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Abstract: The development of low-cost and convenient procedure to produce large-area
reconfigurable chiroptical meta-devices (CMDs) enantiomers with dynamically tunable
chiroptical response in the visible band has generated significant interest, owing to its
tremendous potential for applications such as optical rotary filtering, color switching,
information storage, etc. Currently, many methods, such as phase change material, air pressure,
bias, etc., have been proposed to reconfigure the chiroptical response of the CMDs enantiomers,
but still lack of ability to actively regulate the chiroptical response of the large-area CMDs.
Herein, we propose the centimeter-scale stressmechanically reconfigurable CMDs enantiomers
with actively-tunable chiroptical response in the visible band. The chirality sign switching and
chirality intensity turning on-off of the CMDs enantiomers can be achieved by bending the
flexible substrate to the desired curvature radius to turn the electromagnetic modes resonance

of the CMDs enantiomers. Our results provide an effective approach to supply the large-area
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reconfigurable CMDs enantiomers with actively tunable chiroptical response, and will open up

new possibilities for chirality nanophotonic applications.

1. Introduction
Chiral molecules, with a feature of structurally symmetric but not completely coincident,
exhibit distinct optical responses when interacting with circularly polarized light. Benefiting
from the understanding of natural chiral molecules, artificially designed chiroptical meta-
devices (CMDs) enantiomers can exhibit remarkably strong chiroptical response, and play an
important role to probe the chirality at the nanoscale by enhancing chiral light-matter
interactions, holding promise for chiral-optical applications, including chiral biomolecular
sensing,!*! chiral enantiomer differentiation,? circularly polarized light detection,®! chiral
mirror,i! broadband circular polarizer,?! etc.

Currently, the CMDs enantiomers constructed by metal or dielectric materials lack active
tunability, which restricts their potential applications across various fields. To address this issue,
various methods have been proposed to regulate the chiroptical response of the CMDs
enantiomers. Phase change materials have been employed to reconfigure the resonant behaviors
of the electromagnetic modes in the CMDs. This is achieved by leveraging the substantial
alterations in dielectric coefficients of phase change materials when transition from an
amorphous to a crystalline state.[®! The near-field coupling characteristic of the CMDs was
reconfigured by utilizing the swelling properties of the silk fibroin films.”l Based on the redox
reaction of PbO> under ultraviolet light irradiation, the longitudinal and transverse modes of the
gold nanorods-based CMDs can be reconfigured.l®! To date, the electromagnetic response of
the CMDs has been successfully reconfigured using various external stimuli such as
macroscopic stacking,® thermal, X% light intensity,*!I air pressure,[*2 PHI*% and bias.[*! These
techniques have been widely used in fields such as rotary filtering,[*3 information storagel*€l
and color switching,*) etc. Nevertheless, there is still a lack of effective strategies to actively
manipulate the chiroptical response of the large-area CMDs enantiomers in the visible band.

In this work, we present a novel approach to prepare the flexible CMDs enantiomers with a
stressmechanically reconfigurable chiroptical response in the visible band. By
stressmechanical-bending the flexible substrate to manipulate the resonance characteristics of
the electromagnetic modes in the CMDs, we have achieved chirality sign switching and
chirality intensity turning on-off. The circular dichroism (CD) examination result has shown
that the chirality sign of the CMDs can be switched at the wavelength of 441 nm, with the CD
intensity modulation from 230 mdeg to -210 mdeg. At the wavelength of 654 nm, the chirality
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intensity of the CMDs can be turn on-off, with the CD intensity modulation from 900 mdeg to
30 mdeg. Most importantly, the chiroptical response of the stressmechanically reconfigurable
CMDs enantiomers exhibits continuous tunability, allowing it to be precisely adjusted to the
desired state by controlling the bending radius of the flexible CMDs.

2. Results and Discussion

2.1. Fabrication and evaluation of CMDs enantiomers.
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Figure 1. Fabrication and evaluation of the CMDs enantiomers. (a) Schematic representation
of the D- and L-handed CMDs enantiomers. (b) Illustration of the reference coordinate system
of the CMDs and the deposition orientation of Au, Ag and Al>Os films on the UAAO template.
Photograph (c) and SEM image (d) of the UAAO template. SEM images of the D- (e) and L-
handed (f) CMDs enantiomers. (g) CD spectra of the CMDs enantiomers with the Al,O3 film
thickness of d=2 nm, 4 nm, 6 nm, 8 nm and 10 nm, respectively. (h) Relationship between the
CD intensities and d at the wavelength of 661 nm. (i) Time-stability of the chiroptical response
of the CMDs enantiomers with different Al2O3 film thickness examined at the wavelength of
661 nm.
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The D- and L-handed CMDs enantiomers, as illustrated in Figure 1(a), were fabricated using a
two-step glancing angle deposition (GLAD) process on the ultrathin anodic aluminum oxide
(UAAO) templates. In Figure 1(b), the CMDs was placed in the cartesian coordinate system to
visually depict the preparation process. An Au film with the thickness of 20 nm was deposited
on the UAAO at an angle of =45° in the y-z plane. Subsequently, an Al>Oz film was deposited
onto the surface of the Au film using atomic layer deposition (ALD) at an ambient temperature
of 150°. Next, the UAAQ template was rotated at an angel of ©=+90°, and then an Ag film with
a thickness of 20 nm was deposited on the surface of the UAAO template at an angle of p=45°
in the x-z plane to complete the fabrication of the D-handed CMDs. To fabricate the L-handed
CMDs, the process was identical to that of the D-handed CMDs, with the exception that the
UAAO template was rotated by ©=-90° after depositing the Au and Al>Os films. The fabrication
details of the CMDs enantiomers were illustrated in Supplementary Note 1.

The UAAO template with a silica substrate, as shown in Figure 1(c), was chosen to prepare
the CMDs enantiomers and subsequently perform transmission CD measurement. Figure 1(d)
is the scanning electron microscopy (SEM) image of the UAAO with a thickness of 400 nm,
the diameter and the sidewall thickness of the nanohole are 100 nm and 25 nm, respectively.
Figures 1(e) and 1(f) are SEM images of the D- and L-handed CMDs enantiomers with d=10
nm, respectively, revealing that the chiral nanostructures have been uniformly prepared on the
UAAO templates. The chiral nanostructures, prepared with centimeter-scale dimensions (1
cm X1 cm), enable the chiroptical response of the CMDs enantiomers to be evaluated using a
commercial CD spectrometer (Chirascan) with a beam size of 8 mm. This utilization of the CD
spectrometer ensures the acquisition of reliable examination results. The chiroptical response
of the CMDs enantiomers was adjusted by controlling the thickness of the Al,Os films. Figure
1(g) is the CD spectra of the D- and L-handed CMDs with the Al>Oz thickness of d=2 nm, 4
nm, 6 nm, 8 nm and 10 nm, respectively, revealing that the chiroptical response of the CMDs
can be enhanced by increasing the thickness of the Al>Os films. In addition, the CD spectra of
the D- and L-handed CMDs exhibit a bisignate feature, revealing mirror symmetry between
these CMDs enantiomers. This characteristic is consistent across different thicknesses of the
Al>Os films, as shown in Figure 1(g). The dissymmetry factors (g-factors) of the CMDs with
different AlOz film thicknesses have been experimentally measured, as shown in
Supplementary Figure S2. The g-factor of CMDs enantiomers with d=10 nm reached 0.1 at the
wavelength of 661 nm, indicating excellent chiroptical responses of the CMDs enantiomers.
Figure 1(h) is the d-dependence of the chiroptical response of the CMDs at the wavelength of

661 nm, and the relationship between the CD intensity and d has formation as
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lcp=%[62.5+107.5d], revealing that the chiroptical response of the CMDs enantiomers can be
experimentally customized based on the thickness of the Al2Os films. In addition, the d-
dependence of the CD intensity of the other two CMDs samples was examined at the
wavelength of 661 nm, and the repeatability examination result of the chiroptical response of
the two CMDs is shown in Supplementary Figure S3.

Furthermore, considering that the Ag material is used in the preparation process of the CMDs
enantiomers, the CD spectra of the CMDs enantiomers with different storage times were
examined to assess the time stability of the chiroptical response of the CMDs enantiomers.
Taking the wavelength of 661 nm as an example, Figure 1(i) shows the corresponding CD
intensity of the CMDs at one-month interval. The time stability of the CMDs enantiomers
examined by CD spectra can be seen in Supplementary Figure S4. It is worth noting that the
relative standard deviation (RSD) of the time stability for the chiroptical response of the D-
handed CMDs with different film thicknesses is 5.89% (d=2 nm), 2.00% (d=4 nm), 5.75% (d=6
nm), 4.64% (d=8 nm) and 5.11% (d=10 nm), suggesting that the chiroptical response of the
CMDs remains remarkably stable when stored in ambient environments for a period of two
months. This high-level stability ensures the successful execution of subsequent experiments
relying on the CMDs enantiomers.

The influence of the AIl>O3 film thickness on the chiroptical response of the CMDs
enantiomers has been further investigated. We have quantified the Al,Oz film thickness by
combining the scanning transmission electron microscopy (STEM) and the energy-dispersive
spectroscopy (EDS). Ultrathin slices of the D- and L-handed CMDs were extracted from the
regions between the black and red dashed lines in Figures 2(a1) and (az2), respectively. The
orientation of the STEM imaging direction for the ultrathin slices of the D- and L-handed CMDs
are indicated by the red arrows in the insets of Figure 2(a1) and 2(az), respectively. The location
of the Al.Oz film can be confirmed according to the EDS image, and the contrast of different
components in the STEM image can confirm the Al2Os film thickness. STEM images of the D-
and L-handed CMDs with measured thicknesses of d=2 nm, 6 nm, and 10 nm are shown in
Figures 2(b1, b2), (d1, d2) and (f1, f2), respectively, indicating that ALD deposition accurately
controls the thickness of the Al>Os film to adjust the chiroptical response of the CMDs
enantiomers. The corresponding EDS imaging for the D- and L-handed CMDs with d=2 nm, 6
nm, and 10 nm, are shown in Figures 2(cs, C2), (e1, €2) and (91, g2), respectively. In addition, the
D- and L-handed CMDs enantiomers with d=4 nm and 8 nm have also been verified by STEM
and EDS, shown in Supplementary Figure S5.
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Figure 2. Examination of Al>O3 film thickness of CMDs enantiomers. Taking samples to test
the Al203 film thickness for D- (a1) and L-handed (a2) CMDs enantiomers. Insets in (a1) and
(a2) are the samples obtained from the areas between the black and red dashed lines in (a1) and
(a2), respectively, and the red arrows indicates the STEM imaging direction for the samples.
STEM images of the D- and L-handed CMDs with Al,O3 film thickness of d=2 nm (by, b2), 6
nm (dz, d2), and 10 nm (f, f2), respectively. EDS images for D- and L-handed CMDs with d=2

nm (Cy, C2), 6 nm (e1, e2), and 10 nm (g1, g2), respectively. Scale bars: 20 nm.

The d-dependence of the chiroptical response of the D- and L-handed CMDs enantiomers
was calculated by the finite difference time domain (FDTD) method. The structural model used
in the simulation is shown in Supplementary Figure S6. Figure 3(a) gives the calculated CD
spectra of the CMDs enantiomers with d=2 nm, 4 nm, 6 nm, 8 nm and 10 nm, respectively
[Calculated details see Method 3]. Note that, d mainly affects the CD intensity, although it also
has a minor effect on the chirality resonant wavelength. The g-factors of the CMDs with
different Al,O3z film thicknesses have been theoretically calculated, as shown in Supplementary
Figure S7. The g-factor of the CMDs enantiomers with d=10 nm reached 0.3 at the wavelength
of 661 nm, indicating outstanding chiroptical responses of the CMDs enantiomers. Figure 3(b)
is the d-dependence of the chiroptical response of the CMDs at the wavelength of 661 nm, and
the relationship between the CD intensity and d has formation as Icp=+[1041.9+508.9d],
revealing that the chiroptical response of the CMDs also can be theoretically customized
according to the thickness of the Al,O3 film. The calculation results qualitatively reproduce the
experimental data at the wavelength of 661 nm. The disparity in the CD intensity between the
experimental and calculated spectra can be attributed primarily to the surface scattering loss

caused by the surface roughness of the prepared CMDs.[*!
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Figure 3. Theoretical calculations on CMDs enantiomers. (a) Theoretically predicted CD
spectra of the D- and L-handed CMDs with d=2 nm, 4 nm, 6 nm, 8 nm and 10 nm. (b)
Relationship between CD intensities and d. Electric-field distributions |E/Eo| of the D-handed
CMDs with d=2 nm (c), d=6 nm (d), and d=10 nm (e) under the illumination of RCP at the
wavelength of 661 nm. Charge distribution of the D-handed CMDs with d=2 nm (f), d=6 nm
(9), and d=10 nm (h) under the illumination of RCP at the wavelength of 661 nm. Superchiral
field |C/Co| distribution of the D-handed CMDs with d=2 nm (c), d=6 nm (d), and d=10 nm (e)
under the illumination of RCP at the wavelength of 661 nm, with C and Co being of optical
chirality of the CMDs and the circularly polarized light (CPL) in free space, respectively.

In order to explore the enhancement mechanism of the chiroptical response of the CMDs
with different Al>Os thicknesses, the electric-field, charge and superchiral-field distributions of

the CMDs enantiomers with different Al>,Os thicknesses were calculated based on FDTD
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method.* In the case of right-handed circular polarization (RCP) illumination, the calculation
result of the electric-field distributions of the D-handed CMDs with d=2 nm, 6 nm, and 10 nm
at the wavelength of 661 nm are shown in Figure 3 (c-e), respectively. The electric-field
distributions of the D-handed CMDs with d=4 nm and 8 nm are shown in Supplementary Figure
S8. Note that, the electric-field distributions and intensities of the D-handed CMDs are strongly
influenced by d, the electric-field enhancement factor (EF=|E/Eo|) and the hot-spot numbers
increase as d increase, with E and Eo being of the amplitudes of the electric field of the CMDs
and the incident electric field,?™ respectively. In addition, in the case of L-handed CMDs
irradiated by RCP, the EF decreases as d increases, as shown in Supplementary Figure S9. In a
word, as d increase, the gradually increasing difference in the plasmon-enhanced electric field
and distribution between D- and L-handed CMDs indicates the gradually enhanced chiroptical
response. This can be attributed to the gradual increase of d enhancing the asymmetry of the
CMDs,? which leads to the asymmetric excitation current oscillation, so as to provide a strong
local surface plasmonic resonance at the tip apex of the structural unit, thereby inducing a
gradual enhancement of the electric-field intensity. Furthermore, to evaluate the effect of the
nanogap on the chiroptical response of the CMDs, the CMDs without nanogap were prepared
by the preparation process shown in Supplementary Figure S1, in addition to removing the
Al203 film. The measured CD spectrum and STEM image of the CMDs without Al,O3 film is
shown in Supplementary Figure S10, there is no obvious CD resonance peak near the
wavelength of 500 nm, revealing that the contribution of the Al,Os film to the CD spectrum of
the CMDs.

In order to reveal the electric-field enhancement mechanism of the CMDs by Al.O3 layer,
the calculated charge distributions for the CMDs with d=2 nm, 6 nm, and 10 nm are shown in
Figures 3(f-h), respectively, in the case of RCP illumination. The calculated charge distributions
for the CMDs with d=4 nm and 8 nm are shown in Supplementary Figure S11. The upper
crescent layers of the CMDs exhibit dipole resonance characteristics, and the resonance
direction changes as d increases.!?? The lower crescent layer exhibits quadrupole resonance
under conditions of d=2 nm, 4 nm, 6 nm, and 8 nm, except for dipole and quadrupole mixed
resonance in the case of d=10 nm.1?d At d=2 nm, 4 nm, 6 nm, and 8 nm, the dipole resonance
mode of the upper crescent layer interacts with the quadrupole resonance mode of the lower
crescent layer to induce a hybrid mode, causing the electric field to be confined to the tip of the
lower crescent layer, and the electric field intensity increases with the increase of d, as shown
in Figures 3(c-e). At d=10 nm, the dipole resonance mode of the upper crescent layer interacts

with the dipole and quadrupole mixed resonance mode of the lower crescent layer to generate
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another hybridized mode, resulting in an electric field confined on the nanogaps and the tip of
the lower crescent layer, simultaneously.

The chiroptical response of the CMDs with different d are calculated, and the near-field
chirality distributions of the D-handed CMDs with d=2 nm, 6 nm, and 10 nm are shown in
Figure 3(i-k), and the near-field chirality distributions of the D-handed CMDs with d=4 nm and
8 nm are shown in Supplementary Figure S12. The near-field chirality intensity of D-handed
CMDs increases as d increases, and the chirality intensity is mainly distributed in the nanogap
and the tip apex of the crescent layer, consistent with the variation of the electric field intensity.
The enhancement mechanism of the nanogap induced chiroptical response is as follows: The
introduction of the nanogap with gradually increasing thicknesses enhance the asymmetry of
the chirality nanostructures, thereby improving the chiroptical response of the CMDs.!?!] The
combination of the crescent layers and the nanogap generate more plasmonic hot-spots with
significantly enhanced chiroptical response. In addition, the interaction of the dipole-
quadrupole and the dipole-dipole resonances induce the chiroptical response enhancement.?!
However, the chiroptical response of the CMDs cannot be infinitely enhanced by increasing d,
and the CD intensity of the CMDs with d=12 nm is smaller than that of the CMDs with d=10
nm. The main reason for this phenomenon may be that the further increase of d reduces the
effective coupling of the electromagnetic modes between the upper and lower lunar layers, and
the calculation and experimental results see Supplementary Figure S13. Therefore, d=10 nm is
the optimal parameter for CMDs to have the strongest chiroptical response.

2.2. CMDs enantiomers on flexible substrate.

By combining the UAAO template and the GLAD process, the CMDs enantiomers on the
flexible substrate can be realized. As illustrated in Figure 4(a), the UAAO template was
transferred from the silica substrate to the scotch tape, which offers exceptional flexibility and
bending capacity, along with high transmissivity in the visible band. Consequently, the UAAO
template, after being transferred onto the scotch tape, as shown in Figure 4(b), can be furtherly
used to fabricate the CMDs with excellent mechanical bending capacity. As sketched in Figure
4(c), the chiral nanostructure was deposited on the UAAQ template by using the GLAD process
shown in Fig. 1(b).
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Figure 4. Preparation of CMDs enantiomers on flexible substrate. Sketch map of the UAAO
template transferred from the silica substrate (a) to the scotch tape (b). (c) CMDs enantiomers
on the scotch tape. Photographs of the UAAO template on the scotch tape (d) and the D-handed
CMDs with d=10 nm on scotch tape (e). (f) SEM image of the D-handed CMDs in (e). (g) CD
spectra of the D- and L-handed CMDs with d=10 nm on the scotch tapes. (h) CD spectra of the
D-handed CMDs after undergoing different numbers of bending cycles, with an inward -
outward bend being defined as a cycle. (i) Histogram of CD intensity at the wavelength of 680

nm after undergoing different numbers of bending cycles.

The photograph of the UAAO template on the scotch tape demonstrates the successful
transfer of the 20 mm <10 mm UAAO template onto the scotch tape with exceptional flatness,
ensuring a smooth and even surface. Figure 4(e) is the photograph of the D-handed CMDs on
the scotch tape, in which the D-handed CMD consists of Au, Al2Os3, and Ag films with
thicknesses of 20 nm, 10 nm and 20 nm, respectively. In addition, to prevent thermal
deformation of the scotch tape, the chamber temperature was set to be 80° during the deposition
process of Al>Os film by ALD. Figure 4(f) is the SEM image of D-handed CMDs after
undergoing inward and outward bending. Note that, the mechanical deformation induced by
bending does not compromise the integrity of the chiral nanostructure on the UAAO template.
The chiroptical response of D- and L-handed CMDs on scotch tape was obtained using a
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commercial CD spectrometer (Chirascan), which is represented by the blue and black curves in
Figure 4(g), respectively. The CD spectra of the D- and L-handed CMDs exhibit a bisignate
feature, indicating the mirror symmetry between these CMDs enantiomers on a flexible
substrate. However, compared to the CD spectra in Figure 1 (g), the CD spectra in Figure 4 (g)
do not show a significant CD peak at the wavelength of 500 nm. The reason is that after
transferring the AAO template to the scotch tape, the ALD ambient temperature is set to 80° to
prevent contamination of the ALD chamber. However, lower temperatures limit the growth rate
of Al2Os3 layer and reduce the deposition film quality, resulting in uneven deposition of the
Al,0s film.[?l This can be observed from the CD spectra of the CMDs without Al2Os film, as
shown in Supplementary Figure S10. When there is no Al2Oz film as the spacer layer, the CD
peak near 500 nm disappeared, and only the main peak near 660 nm was preserved. Figure 4(h)
shows the CD spectra of the D-handed CMDs after undergoing different times of bending cycles.
As can be seen, bending cycles does not affect the chirality intensity of the CMDs. Figure 4(i)
shows the histogram of the CD intensities at the wavelength of 680 nm obtained from Figure
4(h), the RSD of the CD intensities with different bending times is 1.13%, revealing that the
chiroptical response of the CMDs maintains excellent consistency after the disappearance of
the mechanical bending.
2.3. Active tunability of chirality sign and intensity of CMDs.

The chiroptical response of the CMDs can be actively tuned by bending the flexible substrate
to different curvature radii. As shown in Figure 5(a), to realize bending of the CMDs with a
specific curvature radius R, the two ends of the flexible substrate are fixed onto a glass slide.
The curvature radius can be adjusted by moving one end of the flexible substrate via a
displacement table. Figure 5(b) give the photographs of the D-handed CMDs on the flexible
substrate with bending radii of R=10 mm, 7.8 mm, 4.2 mm, 3.2 mm, 2.5 mm, 2.1 mm, 1.8 mm,
1.5 mm and 1.3 mm, respectively. The corresponding R-dependence of chiroptical response of
the D- and L-handed CMDs is shown in Figure 5(c). The CD spectra of the D- and L-handed
CMDs consistently maintain an excellent bisignate feature, confirming the mirror symmetry
between these CMDs enantiomers on the flexible substrate with varying bending radii. The
black square symbols shown in Figure 5(d) represent the R-dependence of the CD intensity of
the D-handed CMDs at the wavelength of 441 nm, and the black curve represents the fitting
result that correlates the CD intensity with the bending radius R, as the following formation

1343 R\
ICD_153_—\/%><0_59REXp{{In(ﬂﬂ } 1)
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Note that, the chirality sign of the D-handed CMDs can be switched by controlling the bending
radii of the flexible substrate. The critical bending radius for chiral sign switching is R=5 mm
based on the fitting result. As an example, the D-handed CMDs with CD intensity of 230 mdeg
can be switched to the L-handed CMDs with CD intensity of -210 mdeg, with bending radius
R=10 mm decreasing of R=2.1 mm. Figure 5(e) is the histogram of the chirality sign switching
by bending the flexible substrate from R=10 mm to 2.1 mm with three cycles, demonstrating
excellent repeatability of chiral sign switching through bending the flexible CMDs. The CD
spectrum of the chirality sign switching of the D-handed CMDs see Supplementary Figure S14.
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Figure 5. Active tunability of chiroptical response of CMDs. (a) Sketch map of CMDs fixed
on a glass slide with a bending radius of R. (b) Photographs of D-handed CMDs fixed on the
glass slide with R=10 mm, 7.8 mm, 4.2 mm, 3.2 mm, 2.5 mm, 2.1 mm, 1.8 mm, 1.5 mm, and
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1.3 mm, respectively. (c) Measured CD spectra of D- and L-handed CMDs with different
banding radii in (b). (d) R-dependence of the measured CD intensity of the D-handed CMDs at
the wavelength of 441 nm (black square symbols) and 654 nm (blue square symbols). Black
and blue curves are the fitting result for the measured CD intensity at the wavelength of 441
nm and 654 nm, respectively. (e) Chirality sign switching at the wavelength of 441 nm by
bending the D-handed CMDs from R=10 mm to 2.1 mm with three cycles. (f) Chirality intensity
turning on-off at the wavelength of 654 nm by bending the D-handed CMDs from R=10 mm to
R=1.3 mm.

The blue square symbols shown in Figure 5(d) represent the R-dependence of the CD
intensity of the D-handed CMDs at the wavelength of 654 nm, and the blue curve represents

the fitting result, which correlates the CD intensity with the bending radius R with formation as
R
l., =1026exp| —— |-1203 2
co p[ol%] @

note that, as the bending radius of the flexible substrate decreases, the CD intensity exhibits a
monotonic exponential attenuation trend. By decreasing the bending radius from 10 mm to 1.3
mm, the CD intensity of the D-handed CMD at the wavelength of 654 nm can be adjusted from
900 mdeg to 30 mdeg. This observation reveals that the chiroptical response of the D-handed
CMDs can be controlled effectively, allowing it to be turned on and off by adjusting the bending
radius of the flexible substrate. Figure 5(f) is the histogram of the chirality intensity turning on-
off by bending the flexible substrate from R=10 mm to 1.3 mm with three cycles, demonstrating
excellent repeatability of the chiral intensity turning on-off through bending the flexible CMDs.
The CD spectrum of turning on-off the chiroptical response of the D-handed CMDs see
Supplementary Figure S15.

To clarify the causes for the stressmechanically reconfigurable chiroptical response of the
flexible CMDs, we performed the numerical simulation by the FDTD method. Figures 6(a:-a4)
are four spatial orientations between a D-handed CMDs unit and the illumination light source
with the included angle of 0°, 30°, 60° and 75°, respectively. Since there is only one chiral
structural unit, the influence of the spatial orientation of the structural unit on the chiroptical
response can be obtained. Figure 6(b) is the corresponding simulation result of the CD spectra
in the case of the four included angles. The histograms in Figure 6(c) and (d) show the angle-
dependence characteristic of the D-handed CMDs unit at the wavelength of 476 nm and 693
nm, respectively. Note that, as the included angle increases, the CMDs unit exhibits the chirality

sign switching and the chirality intensity turning on-off functions at the wavelength of 476 nm
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and 693 nm, respectively, basically coinciding with the examination result of the chirality sign

switching and the chirality intensity turning on-off of the flexible CMDs shown in Figure 5(d).

RCP_, LCP RCP  LCP
I — T — b 6000
-~ ! ! /! —0°
T Ige ! d 1—30°
.0 - 30°-
- . 4000 - 60°
| ' 1 —_ 75°
5 A
[ [ g 2000 -
RCP LCP RCP LCP =) 1 :
et e =N
1 | | '
i ; « N \/Y g
i 60° i~ 75° -2000 - S :
N L\ |
|/ . T T T T
. ) = 300 400 500 600 700
f T Wavelength (nm)
c 400 @476 nm 16000 @693 nm
s o
3 0 o
E E 4000
2 2
‘» -400- 3
s 5
£ £ 2000
= -800- £
. o
© O
-1200 +— : : . . 0 : . : ‘
0 20 40 60 80 0 20 40 60 80
Angle (°) Angle (°)

Figure 6. Simulation of the chiroptical response of the D-handed CMDs with different spatial
orientations. Spatial configuration between the D-handed CMDs unit and the illumination light
sources with an included angle of 0° (a1), 30° (a2), 60°(as) and 75° (as). (b) Simulated CD
spectra of the D-handed CMDs unit with four different included angles in (ai-as). Angle-
dependence of the CD intensity of the D-handed CMDs at the wavelength of 476 nm (c) and
693 nm (d).
3. Conclusion

In summary, we have presented a low-cost and convenient procedure to realize large-area
stressmechanically reconfigurable CMDs enantiomers in the visible band. Our approach allows
for the dynamic tunability of optical chirality by employing a flexible substrate. The CMDs
enantiomers with centimeter scale were prepared by a two-step GLAD process on the UAAO
templates supported by a silica substrate. The CD measurement result proves that the CMDs
exhibit a maximum dissymmetry factor of 0.1 at the wavelength of 661 nm. Furthermore, by
transferring the CMDs from the silica substrate to a flexible film, we have demonstrated
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chirality sign switching and the chirality intensity turning on-off by bending the flexible CMDs
to the desired curvature radius. This work provides an effective strategy for fabricating
centimeter-scale visible-band CMDs enantiomers with dynamically tunable chiroptical
response. It opens up new possibilities for activity-tunable CMDs enantiomers, and offers
promising prospects for developing novel nanophotonic platforms for advancing chiral optical
sensing.

4. Experimental Methods
Materials: The UAAO templates used in this experiment were purchased from Shenzhen Topo
Fine Film Technology Co. The silver (99.9%) and gold (99.999%) particles for thermal
evaporation deposition were purchased from ZhongNuo Advanced Material ( Beijing)
Technology Co., Ltd.
Instrumentation: The surface topography of the CMDs enantiomers was imaged by SEM (FEI
Verios-G4) under an accelerating voltage of 15 kV. Ultrathin samples of the CMDs enantiomers
were performed by a ultrathin slicer (LEICA-UC7FC7) working at room temperature, and then
imaged by high-resolution Transmission Electron Microscopy (TEM, FEI Talos F200X TEM)
with an accelerating voltage of 200 KV and an electron gun with Schottky thermal field
emission. The CD spectra of CMDs were measured by a commercial circular dichroism
spectrometer (Chirascan, Photophysics Ltd.) with a scan step of 2 nm.
Numerical simulations: The chiroptical response of CMDs enantiomers was simulated by the
FDTD method (Lumerical). By referring to the measured structural parameters of CMDs, the
structure models of the D- and L-handed enantiomers were built and then imported into FDTD
to calculate the chiroptical response of the CMDs enantiomers within the window of 300
nm~800 nm. A chirality unit with one nanohole surrounded by four-quarter nanoholes was used
to simulate an infinite period nanohole array under two-dimensional periodic boundary
conditions. To obtain more accurate calculation results, the mesh grid size was set to 1 nm for
the planarization of the nanostructure. Circularly polarized light (CPL) source was simulated
by two separate plane wave sources that are orthogonal in position and differ in polarization
phase by -90° and +90°. The optical parameters of Au and Ag material were adapted from
Johnson and Christy with material fitting adjustments,?>! and the optical parameters of Al.O3
were adapted from the Palik handbook.[?®1 The CD spectrum of the CMDs is calculated by!?”]

In10, 180, 1000 3)
T

CD(mdeg)=AAx

where, AA=ALcr—ARrcpr is the differential absorption spectra of CMDs, with A being converted

by the transmission spectrum
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with T being of the transmission spectra calculated based on the Beer-Lambert law.
Transmission spectra of the CMDs for d=2 nm, 4 nm, 6 nm, 8nm and 10 nm under RCP and

illumination are shown in Figure S16.
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In order to achieve continuous and reversible adjustment of the chiroptical response of
Chiroptical meta-devices (CMDs), we designed and prepared visible-band, large-area flexible
CMDs, and achieved chiral sign switching and chiral intensity turn on-off by bending the

flexible CMDs to the desired curvature radius.
Lu Zhang, Jie Wang, Lei Xu, Feng Gao, Wending Zhang*, and Ting Mei*

Stressmechanically Reconfigurable Chiroptical Meta-devices in Visible-Band
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Supplementary Note 1: Fabrication process of CMDs enantiomers
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Supplementary Figure S1: Fabrication process of D- and L-handed CMDs enantiomers.

The schematic diagram of the preparation process of enantiomeric CMDs is shown in Figure
S1. First, the UAAO template, as shown in Figure S1 (a), was fixed on the sample holder at a
tilt angle of 45° for thermal evaporative coating. A 20 nm thick Au film was deposited on the
UAAO template, as shown in Figure S1 (b). Next, the Al,O3 film was deposited on the surface
of Au film by ALD at ambient temperature of 150°, as shown in Figure S1 (c). Finally, as shown
in Figure S1 (d), the UAAO template was fixed on the sample holder at an angle of 45° and
then the UAAO template was rotated by an azimuth angle of 90° clockwise or counterclockwise

to deposit a 20 nm Ag film, to obtain the D- and L-handed CMDs enantiomers, respectively.
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Supplementary Figure S2: Experimentally measured g-factors of the CMDs enantiomers
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Supplementary Figure S3: d-dependence of the CD intensity of the sample 1 (a) and sample

2 (b) at the wavelength of 661 nm, respectively. (c) Repeatability examination of the CD
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Supplementary Figure S4: CD spectra of D- and L-handed CMDs with d=2 nm, 4 nm, 6 nm,

8 nmand 10 nm placed in ambient environmental for two (a) and three months (b), respectively.

Supplementary Figure S5: STEM images of the D- and L-handed CMDs with Al;O3
thicknesses of d=4 nm (az, b1) and 8 nm (cy, d1), respectively. EDS images for D-and L- CMDs

with d=4 nm (az-as, b2-bs) and 8 nm (c2-cs, d2-ds), respectively. Scale bars: 20 nm.
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Supplementary Figure S6: Simulation model of D-handed CMDs for FDTD calculation.
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Supplementary Figure S7: Theoretically simulated g-factors of CMDs enantiomers with the

Al203 film thickness of d=2 nm, 4 nm, 6 nm, 8 nm and 10 nm, respectively.

23



OCoO~NOUITAWNE

WILEY-VCH

X (nm)

Supplementary Figure S8 : Electric field distributions |E/Eo| of the D-handed CMDs with d=4

nm (a), and d=8 nm (b) under the illumination of RCP at the wavelength of 661 nm.
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Supplementary Figure S9 : Electric field distributions |E/Eo| of the L-handed CMDs with d=2

nm (a), d=4 nm (b), d=6 nm (c), d=8 nm (d), and d=10 nm (e) under the illumination of RCP at

the wavelength of 661 nm.
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Supplementary Figure S10 : (a) CD spectra of the D- and L-handed CMDs without Al>O3

film. STEM (b) and EDS (c) images of the D-handed CMDs without Al203 film.
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Supplementary Figure S11 : Charge distribution of the D-handed CMDs with d=4 nm (a),

and d=8 nm (b) under the illumination of RCP at the wavelength of 661 nm.

a 50 —~— 5 b 50 — 5
T |- i E d N
£ 0 o £ 0 o
> >

-50 " 5 50 - 5

-60 0 60 -60 0 60
X (nm) X (nm)
25



©CO~NOOOTA~AWNPE

WILEY-VCH

Supplementary Figure S12 : Superchiral field distributions |C/Co| of the D-handed CMDs

with d=2 nm (c), d=6 nm (d), and d=10 nm (e) under the illumination of RCP at the wavelength

of 661 nm.
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Supplementary Figure S13 : Simulated (a) and measured (b) CD spectra of the D- and L-

handed CMDs with d=10 nm and 12 nm. Electric field distributions |E/Eo| of the D-handed
CMDs with d=10 nm (c) and d=12 nm (d) under the illumination of RCP at the wavelength of
661 nm. Superchiral field distributions |C/Co| of the D-handed CMDs with d=10 nm (e) and

d=12 nm (f) under the illumination of RCP at the wavelength of 661 nm.
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Supplementary Figure S14 : CD spectra of the D-handed CMDs with curvature radius R=10

mm, 7.8 mm, 4.2 mm, 3.2 mm, 2.5 mm, and 2.1 mm (a) and R=2.1 mm, 1.8 mm, 1.5 mm and

1.3 mm (b), respectively.
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Supplementary Figure S15 : CD spectra of the D-handed CMDs with curvature radius of

R=10 mm, 2.1 mm and 1.3 mm, respectively.
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Supplementary Figure S16: Transmission spectra of the D-handed CMDs for d=2 nm, 4 nm,

6 nm, 8 nm, and 10 nm under RCP (a) and LCP (b) illuminations.



Journal's Table of Contents (ToC) Click here to access/download;Journal's Table of Contents (ToC);Toc.tif



https://www.editorialmanager.com/advopticalmat/download.aspx?id=346905&guid=bca8c194-b113-4ab4-b47c-fc9d451c0774&scheme=1
https://www.editorialmanager.com/advopticalmat/download.aspx?id=346905&guid=bca8c194-b113-4ab4-b47c-fc9d451c0774&scheme=1



