher chiral optical responses due to the
accumulative effect of light paths. Based on this design
concept, we propose a three-dimensional “displaced over-
lapping wing” perovskite chiral metamaterial (V). Each
individual wing structure breaks rotational symmetry, and the
two wings overlap with a height difference, breaking the
original mirror symmetry. Thus, the overall structure is
assumed to achieve greater optical chirality.

A general fabrication method for three-dimensional
“displaced overlapping wing” perovskite chiral metamaterials
is presented. Step I: we fabricate the anodic aluminum oxide
(AAO) nanopores on a transparent ITO glass, the details of
which have been described in previous publications.' Step II:
Pbl, is vapor-deposited into the AAO nanopores to a thickness
of 15 nm. Note that the substrate needs to be tilted relative to
the lead iodide gas for unidirectional deposition. Step III: The
sample, after one-time vapor deposition, is then divided into
two parts. Step IV: The two halves of the sample are rotated
90° counterclockwise and then tilted 60° to the right (L-, step
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IV left) and left (R-, step IV left), respectively. The vapor
deposition step is repeated for both halves. This two-step tilted
vapor deposition process produces a nanorod array with mirror
geometric shapes. L- can be obtained by rotating the substrate
counterclockwise, while R- can be obtained by rotating it
clockwise. Step V: a MAI (methylammonium iodide) solution
is spin-coated onto the Pbl, surface, to allow MAPbI,
(methylammonium lead triiodide) growth on the surface,
and annealed to obtain the final perovskite chiral metamate-
rials, i.e. left-handed perovskite metamaterials (L-PVK) and
right-handed perovskite metamaterials (R-PVK). More details
regarding the preparation are provided in the Supporting
Information.

To confirm the validity of our designed metamaterials, we
conducted scanning electron microscopy (SEM) imaging on
the cross-section of AAO pores where chiral perovskite
metamaterials had been deposited (Figure 2b). The SEM

6) Step I: AAO nanoholes Step II: 15t evaporation Step III: cut in half \

of PbI,

e

Perovskite chiral
metamaterials

Step V: Spin coating of Step IV: 22d evaporation of
MALI and annealing Pbl,

TH | Na

L-PVK R-PVK

Figure 2. (a) Schematic illustration of the stepwise fabrication process
for chiral perovskite metamaterials. Color coding: anodic aluminum
oxide (AAO) template (gray); glass substrate (blue); first and second
Pbl, evaporation layers (green and yellow, respectively); MAPbI,
conversion layer from the first Pbl, deposition (green crescent);
MAPbI, conversion layer from the second Pbl, deposition (purple).
(b) Cross-sectional SEM image of the fabricated structure. (c) Top-
view SEM image of the fabricated structure with corresponding
structural diagram. Color coding: perovskite from first deposition
(yellow); perovskite from second deposition (purple); wing structures
(pink and orange).

images show that both Pbl, deposition layers adhere to one
side of the pore wall and overlap asymmetrically, forming a
wing-like displaced structure, consistent with our designed
chiral structure. From a top-down perspective (Figure 2c),
most of the deposited perovskite structures occupy about
three-quarters of the entire nanopore, which also aligns with
our design. The transmission electron microscopy (TEM)
images in Figure S1 further validate our structure.
Furthermore, cross-sectional EDS mapping in Figure S2
confirms the structural uniformity and integrity. Therefore,
we can conclude that fabricating chiral metamaterials arrays
using this stepwise tilted deposition method is feasible.
Figure S4 shows the reflection spectra of a set of chiral
perovskite metamaterials fabricated experimentally, measured

under p- and s-polarized light at different angles of incidence.
Taking the left-handed enantiomer as an example (Figure S4a),
at an incidence angle of 20°, the spectral curves for both p- and
s-polarizations are relatively close, indicating that the current
anisotropy is relatively weak. As the incidence angle increases,
the reflection spectra of p- and s-polarized light show different
trends. The reflection spectrum of p-polarization gradually
flattens with increasing incidence angle, while the reflection
spectrum of s-polarization becomes sharper, specifically with
an increasing peak value at 580 nm. These results show that as
the incidence angle increases, the difference between the
reflection spectra excited by p- and s-polarized light gradually
increases, indicating that the system exhibits enhanced
anisotropy. We also observed that, under small incidence
angles, the deviation between the p- and s-polarized spectra is
mainly limited to the range 580—700 nm. As the incidence
angle increases, the deviation between the spectra increases,
showing strong anisotropy within a broader wavelength range
of 400—900 nm at a large incidence angle (60°). To further
understand this behavior, we plotted two-dimensional maps of
reflection as a function of wavelength and incidence angle for
both p- and s- excitations (Figure S4b,c). These plots show
that under p-polarization, the reflectivity at 580 nm gradually
decreases with increasing incidence angle, while under s-
polarization it gradually increases, demonstrating an increase in
anisotropy. Simultaneously, as the incidence angle increases,
the range of anisotropy also gradually expands. For the right-
handed enantiomer (Figure S4d—f), the trend of angle-
dependent anisotropy change is similar to that of the left-
handed enantiomer.

To obtain the authentic circular dichroism (CD) of
perovskite metamaterials, we employed ellipsometry. Unlike
apparent CD acquired through conventional measurements,
which contains combined contributions from linear dichroism
(LD), linear birefringence (LB), and authentic CD, this
technique enables decoupling of LD and LB from the apparent
CD, thereby obtaining the authentic CD.”” To evaluate the
chiral optical activity of perovskite chiral metamaterials, we
measured the elliptic polarization parameters (¥, ¥ps, ¥sp)
and (A, Aps, Asp), which represent the amplitude ratio and
phase difference between linearly polarized components,
respectively, for incidence angles ranging from 20° to 60° (J.
A. Woollam VASE). We then obtained the complete reflection
coefficient of the complex Jones matrix R, namely, R, R, Ry,
and R The detailed derivation process can be found in the
previous work. The reflection matrix governing circularly
polarized light is derived through a transformation of the basis
vectors from linear to circular polarization states, as shown by
the eq 1 below:

Rrr er
er Rll
R Rt i(Ry, + Ry) R, + Ry — iRy, — Ry,)
2|R,, + R, +i(R,, — R,) R, — R, —i(R, +R,)
1)

where r and 1 represent right-handed (RCP) and left-handed
(LCP) circular polarizations, respectively.
Here, the CD signal is defined as CD =

180000 VRpep = Ricp
———— arctan ~————=, and ¢ = 2(R, — R R, +
. s + VRoce” g (Rgep rcp)/ (Reep

Ry cp), which represents the ratio of the difference in reflection
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intensities between right- and left-circularly polarized light to
their sum. With Rpcp = IR* + IR and R; cp = IRy? + IR,%, we
obtained the reflection spectra for circularly polarized
excitation, as shown in Figure 3a—f. Herein, anisotropy factor
of experimental samples are presented in Figure SS, and CD
values are presented in Figure 4a,b.
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Figure 3. Experimental reflection under circularly polarized excitation.
(a),(d) Reflection spectra of the sample at different angles of
incidence of left and right circularly polarized (LCP and RCP) light.
(b),(c) Contour mappings of reflection spectra for L-PVK under LCP
light and RCP light, respectively. (e),(f) Contour mappings of
reflection spectra for R-PVK under LCP light and RCP light,
respectively.

Taking the left-handed enantiomer as an example, at
incidence angles of 20° and 50°, the difference between LCP
and RCP is relatively small across the entire measured
wavelength range, resulting in a weak CD response (Figure
4a). At an incidence angle of 60° a noticeable difference
between RCP and LCP is observed near 560 nm, leading to a
discernible CD signal (Figure 4a). At incidence angles of 30°
and 40°, a significant difference between LCP and RCP
emerges within a narrow band around 670—700 nm, resulting
in strong CD signals. The maximum value reaches 12149 mdeg
at 700 nm with an incident angle of 40° (Figure 4a).

We also show a comparison of the circular dichroism
responses of the L-PVK and R-PVK enantiomers at an
incidence angle of 40° in Figure 4c. Mirror-symmetric L-PVK
and R-PVK enantiomers exhibit almost symmetrical CD
characteristics. The strong CD response displayed by the
chiral structure is caused by both its inherent chirality and the
extrinsic chirality.21 This is because: first, the chiral structure
satisfies the asymmetric condition, possessing large structural
chirality, which results in inherent optical chirality; second, the
CD response of this structure is significantly affected by the
incident angle, implying that it also possesses certain extrinsic
chirality.

The plots also show that the circular dichroism exhibited by
the enantiomers is not completely symmetric, and R-PVK
shows a certain red shift phenomenon compared to L-PVK.
When the incident light is tilted, the extrinsic chirality CD
response is produced, simultaneously influencing the CD
response exhibited by the inherent chirality. In other words,
the CD response under tilted incidence is not a simple
combination of inherent and extrinsic chirality.”” It involves
more complex interactions, ultimately leading to a circular
dichroism response that is not completely symmetrical
between the chiral enantiomers.

Furthermore, Figure 4d shows the cross-polarized and
copolarized reflection amplitude spectra at an incident angle
of 40°. Notably, the cross-polarized component exhibits a
significant difference near 700 nm. Combining this with the
CD spectrum results in Figure 4c, we find that the cross-
polarized component primarily contributes to the strong CD
response, more than the copolarized counterpart. This
contrasts with previous literature on metal-based CD
responses, where copolarized components were found to be
dominant. This is perhaps because Mie scattering dominates
the chiral optical response in perovskites, while plasmonic
resonance dominates in metals. To demonstrate the primary
influence of the chiral structure on the CD response, we
prepared a control group with normally deposited perovskite
within AAO nanopores, which is achiral at a subwavelength
scale. Figure S6 shows the CD response of the control group,
revealing a negligible and near-zero response. The weak signal
observed is attributed to surface roughness and oblique-
incidence reflection, whereas the GLAD-processed experimen-
tal group demonstrates significantly enhanced CD response
(Figure 4). This confirms that the observed chiral response
originates primarily from the inherent and extrinsic chirality of
our designed metamaterials. Figures 4b,c,e,f display the two-
dimensional distribution of CD for both enantiomers under
LCP and RCP illumination. Previous research showed a linear
curve pattern in metallic materials attributed to the surface
plasmon polariton resonance mode,** while this study observes
a sinusoidal curve pattern in perovskite materials, indicating a
significant difference. This discrepancy is likely due to
variations between Mie resonance modes in all-dielectric
materials and plasmonic resonance modes in metals. The chiral
resonance mode present in perovskites contributes to stronger
optical chirality responses. Further research on quantitative
resonance models for all-dielectric materials is needed.

To further investigate the physical mechanism underlying
the strong chiral optical activity of the chiral PVK structure, we
employed COMSOL to simulate its electric and magnetic field
distributions at a horizontal cross-section. The refractive index
of alumina used in the simulation is taken from the built-in
material library of COMSOL, while the refractive index data of
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Figure 4. Circular dichroism response under circularly polarized excitation. (a,)b) Reflection CD spectra of L-PVK and R-PVK at different angles of
incidence, respectively. (c) Comparison of CD spectra of L-PVK and R-PVK at angle of incidence of 40°. (d) Copolarization and cross-polarization

spectra corresponding to panel c. (e,f) Contour mappings of CD spectra.

MAPDI; comes from the measurements reported by Loper et
al”* In the model, the optical path is incident along the —Z
direction, with Floquet periodic boundaries applied on the
sides and perfectly matched layers (PML) implemented at the
top and bottom. The simulated CD spectra are shown in
Figure S7, while Figure Sa presents the simulated electric
charge distribution and magnetic field vector distribution
within the xy plane of the chiral structure. To investigate the
chiral response, we analyzed the fields at 700 nm (Figure Sa)
under 40° incidence. Under irradiation with RCP light at a

wavelength of 700 nm, electric dipoles predominantly point
toward the upper right. Combining this observation with the
magnetic field vector distribution, we can deduce that the
direction of the magnetic dipole aligns approximately parallel
to the electric dipole. According to a generalization of the
Rosenfeld criterion, which states that an optical activity
response can only be observed when the dot product of the
electric and magnetic dipoles (p-m) is nonzero, the parallel
alignment of these dipoles in our structure leads to a strong
chiral optical response. Similarly, under illumination with LCP
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Figure S. (a) The electric field and magnetic field distributions on the cross-section of the XY plane under the excitation of circular polarized light
at 700 nm. (b—d) Polarization-state ellipses for the reflected light when the input wave is p-polarized light, at wavelengths of 570, 690 and 710 nm,
respectively. (e—g) Polarization-state ellipses for the reflected light when the input wave is s-polarized light, corresponding to panels a—c.

light at 700 nm, the electric and magnetic dipoles exhibit a
nonparallel orientation compared to RCP irradiation, resulting
in a distinct difference in their interaction angle. Consequently,
this results in different chiral optical responses for the two
polarizations. This discrepancy contributes to the strong CD
response observed in the chiral wing structure at 700 nm,
primarily due to the contrasting interactions between electric
and magnetic dipoles on the left wing under RCP and LCP
illumination.

When linearly polarized light waves are incident on optically
active and anisotropic media, their polarization state will be
transformed from linear to elliptical. To investigate the
application of chiral structures in polarization conversion, we
exhibit its output polarization spectrum (Figure Sb—g) and the
corresponding ellipticity angle. The output polarization ellipses
shown in the figure illustrate the tunable polarization
conversion achievable by varying the incidence angle and
wavelength when the chiral metamaterial is illuminated with
linearly polarized light. The ellipticity angle () is defined such
that tan # equals the ratio of the short axis of the ellipse to its
long axis. An ellipticity angle of +45° indicates right-circular
polarization, while —45° corresponds to left-circular polar-
ization. Under excitation with short-wavelength (570 nm) p-
polarized light, as the incident angle changes, the ellipticity
angle remains roughly 1°, approaching linear polarization.
However, at an incident angle of 60° the ellipticity angle

reaches 32.9°, approaching circular polarization, demonstrating
strong polarization conversion performance. Under s-polarized
light excitation, the ellipticity angles for different incident
angles are close to 1°, showing weak polarization conversion
performance. When the wavelength increases to 690 nm, at a
40° incident angle, the ellipticity angles under p-polarized and
s-polarized light are 8.7° and 5.3°, respectively, exhibiting
strong polarization conversion performance. When the wave-
length further increases to 710 nm, L-PVK also exhibits some
polarization conversion performance at a 30° incident angle,
with an ellipticity angle of 2.3°. The polarization conversion
performance exhibited by the sample is mainly due to the
combined effect of CD and CB (Figure S8) responses.”® The
chiral metamaterials show strong polarization conversion
performance at specific angles and wavelengths, and exhibit
tunable polarization conversion characteristics as a function of
wavelength and incident angle.

This work demonstrates the fabrication of chiral perovskite
metamaterials with strong optical activity. Combining electro-
chemical templates with stepwise GLAD method, we
successfully fabricated three-dimensional displaced overlapping
structures with strong optical chirality and anisotropy within
nanopores through two-step tilted deposition combined with
solution engineering strategies. Experimental and simulation
results show that the strong optical chiral response stems from
the intense coupling of electric and magnetic dipoles within the
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wing-shaped structure, ultimately resulting in a high circular
dichroism (up to 12149 mdeg) and a high asymmetry factor
(up to 0.82). The distinct CD responses observed under
different wavelengths are attributed to varying electromagnetic
coupling modes between the wings, revealing a clear bisignate
characteristic. The strong chiral optical response arises from
both the inherent chirality of the metamaterials and the
extrinsic chirality introduced by the incident wave vector
interacting with the structure, further enhancing its overall
chiral optical performance. Moreover, the output polarization
ellipse can be finely tuned by changing the angle of the
incident linearly polarized light. Due to its strong circular
dichroism, tunable polarization response, and large-scale
fabrication capabilities, this device holds promise for
applications in chiral biosensing, polarizers, catalysis, and
other fields. We propose that the of the fabrication strategy
also provides a new avenue for the design of future chiral
architectures, which can be further optimized by adjusting the
nanopore dimensions, deposition thickness, vapor incidence
angle, and other relevant parameters.
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