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Compared to natural chiral molecules, artificial chiral photonic structures
offer stronger chiroptical responses. However, the remarkable optical prop-
erties of most chiral structures are fixed upon fabrication, limiting their
applications in scenarios where a dynamic response is required. Here, we
propose an active optical chirality strategy by nano-kirigami and self-
organization method, based on which a dual chiral framework is fabricated
with cilia structures and cholesteric liquid crystal (LC). This dual chiral fra-
mework allows for a dynamic and wide range of chiroptical responses with

nanoscale pixel size, enabling amplification, elimination, and reversal of cir-
cular dichroism. Furthermore, a thermally tunable chiroptical metalens based
on this cilia-LC framework is constructed to achieve a focusing switch of cir-

cularly polarized light. This proposed technique holds great potential in
diverse fields, including dynamic imaging, optical encryption, tunable dis-

plays, and sensors.

Chiral micro/nanostructures or molecules are generally known
for their ability to display chiroptical response'?. One typical
feature is circular dichroism (CD), which refers to the difference
in response between left and right circularly polarized light (CPL).
In the past decade, scientists have developed a variety of chiral
metamaterials and verified their application capabilities in many
fields**, including biochemical sensing!, chiral holographic
imaging®, chiral information encryption®, etc. The successful
implementation of these applications benefits from the
advancement of nanofabrication technology, as strong chir-
optical responses generally require complex three-dimensional
(3D) nanostructures.

Nano-kirigami’, one of the emerging nanofabrication technolo-
gies, creates fine two-dimensional (2D) planar curved patterns on thin
metal film and transforms them into 3D twisted structures, thereby
achieving giant CD®". Meanwhile, the deformable characteristics of
nano-kirigami metasurface enable dynamic regulation of the ampli-
tude and phase of light?, presenting a promising approach towards
light manipulation in displays and radar systems™". However, the
spatial deformation of nano-kirigami structures is inherently limited by
the geometric shape, making it challenging to achieve a large-range
and reversal adjustment of chiroptical response.

Integrating active optical materials onto the metasurface can
introduce new regulatory dimensions, offering a potential solution to
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this challenge™". Among numerous functional materials, liquid crys-
tals have been widely applied in display, holographic imaging, tunable
laser, etc'® . In particular, the cholesteric liquid crystal (LC) molecular
units self-assemble into an elegant spiral structure and form the one-
dimensional chiral photonic crystal, resulting in Bragg reflection with
strong circular polarization selectivity’* (i.e. CPL photonic bandgap).
Under the stimulation of external physical fields?*%, the LC helices re-
organize, which can cause the shift of the CPL photonic bandgap and
the quasi-continuous modulation of the transmission at the bandgap
edge’®”. Nevertheless, for traditional cholesteric LC materials, their
chiroptical response chirality is generally hard to reverse, and struc-
tured LC devices are limited to a fabrication resolution typically at the
micrometer scale, resulting in a relatively large pixel size.

The above two examples articulate the geometric and structural
limitations of current artificial chiral structures. Nowadays, many
modern optical systems require dynamic and high-performance light
modulation. In order to achieve chiroptical manipulation with large
modulation range and high resolution, it is necessary to explore a
solution that can break these limitations.

In this work, we propose a dual chiral framework by integrating
nano-cilia structure and cholesteric LC units, which achieves dynamic
and continuous circular dichroism amplification and reversal. These
delicate chiral structures with a strong chiroptical response and cir-
cular polarization photonic bandgap in visible region are fabricated by
efficient nano-kirigami and self-assembly method. The proposed fra-
mework breaks the physical limit of conventional nano-kirigami
structures, and offers tunning capability beyond the resolution of
cholesteric LC. On this basis, we demonstrated a thermally tunable
metalens that enables a dynamic focusing switch of CPL. The structural
designs, preparation methods, and application demonstration make
this dual chiral framework a promising platform for future research in
optical communication, display, sensor, etc.

Results

Design of the dual chiral framework for dynamic circular
dichroism modulation

Generally, 3D structures with twisting features in the propagation
direction such as helices are highly desirable to realize strong optical
chirality. As shown in the Fig. 1a, a left-handed helix can be stretched
and compressed to change the chiroptical response of the structure.
However, if one wants to completely reverse the structure from left-
handed to right-handed, the system needs to overcome a giant energy
barrier. Here, we propose a universal strategy to fully address this
problem, namely the dual chiral framework. Its basic principle is to
achieve continuous modulation of CD response through the con-
structive and destructive effects of two chiral structures (Fig. 1b). The
chirality of helical structures can be described by helicity (H)*%:

p— 1 <
H= - ; od;, @

where n is the number of chiral units, ¢; is the torsion angle of the
structure, d; is the distance along the spiral axis. For the simplest case,
which is a structure composed of two chiral units, its helicity (/) can
be expressed as:

1
H,= §(¢1d1 + ;). 2)

When the torsion angle is greater than zero, the structure can be
considered right-handed, otherwise it is left-handed. Therefore, the
key to achieve chiroptical reversal can be represented by the following

equation:

¢d; +,d, =0, 3)

which means finding the zero chiral point of the framework. Equation 3
demonstrates the connection between two units. However, the above
equations do not provide a direct answer for high-precision in-situ
chiroptical reversal. We have solved this problem through a design
that combines stationary and dynamic helical structures. Specifically,
we first design a stationary nano-cilia structure to determine the
operating wavelength and bandwidth of the overall framework, and
then combine it with scalable liquid crystal helix to achieve chiroptical
reversal and states control.

The schematic of the cholesteric liquid-crystal embedded nano-
cilia photonic structure is shown in Fig. 1c. The incident CPL interacts
with the cholesteric LC and the nano-cilia successively. Both structures
have different transmittance for right- and left-handed CPL, thus
forming a dual chiroptical response. Functionally, the nano-cilia
structure provides a giant static CD value, and the LC layer provides
tunability to the framework. Here, CD is defined as

CD=(Tgep — Ticp)/(Trep * Ticp), (4)

where Trcp and Ty cp denotes transmittance of right- and left-handed
CPL respectively. The framework shown in the Fig. 1c is composed of
right-handed nano-cilia (RH-cilia) and right-handed LC (RH-LC). At low
temperatures, the chiroptical response of the framework is mainly
determined by RH-cilia, resulting in a positive CD. At a certain high
temperature, RH-LC shows strong modulation effect on RCP light, and
the combined chiroptical response causes the reversal of CD.

To achieve chiroptical regulation, the response wavelength of
these two elements should match with each other. The optical
response range of liquid crystals are generally within the visible
wavelengths, while constructing chiral nano-kirigami structures in this
range becomes a critical challenge as the 3D deformation ability of the
structure weakens as the size of the structure decreases. A main reason
is that former closed-loop designs®~° typically result in interference
between adjacent elements, making it challenging to downsize the
nano-kirigami structures. To address this problem, we adopted a nano-
cilia design®, an open-loop structure that enabled us to achieve a
nanoscale kirigami structure with optical responses in the visible
wavelengths.

The nano-cilia metasurface is constructed on a gold/quartz sub-
strate. Figure 1d shows the electric field distributions of RH-cilia. The
cantilever of cilia structure spirals in the direction of light propagation,
thus having a modulation effect on CPL. The RH-cilia exhibits stronger
plasmonic resonance to LCP, resulting in lower transmittance of LCP
compared to RCP. Therefore, according to the definition of CD, RH-
cilia shows a positive CD value and LH-cilia shows a negative CD value.
The cholesteric LC was then bonded on the back of the quartz sub-
strate. The helical organization of LC molecules causes a chiral pho-
tonic bandgap centered at Acenter=nNaveP, Where n,. is the average
refractive index of the cholesteric LC, and Pis the helical pitch. The CPL
component with the same handedness as that of the chiral LC structure
will be sufficiently reflected within the bandgap, while the opposite
CPL will transmit for all wavelengths”. For a certain wavelength, the
dynamic modulation in CPL transmission could be obtained by a
tunable pitch P. Figure 1le qualitatively depicts the variation of T cp and
Trep as a function of the temperature in the RH cholesteric LC. A higher
temperature leads to a shorter pitch, thus a blueshift of the bandgap.
As aresult, Trcp decreases to nearly zero (ON state) and then increases
back to nearly 100% (OFF state) during heating, while Ty cp is unaf-
fected. In such a case, the CD value of the RH-LC approaches zero (OFF
state) or takes a negative maximum (ON state) when the incident
wavelength is outside or within the bandgap, correspondingly. In
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contrast, an LH-LC exhibits a tunable CD value from nearly zero to a  nano-cilia and LC with opposite chiroptical response (+CD and -CD)
positive extreme. enables the elimination or reversal of CD, while nano-cilia and LC with

The CD response of the framework is manifested as the trans-  both positive chiroptical response (+CD and +CD) can achieve ampli-
mission difference between LCP and RCP. In our framework designs, fication of CD. Figure 1f, g show two implementation examples of the
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Fig. 1| Design of dual chiral framework. a, b Functional design for dynamic to RCP. e Schematic of the chiral transmission of LC versus temperature at fixed
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chiroptical response. If one wants to completely reverse the structure from left- leading to a blueshift of the CPL photonic bandgap and the subsequent change in

handed (LH) to right-handed (RH), the system needs to overcome a giant energy transmission. When the bandgap shifts, the transmission initially decreases,
barrier. For a dual chiral framework (b), dynamic modulation between positive and  reaches and maintains a minimum, and finally increases. The gray background
negative values can be achieved by matching the zero points of their helicity (H). ~ marks the “ON” state of the LC. f, g Illlustration of different combinations of two

¢ Schematic of the framework made by nano-cilia metasurface integrated with chiral elements to obtain a tunable and dual chiral framework. In (f) the nano-cilia
thermoresponsive cholesteric liquid crystal (LC). The dual chiral structures enable  and LC with opposite chiroptical response (+CD and —-CD) enables the elimination
the amplification, elimination, and reversal of chiroptical response at different and reversal of CD. In comparison, in (g) nano-cilia and LC with both positive

temperatures. d Electric field distributions of RH-cilia. The RH-cilia exhibits stron-  chiroptical response (+CD and +CD) can achieve the amplification of CD.
ger plasmonic resonance to LCP, resulting in lower transmittance of LCP compared
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dual chiral framework. For the RH-cilia with +CD, by combining the
right-handed LC (RH-LC) with tunable -CD (Fig. 1f), the Tircp decreases
from higher than T, cp to lower than T cp. Specifically, the incident CPL
interacts with the cholesteric LC and the nano-cilia successively. RH-LC
only has the ability to modulate Trcp, while RH-cilia has a positive CD
response itself. When RCP light passes through the RH-LC, the light
intensity decreased (or maintained) when LC is on (or off), while the
LCP light intensity does not change. Therefore, when the RCP trans-
mittance of RH-LC approaches 100% at the off state, there is no
modulation effect on Trcp in the RH-LC region and the framework
maintains a totally positive CD response due to the RH-cilia. In com-
parison, when the RCP transmittance of RH-LC approaches 0% at the
on state, Trcp is less than Ty cp in the RH-LC region, thus achieving a
negative CD in the RH-LC region. In such a case, the overall CD value
after passing through the nano-cilia could be negative, zero, or posi-
tive, dependent on the situation of LC.

As for the combination of RH-cilia and LH-LC (Fig. 1g), the Ty cp
decreases in the LCP photonic bandgap, while Trcp remains the same.
Therefore, the difference of Ty cp and Trcp enlarges, amplifying the
positive CD response.

Fabrication and spectral performance of the chiral nano-cilia
metasurface

The detailed fabrication process of nano-cilia is shown in Fig. 2a. The
two-dimensional (2D) nano-cilia pattern is directly formed by high-
dose focused ion beam (FIB) milling. After that, wet-etching process is
applied by HF solution (HF: H,O =1:4) for 45 s. The HF solution etches
beneath SiO, through Au slits, and the arms of nano-cilia are released
from the substrate. Then, low-dose global ion beam (GIB) irradiation is
employed to induce tensile stress for final deformation, transforming
the originally 2D planar nanostructure to 3D twisted nano-cilia struc-
ture. To create a chiroptical response in visible wavelengths, the nano-
cilia structures are designed with a periodicity of p =500 nm, a central
cylinder radius with r=130nm, and an arm width of w=60nm
(Fig. 2b). Three suspended arms of nano-cilia are initially planar
(Fig. 2c) and then deformed by introducing inner stress through GIB
irradiation®® (Fig. 2d). These twisted structures provide a physical basis
for chiroptical response.

Quantitatively, the ion beam irradiation can be described by the
dosage of ion beam. For FIB milling, a high dosage of >50 pC/um? is
employed to cut the 2D nano-patterns. Then, the deformation of the
nano-cilia is realized by globally irradiating the entire metasurface with
a relative low dose of 0.1-5 pC/um? The main mechanism of the nano-
deformation is to use the residual stress induced by the gallium ion
collisions with the gold thin films. Figure 2e shows the deformation
height of the nano-cilia as a function of the ion dose. When the gold
nanofilm is irradiated by ion beams, some gold atoms are knocked out,
causing surrounding atoms to aggregate towards the vacancies,
resulting in tensile stress close to the surface of the film. Meanwhile,
the inner atoms are subjected to compressive stress due to the influ-
ence of implanted gallium ions. These two types of stresses occur
within a thickness of ~20 nm on the top layer of the gold film®, which
further drives the elastic deformation of bottom layer. In such a case,
the residual stress will cause the structure to bend globally under the
guidance of the initial topographies until new equilibrium morpholo-
gies are reached (Fig. 2f).

Figure 2g shows simulated CD spectra of 3D deformed RH- and
LH-cilia. Due to the vertical deformation of three metallic nano-cilia
arms, the mirror symmetry was broken and a resonance peak appears
at 690nm (see detailed analysis in Supplementary Information
Note S1). The transmissions of LCP and RCP show great difference,
which causes a narrow CD peak at this wavelength. The resonance peak
and intensity are mainly decided by the handedness-dependent exci-
tation of electric dipole mode at the tip of the nano-cilia (see detailed
analysis in Supplementary Information Note S2). Figure 2h, i present

the experimental transmission and CD spectra of 3D deformed RH- and
LH-cilia, with a maximum CD of 0.46 at 690 nm. These results well
match with theoretical simulations in terms of resonance wavelength,
while the differences in resonance intensity and linewidth are mainly
due to structural deviations during the fabrication process. The
implantation of Ga* ions during FIB milling and irradiation introduced
optical loss, which broadened the resonance peak of nano-cilia.
Meanwhile, incomplete wet etching process resulted in residual SiO,.
The capillary forces during the drying process of the wet etching may
lead to the imperfect deformation of some of the suspended nano-cilia
arms. Nevertheless, the structure remains stable once fabricated. The
deformation of nano Au arms under ion induced stress does not
change with temperature (see spectral stability of nano-cilia metasur-
face in Supplementary Information Note S3).

The deformation mechanism of nano-cilia is to utilize the residual
stress generated by the collision between ions and gold films, which
creates a stress difference between the surface and inner layer of the
gold film, leading to the structural distortion. This deformation trend
is unidirectional, therefore reversible optical modulation and CD
reversal cannot be achieved. To address this issue, we introduced
another chiral material to participate in CPL modulation, namely
cholesteric LC.

Optical properties of cholesteric liquid crystal

The preparation of cholesteric LC was achieved by mixing the ther-
moresponsive RH/LH chiral dopants R811/S811 with nematic liquid
crystal E7 (Fig. 3a) at a carefully designed ratio®. After injected into a
cell, the LC molecules assemble to uniform standing helices with a
pitch length P and parallel directors at both surfaces (Methods). Due to
P determining the wavelength of photonic bandgap, thicker LC has
more pitches with the same photonic bandgap (Fig. 3b). The helical
pitch becomes shorter in response to heat stimulation, and the resul-
tant bandgap blueshifts. As a result, the cholesteric LC texture appears
dark gray at 24 °C and red at 34 °C (Fig. 3c), since their reflection are
within the infrared and red range, respectively.

The surface anchoring of the cell restricts the LC pitches to the
discrete set P=D/N, where D is the cell gap (i.e., sample thickness) and
the pitch number N must be an integer or a half integer. Therefore, the
photonic bandgap is tuned quasi-continuously (Fig. 3d), and the cell of
D =7.5um allows more stable intermediate states and smaller intervals
than that of D=4.0 um (see detailed analysis in Supplementary Infor-
mation Note S4). The in-situ transmission spectra of the thermo-
responsive cholesteric LCs with different D are shown in Fig. 3e, f. Due
to the larger pitch number, the transmission bandgap edge of thicker
samples is steeper. The bandgaps demonstrate a distinct blueshift with
increasing temperature (Fig. 3d). Figure 3g illustrates the detailed
process of transmission recovering at 690 nm as the bandgap shifts
away. In the cell of D=7.5um, since the heat-driven regulation in the
pitch could take smaller intervals, T;cp changes in a smoother way,
instead of a drastic change (see detailed analysis of dynamic response
in Supplementary Information Note S5). Notably, the LC cell gap pro-
vides a way to adjust the thermal sensitivity of the dual chiral
framework.

Dynamic CD modulation enabled by the dual chiral framework
We integrate cholesteric LC onto the back of the quartz substrate
loaded with nano-cilia to form the dual chiral framework. A homemade
optical characterization setup was employed to measure the dynamic
CD modulation capability of the sample (Fig. 4a). A halogen light
served as the light source, emitting a light beam that illuminated the
fabricated sample. The light beam passed through a linear polarizer
(LP) and a quarter-wave plate (QWP) to generate CPL. Subsequently,
the light beam was focused on the sample by using a 20 x objective
lens. The sample was placed on a heating stage and the CD modulation
process was recorded by a spectrometer.

Nature Communications | (2025)16:6569


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-61982-w

a
High dose FIB Wet etching Low dose GIB e
Au == g:‘é,_ A
High dose FIB m m Wet etching = - Low dose GIB - M >-
— —
b LN
w ‘b“"‘
'\r ¥ NG
’ ]
’ ‘, . .
\ 3
- fP o v,
€ 200
~—d
€150} *
= 0 me=m 200 :
% 9
£ 100
®
&
o 50f
K%
@) Exp.
0 L L L L
0 1 2 3 4
lon dose (pC/um?)
g h
0.5F__ - r Cal
RH-cil .
- LH-ccillilziJ ! \\ ';100 0o o
I\ < L
/
o ===’ A 5 5 5
Q0.0 o @ @
b o~ \\ / é 50¢ 0.2 é
[7] [2]
v 5 g
\ I — —
-0.5¢ v = =
L 0 z -0.1 0 .
500 700 900 500 700 900 500 700 900

Wavelength (nm)

Fig. 2 | Fabrication and chiroptical response of nano-cilia structures. a The
preparation process of nano-cilia metasurface. The nano-cilia structure is realized
by a nano-kirigami process: a high dose focused ion beam (FIB) is used for film
cutting, and then a low dose global ion beam (GIB) is used for structure twisting.
b Schematic of nano-cilia units. The units are designed with a periodicity of

p =500 nm, a central cylinder radius with r=130 nm, and an arm width of
w=60nm.c, dSide-view SEM images of 2D and 3D state of nano-cilia metasurface.

Wavelength (nm)

Wavelength (nm)

Scale bars: 500 nm. e Experimental vertical displacement of the nano-cilia as a
function of ion dose. Error bars represent standard deviation (SD) of three inde-
pendent experiments (n = 3). f SEM images of nano-cilia metasurface with different
displacement. Scale bar: 500 nm. The initial and final images are top views, and the
intermediate images are oblique views with an angle of 52°. g Calculated CD spectra
of 3D deformed RH/LH-cilia. h, i Experimental transmission and CD spectra of 3D
deformed RH/LH-cilia under LCP and RCP excitation.

The static CD spectra of dual chiral frameworks based on RH-cilia
are shown in Fig. 4b. For a framework with LH-LC, T, cp decreases due
to the Bragg reflection. Therefore, the difference between the original
high Trcp and the low Ty cp of nano-cilia structure is further enlarged
(see optical transmission spectrum in Supplementary Information
Note S6), leading to a CD enhancement from 0.46 to 0.84. Conversely,

for a framework with the RH-LC, Trcp decreases from a value higher
than T cp to a value lower than T, cp. So, the initial positive CD will be
modulated from 0.46 to a negative CD of —0.76. LCs have the ability to
reduce the transmittance of one CPL from its initial value to nearly 0. In
such a case, the transmitted RCP and LCP light at the entrance of the
RH-cilia are different, resulting in asymmetry between the maximum
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Fig. 3 | Optical properties of cholesteric liquid crystal. a Molecular structures of
nematic LC mixture E7, and thermoresponsive RH/LH chiral dopant R811/S811.

b The calculated relation between the cholesteric LC pitch number and the center
wavelength of the CPL photonic bandgap. The center wavelength is calculated by
Acenter = NaveP = NaveD/N, Where n,,. is the average of the ordinary and the extra-
ordinary refractive indices of the cholesteric LC, D is the cell gap, Pis the pitch, and
N is the pitch number expressed by N = D/P. ¢ Reflection spectra of 7.5 pm LH-LC at
24.0 °C (gray line) and 34.0 °C (red line). Inset: Microscopic reflection images of the
7.5 um LH-LC at 24.0 °C and 34.0 °C. White arrows denote the polarization of the
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crossed polarizers. Scale bars: 100 pm. d The shift of bandgaps for the 4.0-um
(cyan) and the 7.5-um (green) LH-LCs. Each bar denotes a stable state, whose upper
and lower boundaries mark the photonic band gap edges, and the horizontal
location represents the temperature. e, f Transmission spectra of 4.0 pm and

7.5 pm thick LH-LC under LCP excitation at different temperatures. The arrows
indicate the blueshift of bandgap when the temperature increases. g Dynamic
transmission of 4.0 pm and 7.5 pm thick LH-LC under LCP excitation at wavelength
of 690 nm.

and minimum CD of the two frameworks. Meanwhile, the changes in
RCP or LCP transmittance will simultaneously affect both the
numerator and denominator of the CD equation (Eq. 4), resulting in a
small difference in absolute CD values between the two frameworks.
The above CD features are the optical response of the frameworks
at a fixed temperature, which can be further modulated by heating the
cholesteric LC. As is shown in Fig. 4c, we illustrate the dynamic CD
modulation process of the dual chiral frameworks in a single wave-
length perspective (1=690nm). For the framework with LH-LC
(Fig. 4c, blue curve), the blueshift of the CPL photonic bandgap cau-
ses the dynamic modulation of the T} cp. The T, cp gradually decreases
when the CPL photonic bandgap includes 690 nm, and recovers when
the CPL photonic bandgap moves out. Therefore, the CD of the fra-
mework is amplified at first and then recovered. Different modulation
processes happen to the framework with the RH-LC (Fig. 4c, orange
curve). The Tgcp is modulated from initially higher than 7 cp and finally
to lower than Ty cp. Three chiroptical response states occur during this
process: positive CD, non-chirality, and negative CD. The extremum of
CD occurs at difference temperatures for the framework with different
chiral LC. This is due to slight differences in the temperature response

of LC with different chiral dopants R811/S811. We measured the
transmission of two different cholesteric LCs at 690 nm as a function
of temperature (see Supplementary Information Note S7). The results
indicate that the cholesteric LCs have different transmission valley,
which is consistent with Fig. 4c.

As we have mentioned above, the thickness of LC will affect the
sensitivity of CD modulation. We heated the device with a uniform
heating rate and recorded the CD at different temperatures in situ
(Fig. 4d, e). The framework with a 4.0 pm-thick LC has a faster thermal
response, while a 7.5 um-thick LC gives the slower changing of CD (see
detailed analysis in Supplementary Information Note S5). We can
choose appropriate device thickness according to the requirement of
application scenarios.

Thermally tunable CPL metalens

It can be seen from the above experiments that embedding different
types of cholesteric LC on the same nano-cilia metasurface can realize
different types of chiroptical regulation. Furthermore, we can also
combine different types of nano-cilia on the same LC to achieve light
field regulation of CPL. Here, we designed a thermally tunable CPL
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Fig. 4 | Dynamic CD modulation of the dual chiral framework based on RH-cilia.
a The optical characterization setup. Inset shows the dual chiral framework of RH
nano-cilia with LH- or RH-LC. b Static CD spectra of frameworks with LH-/RH-LC at
temperature of 30.4 °C. ¢ Dynamic CD modulation of frameworks with LH-/RH-LC

as a function of temperature. d, e Detailed CD modulation process of frameworks
with different LC thicknesses. The framework integrated with RH-LC (d) demon-
strates the process of CD reduction and reversal. The framework integrated with
LH-LC (e) demonstrates the process of CD amplification.

focusing metalens by utilizing the giant CD modulation ability of the
dual chiral framework. Figure 5a depict the schematic of the metalens.
Considering a beam of LCP light incident on the structures, RH-cilia has
a lower LCP transmittance compared to LH-cilia. By designing a
metasurface with a circular transmittance distribution (Fig. 5b, c),
chiroptical focusing can be achieved. Furthermore, thermoresponsive
cholesteric LC can adjust the intensity of incident LCP, eliminating the
circular transmittance distribution, allowing the metalens to switch
between focused and non-focused states.

Experimentally, we constructed 37,440 nano-cilia units with an
area of 80 um x 80 um, which employs two types of nano-cilia struc-
tures to form several concentric rings on LH-LC. Figure 5d shows the
SEM image of the first order ring. These nano-cilia units are arranged in
a hexagonal pattern, with the RH-cilia forming fine rings and the rest
being LH-cilia (Fig. 5e). The width of the rings is only one pixel, and
each pixel of the metalens contains only one nano-cilia unit. The
position of each ring is determined by using the Rayleigh-Sommerfeld
diffraction method*’**2. These rings consist of LH- and RH-cilia have
different transmittance for incident CPL, which enable the focusing of
light. Here, we introduce CD,,s to evaluate the optical response of the
CPL metalens:

CDiens =(Trrie — True)/(Tprc + Trie)s )
where T, and Try are the transmittance of LH- and RH-cilia. Figure 5f
shows the LCP transmittance of LH- and RH-cilia. The LH-cilia has a
transmittance of 55% at 690 nm, while the RH-cilia has a transmittance
of only 23%, resulting in a CDje,,s of 0.41.

Theoretical simulation of the intensity distribution of the
designed metalens in the focal region is shown in Fig. 5g, h. The focal
length is designed to be 50 pm. The metalens is able to achieve sub-
wavelength focusing performance in the x-y plane as the full width at
half maximum (FWHM) is 450 nm, corresponding to 0.651 at the
incident wavelength of 690 nm. Meanwhile, a high resolution of 3.3 um

(4.71) along the z-direction is also achieved. The corresponding
experimental demonstration (Fig. 5g, h, orange line) show a high
resolution of 582 nm (0.84 1) and 3.8 um (5.54) in the x-y plane and
along the z-direction, respectively.

We compared the simulated and experimental focal point image
on x-y and x-z plane (Fig. 5i-1), the well-matched results confirm the
high accuracy of the nano-kirigami method. This achievement signifies
the successful development of a tunable CPL metalens, demonstrating
its adaptability and functionality in response to thermal conditions.
Considering the focal length and numerical aperture (NA) of the
metalens can be flexibly designed and controlled, and the small size
(80 pm x 80 um) allows convenient integration of such a metalens on
the facet of an optical fiber that has a typical diameter of >100 pm. Our
thermally tunable metalens can be used as an optical modulator to
encode O and 1 for optical communications. Meanwhile, the high
spatial resolution allows the use of our metalens in a fiber optic
endoscope to achieve miniaturized size and high-resolution optical
imaging for broad applications***,

The dynamic modulation process of the CPL metalens is shown in
Fig. 5m. For an incident LCP light at the wavelength of 690 nm, the
metalens exhibited focusing ability owing to the different transmission
of two types of nano-cilia at 25 °C. The center wavelength of the LCP
Bragg reflection band shifted to 690 nm when the metalens was heated
to 35 °C, and the focusing function was disabled due to the elimination
of CDg,s. When the temperature reaches 41°C, the Bragg reflection
band blue shifted to a much shorter wavelengths, away from 690 nm,
so the metalens regained its focusing ability. As can be seen, this
metalens can undergo continuous changes in focused and defocused
states within the range of 25 °C to 41 °C. Interestingly, our metalens
exhibits a reversed response to linearly and circular polarized light: it
focuses incident linearly polarized light when the LC is activated, but
not when deactivated (Fig. 5m inset, see Supplementary Information
Note S8 for details). Given its imaging capability, this metalens shows
potential for multispectral imaging of polarization-sensitive objects.
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In the above experiments, we utilized the difference in transmit-
tance between LH- and RH-cilia to achieve different focusing effects for
different polarized light. Another interesting combination is to arrange
cilia with different rotation angles for geometric phase modulation,
which enables circular polarization switching (see Supplementary Infor-
mation Note S9). In our framework design, the twist of the liquid crystal
is responsible for dynamic modulation, while the static cilia structure can
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be designed and arranged in multiple dimensions such as the number,
length, width, and height of the arms, allowing our device able to not
only modulate CD response, but also achieve rich applications.

Discussion
Generally, the optical chirality of materials is determined by their
geometric structure and dielectric functions. Although dynamic CD
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Fig. 5 | Thermally tunable CPL metalens. a Schematic of thermally tunable
metalens. b Schematic of the metalens design, with the RH-cilia (red) forming the
fine ring and the rest being LH-cilia (black). By designing a metasurface with a
circular transmittance distribution, chiroptical focusing can be achieved.

c lllustration of the metalens’ first order concentric ring. d The SEM image of the
metalens’ first order concentric ring. RH-cilia structures are framed by red dashed
line. Scale bar: 2 um. e Detailed SEM image of the LH- and RH-cilia in the metalens.
RH-cilia structures are framed by red dashed line, and LH-cilia structures are framed
by black dashed line. Scale bar: 500 nm. f Experimental transmission spectrum of

LH- and RH-cilia structures under LCP excitation. Orange line shows the CDjep,s
spectrum. g Cross-sectional focal point intensity plots along the x-direction.

h Cross-sectional focal point intensity plots along the z-direction. i-I Simulated and
experimental focal point image. m Dynamic focusing switch of the metalens. The
CDens first decreases and then increases with temperature, during which the
metalens initially loses its CPL focusing ability and then refocuses again. Insets
show the optical image of the focal position. The metalens exhibits a reversed
response to circular and linearly polarized light.

response can be achieved by adjusting these parameters, the complete
reversal of chirality requires overcoming large structural or molecular
barriers, which has rarely been reported. Recent works have made
significant progress in this area, such as CD redshift in the near-
infrared wavelengths based on phase change materials*’, and asym-
metric CD response in chiral microcavities*®. However, continuous and
broadband modulation of dynamic chiral reversal remains elusive (see
Supplementary Information Note S10 for more comparisons with
existing CD modulation methods). To tackle these challenges, we
propose the concept of dual chirality in this work. Meanwhile, by using
the nano-kirigami technology, we have realized the wavelength
matching between the metasurface and the LC molecules, thus
achieved high-resolution CD modulation.

In conclusion, we have proposed and demonstrated a dynamic
chiroptical platform via liquid-crystal-embedded nano-cilia photonic
structures. Through nano-kirigami method, we prepared open-loop
nano-cilia structure with a giant chiroptical response in visible region.
A thermoresponsive cholesteric LC with dynamic CPL photonic
bandgap is well integrated to the nano-cilia metasurface. This dual
chiral framework can dynamically amplify, eliminate, and reverse the
CD response. Precise temperature control allows a selective range of
the CD value from -0.76 to 0.84. Moreover, a thermally tunable and
compact CPL metalens is demonstrated which can be dynamically
switched between focusing and defocusing state. This integrated
device with dynamic CD has great potential in optical communication,
displays, sensors, etc.

Methods

Preparation of nano-cilia metasurface

The 2D nano-cilia structures were fabricated with a dual-beam FIB/SEM
system (FEI Helios 600i) on a metal/SiO, substrate. The kirigami pat-
tern was built on the commercial Au/SiO, substrates (60 nm Au, 2 um
SiO,). The 2D patterns were directly cut by the FIB under high doses of
(>50 pC/um?). The acceleration voltage and current beam of Ga* were
set at 20 kV and 40 pA, respectively. After the cutting processes, the
sample was dipped into diluted hydrofluoric acid (20%, HF:H,O =1:4)
to etch off the beneath SiO,, resulting in locally suspended kirigami
patterns on the top. Wet etching is an isotropic etching process with an
etching rate of 55nm/min. Consequently, selecting 45s for etching
results in the removal of 41.25 nm of SiO,, which is sufficient to etch
away the SiO, beneath the nano-cilia arm (width: 60 nm) while leaving
the SiO, cylinder with a sufficient diameter of ~200 nm beneath the
central disk to support the structure. Then, the 2D structures were
irradiated by ion beam irradiation with relative low doses of 0.1-5 pC/
um?, deforming to 3D structure.

Preparation of thermoresponsive cholesteric LC

The thermoresponsive cholesteric LC materials were fabricated by
mixing the nematic LC host E7 (HCCH, China) with the left-handed/
right-handed chiral dopant S811/R811 (HCCH, China). Specifically, the
right-handed LC was prepared by mixing the nematic LC E7 with the
RH chiral dopant R811, and the left-handed LC was prepared by mixing
E7 with the LH dopant S811. Each LC was independently prepared to
ensure clear handedness. The doping concentration was 23.24 wt%. To
prepare the cholesteric LC device, two pieces of glass substrates were

separated using spacers and sealed with epoxy glue to form a cell. Two
types of cell gaps were used, namely 4.0 um and 7.5 um, which were
checked by the Fabry-Pérot interference. All cells underwent the
uniform and anti-parallel alignment with a very small pretilt angle. The
cholesteric LC material was filled into the cell at 80 °C, and gradually
cooled to room temperature to achieve a uniformly self-assembled LC
chiral structure.

Optical characterizations

The optical measurements in the visible wavelength range were per-
formed using a home-made spectroscopy system designed to char-
acterize samples with small sizes. For transmission spectral
measurement, a halogen light source (HL-2000, Ocean Optics) served
as the light source, the light beam passed through a linear polarizer
(GLC-051002, Daheng Optics) and a quarter-wave plate (GCL-060802,
Daheng Optics) to convert the input beam polarization into circular
polarization state. Subsequently, the light beam was focused on the
sample. Finally, the transmitted light in normal direction was collected
by the objective lens (x20, NA 0.25, Olympus) and delivered to a
spectrometer (Ocean Optics, QE65000 for visible wavelengths). The
optical measurements of the metalens were performed using the
home-made spectroscopy system integrated with a piezoelectric
ceramic displacement platform. By gradually adjusting the distance
between the objective and the metalens in a step of 100 nm, we are
able to obtain the optical intensity distributions at different axial
positions.

Data availability

All data supporting this study and its findings are available within this
published article and its supplementary information files. Any other
relevant data are available from the corresponding authors upon
request.

Code availability

The algorithms applied in this work can be built following the
instructions in Methods and Supplementary Information. The codes
that support the findings of this study are also available from the
corresponding authors on request.
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