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I. Comparison of nanofabrication methods for metasurface/metamaterial fabrication

Table S1. Comparison of representative nanofabrication approaches (resolution, throughput,

and relative complexity) relevant to metasurface/metamaterial pattern definition.

Technique | Typical lateral | Patterning | Typical Vacuum Mask Relative Relevance to

resolution mode throughput complexity in | metasurfaces/
infrastructure | metamaterials

Electron- Sub-10 nm (state- | Serial direct- Low Yes No High Gold standard for

beam of-the-art); write (maskless) | (vacuum e-optics; | prototyping and master-

lithography | ~10 nm resist process; mold fabrication; limited

(EBL) [1] commonly maintenance) for large-area production
reported

Nanoimprint | Sub-10 nm; Parallel High No Yes Medium-High High-volume replication

lithography | replication replication (typically) (master (imprint tool and | once mold exists; suited

(NIL) [2,3] | capability down | (step-and- mold) high-quality to large-area metasurfaces
to sub-3 nm repeat / wafer mold; overlay
reported imprint) needs)

Direct laser | Down to ~100 Serial voxel Low No No Medium-High Excellent for true-3D

writing nm commonly; scanning (3D (maskless) | (fs laser and prototyping/masters;

oLw)/ sub-100 nm additive) precision optics; | throughput limits large-

2-photon reported material area periodic arrays

polymerizat- | (optimized) constraints)

ion (2PP) [4]

Multi-pen Sub-100 nm Parallel direct- | Medium; No No Low—Medium Parallel catalyst

tip-based catalyst write using a ~scales with (maskless) | (ambient, patterning for solution-

lithography | patterning under | multi-pen number of pens vacuum-free; based etching (e.g.,

(TBL) [5-7] | ambient probe array (N) probe-array tool) | MACE) and rapid
conditions iteration; compatible with
(typical) release/transfer to flexible

Substrates

*Values indicate commonly reported capabilities and qualitative throughput trends; actual performance might

depend on tool configuration, pattern density, and process conditions
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I1. Detailed fabrication procedure for quasi-3D Si chiral structure encapsulated in PDMS

a. Tip-based lithography v
| | | | I
Au/SOl SAM passivation Tip-based lithography Au etching Plasma treatment

b. Metal-assisted chemical etching (MACE)

| | |
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Au pattern/SOI MACE 2r Au etching

C. Packaging Si feature with PDMS
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Figure S1. Schematic diagrams illustrating every step in the fabrication process of quasi-3D Si
chiral structures encapsulated in PDMS.



I11. Fabricated Si chiral structures and PDMS-assisted separation from the substrate
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Figure S2. a-b) SEM images of Si chiral structures detached from the substrate following
MACE on an SOI wafer. ¢) Schematic illustrating the separation of Si chiral structures from

the substrate using PDMS. Steps I, 11, and Il are indicated in c.



V. Designed pattern for counterclockwise-chiral fylfot
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Figure S3. a) Designed a pattern for a counterclockwise-chiral fylfot. Critical design
parameters are marked with symbols. d is the size of fylfot, p is the unit-cell size, dwing is the
length of the wing of fylfot, wx and wy are the widths of the perpendicularly and horizontally
bended ends at the fylfot structures, respectively. b) Box chats for the designed parameters with
experimentally observed dimensional variations in the fabricated Si fylfot structures. The data

for the parameters are obtained from direct measurements of the SEM images.
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V. AFM tip contamination after repeated dot-patterning

Figure S4. SEM images of the AFM tip apex after repeated dot-patterning: a) pristine tip before
patterning; b) after 10,890 patterns; c) after 33,000 patterns; and d) after 66,000 patterns.



V1. Experimental spectra of the normalized intensity of LCP and RCP without bending

of the sample
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Figure S5. Normalized intensity of LCP (red circle) and RCP (blue circle) without bending of

the sample.



VI1. CD spectra dependent on in-plane anisotropy of the counterclockwise-chiral fylfot

An effective wavelength-scale thickness is important for exhibiting chiro-optical responses at
normal incidence [Zhu et al., Light: Science & Applications 7 (2018) 17158]. Cavity-like
standing-wave conditions in high-index dielectric platforms can drive out-of-plane
displacement-current loops that generate effective in-plane magnetic moments, thereby
enabling intrinsic chirality at normal incidence. Thus, the cavity-like performance of the quasi-
3D Si fylfot structures would be anticipated due to the thickness of Si fylfot structures (> 1600
nm), the Si refractive index (nsi = 3.48), and the wavelength in use (1 ~1550 nm). The
corresponding effective wavelength of our samples should be about 445 nm (A/nsi = 1550
nm/3.48), which is short enough for the thickness of quasi-3D Si fylfot structures and in which
the effective in-plane magnetic moments would be generated.

In addition, the in-plane anisotropy of the Si fylfot structure can contribute to the normal-
incidence chiral response of the sample. To characterize it, CD spectra with different wx/wy
ratios have been obtained (Figure S6). The wy/wy ratios are chosen based on experimentally
observed dimensional variations in the fabricated Si fylfot structures (Figure S3). The CD
spectra dramatically change as the wy/wy ratio varies. In detail, the CD spectrum of 0.8 (wx/wy
ratio) represents the blue-shifted peak and the negative contrast compared to that of the sample
without in-plane anisotropy (wx/wy ratio 1.0), which are also observed in the experimentally
observed CD spectrum for the Si fylfot encapsulated in PDMS (Figure 3c). Considering the
resemblance between the CD spectra obtained by the experiment and simulation, it is assumed
that the in-plane anisotropy of the Si fylfot structure contributes to the chiral response of the
sample. Therefore, it can be concluded that the effective wavelength-scale thickness and the in-
plane anisotropy of the Si fylfot structure result in chiro-optical responses of the quasi-3D Si

counterclockwise-chiral fylfot encapsulated in PDMS at normal incidence.
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Figure S6. CD spectra for the quasi-3D Si counterclockwise-chiral fylfot encapsulated in
PDMS, as the ratio (wx/wy) between the widths of the perpendicularly (wx) and horizontally (wy)
bended ends at the fylfot structures changes in order of 0.5, 0.8, 0.9, and 1.0.



VI11. Optical accessories for bending of the flexible chiral metamaterials
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Figure S7. Schemes of optical accessories for bending flexible metamaterials

The accessories to control the degree of bending of the structure were made on a 3D printer
(Sindoricoh, DP203, Korea). Figure S7 shows the schematic of the optical accessory (AutoCAD

Academic license). To numerically represent the degree of bending, which is denoted by the
angle of the arc (¢ o 1/R). Therefore, as the radius R of the circle increases, the angle of the
arc decreases, and the degree of bending decreases. In total, four accessories are created with
different R values, corresponding to 1/R = 0.04, 0.02, 0.013, and 0.01. Flat has R = <, so 1/R
=0.
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IX. The detailed model and simulations for the bending measurement configurations

Even under the maximum bending condition (R = 25 mm), the illumination condition in our
measurement can be regarded as effectively near-normal. Specifically, the maximum lateral
length of the flexible patterned metamaterials is ~640 um, and the maximum lateral length is
perpendicular to the bending axis of the optical accessories for the bending of flexible
metamaterials. Owing to the flexible patterned metamaterials being put in the middle of the
bending platform, the normal incidence changes should be the maximum at the end of the
patterned metamaterials (half of the maximum lateral length, ~320 um = 0.32 mm). For the
smallest radius of curvature used (R = 25 mm), the corresponding local surface tilt across the
illuminated region is estimated as 6 ~ s/R = 0.32 mm/25 mm =~ 0.0128 rad =~ 0.73°, as shown in
Figure S8. Therefore, the incidence-angle deviation remains well below 1°, supporting the

assumption of near-normal incidence for all bending measurement configurations.
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Figure S8. A scheme for the normal incidence changes in the flexible patterned metamaterials
with the maximum lateral length of 640 um, bending by the smallest radius of curvature (R =
25 mm).

In Figure S9, the incidence-angle- and wavelength-dependent CD spectra for the quasi-3D Si
counterclockwise-chiral fylfot encapsulated in PDMS are shown as a 3D map and a graph,
respectively. The contrast between the intensities of LCP and RCP, that is (IL - Ir) / (IL + Ir), is
obtained by simulation as the incidence angle (¢) changes from 0°to 1° with a step of 0.1°. The
CD spectra do not change dramatically with a change in normal incidence. Therefore, the
incident light is fixed at the normal direction, and only the periodicity in the direction of bending

is considered as the parameter to characterize the bending effect of the chiral structures.
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In addition, the effect of lowering the sample's refractive index on the CD spectrum is
characterized. Figure S10 shows that the blue-shifted CD spectra for the quasi-3D Si
counterclockwise-chiral fylfot encapsulated in PDMS (without bending), as the refractive index
of silicone decreased from 3.478 to 3.373 in steps of 0.001. A 2 nm blue shift of the CD spectra

is observed, corresponding to a 0.005 decrease in the refractive index of silicone.
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Figure S9. The simulated incidence angle- and wavelength-dependent CD (contrast) a) map
and b) graph for the quasi-3D Si counterclockwise-chiral fylfot encapsulated in PDMS as the
incidence angle changes from 0° to 1° with a step of 0.1°. The CD spectra change slightly; the

peak near 1550 nm slightly decreases and blue-shifts as the incidence angle increases.
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Figure S10. CD spectra for the quasi-3D Si counterclockwise-chiral fylfot encapsulated in
PDMS as the refractive index of silicone decreased from 3.478 to 3.473 in steps of 0.001. The
CD spectra show a blue shift as the refractive index of silicone decreases.
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X. CD spectra of the flexible chiral metamaterials bent with a different radius of

curvature (R = 100 mm)
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Figure S11. a) Experimental and d) simulated CD spectra for a fabricated metamaterial inserted

into a bent optical accessory with R = 100 mm.
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