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Linear and Nonlinear Optical Field Manipulations with
Multifunctional Chiral Coding Metasurfaces

Yifan Jiang, Wenwei Liu,* Zhancheng Li, Duk-Yong Choi, Yuebian Zhang, Hua Cheng,*

Jianguo Tian, and Shugqi Chen*

Optical chirality, which describes the property of asymmetric light-matter
interactions for different handedness of polarization, plays an important role
in physical photonics, biochemical processes, and molecular recognition.
Recently, asymmetric optical responses of chiral nanostructures provide a
wide platform for arbitrary and artificial manipulation of optical chirality.
Here, a design strategy is theoretically and experimentally introduced to
realize a spin-selective coding metasurface in both linear and third harmonic
regimes with giant chirality. Significant chiral transmission and wavefront
control are realized by a chiral coding metasurface composed of amorphous
silicon (a-Si) resonators with C, symmetry. The resonators and the enanti-
omers are encoded with different transmission amplitude and phase. The
information channels are expanded to six-fold with simultaneous multi-foci
focusing and multi-vortex generation operating in different polarization and
linear/nonlinear channels. The nonlinear chiral high-contrast imaging is

also achieved for spin-selective pattern information transmission. The study
significantly expands the information capacity of coding metasurfaces, and
can be readily applied in optical systems for information transmission in both

the chiral light-matter interactions
include two distinct phenomena: circular
dichroism characterized by the absorp-
tion difference between transmitted left
circularly polarized (LCP) and right circu-
larly polarized (RCP) lights! and circular
birefringence caused by phase accumu-
lation difference between LCP and RCP
lights.]’l Recently, chirality induced by arti-
ficial nanostructures and their 3D arrays-
metamaterials has drawn much attention
in the scientific community due to the
arbitrary symmetric design and abundant
optical resonance engineering of nano-
structures. Such effects enable significant
polarizability tensor manipulation of the
optical fields with high degree of freedom
(DOF).ll Based on different local chiral
electromagnetic resonances of the nano-
structures, researchers have developed
numerous functional chiral designs such

linear and nonlinear regimes.

1. Introduction

Optical chirality, arising from the intrinsic asymmetry property
of an optical system and its mirror image, is widely investigated
in modern optics and photonics for applications such as bio-
chemical processes and molecular recognition.'3] Generally,
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as chiral biosensing,”) chiral bound states

in the continuum,® Janus plasmonic hel-

ical nanoapertures,® and weak chirality
for strong coupling between resonant states.!'")

In the past decade, metasurfaces as planar counterparts of
metamaterials have been extensively investigated due to their
exotic electromagnetic properties for efficient scattering control
of the electromagnetic waves."™! In contrast to conventional
optics, metasurfaces consist of arrays of subwavelength ele-
ments (“meta-atoms”) that can locally manipulate light-matter
interactions. Spatially varying meta-atoms allow the control of
the polarization, phase, and amplitude of light, leading to high
DOF to manipulate the electromagnetic waves from near-fields
to far-fields.'®”] The light-matter interactions supported by
the meta-atoms include local multi-polar resonances!’®™! and
near-field coupling resonances such as Fano resonances!?” and
bound states in the continuum.?"22l Generally, such resonances
are accompanied by enhancement of local electric or magnetic
fields, leading to enhanced nonlinear responses such as second
harmonic generation (SHG) and third harmonic generation
(THG).221 Although the overall nonlinear efficiency of the
reported metasurfaces is still not comparable to that in con-
ventional nonlinear crystals, the nonlinear efficiency of meta-
surfaces is much higher when considering their planar nature.
Most importantly, metasurfaces provide an efficient platform for
optical frequency mixing and high harmonic generation.[26-28]

On the other hand, based on a variety of local resonances of
meta-atoms, metasurfaces can be designed to carry different

© 2023 Wiley-VCH GmbH
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information channels when integrating different meta-atom
arrays, such as multifunctional metasurfaces for multi-orbital
angular momentum (OAM) generation?”) and coding metasur-
faces for digital coding manipulation.**-33 The building blocks
of metasurfaces can be encoded with different informational
wavefronts based on discontinuous phase abrupt. For example,
Overvig et al. realized multifunctional nonlocal metasurfaces
that can produce narrow band spatially tailored wavefronts
at multiple selected wavelengths.* Wu et al. expanded the
concept of coding metasurface to achieve nonlinear informa-
tion transitions with spatiotemporal manipulation,?>3¢! which
remarkably improves the capacity and versatility of information
processing based on meta-optics. However, to the best of our
knowledge, the combination of chirality and digital coding ele-
ments in both linear and nonlinear regimes is still not realized,
especially when carrying the information channels. This may
potentially be applied in high-order information encryption and
significantly enlarge the information capacity based on non-
linear photonics.

In this work, we theoretically and experimentally introduce
a design strategy to realize a spin-selective coding metasurface
in both linear and nonlinear regimes with giant chirality. The
proposed metasurface consists of arrays of high refractive index
amorphous silicon (a-Si) Z-shaped resonators belonging to the
C, symmetry group, that breaks the in-plane mirror symmetry
and induces cross-polarization conversion. Two linear and four
THG optical channels with different focal lengths and topo-
logical charges can be simultaneously generated for various
circularly polarized lights with different polarizations and wave-
lengths by introducing the coding patterns. The information

www.advopticalmat.de

capacity can be expanded to six-fold optical channels imple-
menting the proposed scheme. The high-resolution chiral high-
contrast imaging is also realized. Our approach significantly
boosts the ability of multi-channel integrated optical commu-
nication and encoding information encryption on the subwave-
length scale.

2. Results and Discussion

The schematic of the proposed design is shown in Figure 1a,b.
The metasurface can generate different focusing channels
and focused OAM channels with different topological charges
for the cross-polarized fundamental frequency (FF) and THG
signals with LCP and RCP incidences. The operating wave-
lengths, incident polarization states, and focal lengths are three
designed DOF of the multifunctional metasurface, which are
achieved by the chiral responses and spatial arrangement of the
building blocks. The proposed metasurface consists of arrays
of high refractive index a-Si Z-shaped resonators belonging to
the C, symmetry group. It breaks the in-plane mirror symmetry
and induces cross-polarization conversion in the linear optical
regime. Meanwhile, based on the selection rule and nonlinear
Pancharatnam-Berry (PB) phase in Ref. [37] the Z-shaped reso-
nators also allow different phase dependence on the orienta-
tion angle of the resonator for different spin states of the THG
signals. As a result, two linear and four THG optical channels
with different focal lengths and topological charges can be
simultaneously generated for various circularly polarized lights
by introducing the coding patterns.
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Figure 1. Schematic of the chiral functional metasurface with simultaneous linear and nonlinear generation. a) With LCP incidence, the chiral meta-
surface can simultaneously generate RCP-FF, RCP-THG, and LCP-THG focusing signals with different focal lengths. b) With RCP incidence, the chiral

metasurface can generate LCP-FF, LCP-THG, and RCP-THG vortex beams with different topological charges and focal lengths. c) The building block of

the a-Si metasurface on a fused silica substrate with a hexagonal lattice. The optimized structure has an arm length L, of 400 nm, a width w of 200 nm,
a thickness H of 480 nm, and a cover layer with a thickness of 500 nm. d) The linear and nonlinear wavefront control is based on pairs of enantiomers.
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To better characterize the chiral metasurface, we begin with
the transmission matrix of the Z-shaped resonator, which pos-
sesses a mirror symmetry of M,, (mirror symmetry with respect
to the x-y plane) and a rotation symmetry of C, with respect to
the z-axis. The transmission matrix of the metasurface can be

A B

written as T = ) where A=t,,, B=t,, =t,, due to the

structural rotational symmetry, and D=t,,.138 To further analyze
the chiroptical responses, we change the Jones matrix from the
Cartesian base to the circular base:

1 b+t
2| te =ty +2it,,

by — by — 2it,,

T. =
circ txx+tyy (1)

To guarantee the chiral responses of the nanostructures, the
mirror symmetries with respect to the x-z plane (M,,) and y-z
plane (M,,) are broken to achieve the nonzero component of t,,,.
We designed the all-dielectric Z-shaped resonator and its chiral
enantiomer (Figure 1c,d) to realize the chiroptical responses

originating from the excited electromagnetic modes. The
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hexagonal lattice is adopted to improve the duty cycle and elim-
inate the anisotropic electromagnetic resonances for various
orientation angles @ of the nanostructure. More optimized
details of the resonators can be found in the Experimental Sec-
tion. The meta-atom on the substrate indeed breaks the mirror
symmetry in the z-direction, resulting in t,, #t,,. This does not
satisfy the hypothetical condition of the generalized anisotropic
media. However, the effect is very week with the typically value
At [ t,, of <1073, which can be neglected in the analysis model.
To examine the chirality of the proposed resonators working
in circularly selective transmission mode, we simulated the
modulo-squared transmission coefficients in the Jones matrix
Ty, Tre, Tir, and Tge on circular basis (Figure 2a). The cross-
polarization conversion rate from LCP to RCP can reach almost
1 at the resonance peak with the central wavelength of 1550 nm,
which is much larger than the other three transmission coeffi-
cients. The measured circular polarization transmission spectra
are consistent with the theoretical ones, indicating the signifi-
cant chirality of the designed resonators (Figure 2b). The slight
differences from the simulated spectra can be attributed to
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Figure 2. Simulated transmission and local resonances of the dielectric meta-atom. a) Simulated fundamental transmission spectra for circularly
polarized incident lights of the periodically arranged chiral Z-shaped resonators. The resonance peak is around the wavelength of 1550 nm (the center
wavelength of the femtosecond laser). b) Measured transmission spectra for circularly polarized incident lights of the resonators. c—f) Simulated (c,d)
fundamental magnetic field distribution and e,f) nonlinear polarization intensity at the operating wavelength. The red and green arrows indicate the
corresponding surface current distributions of fundamental and THG resonances. g,h) Simulated co-polarized and cross-polarized THG (g) amplitudes
and (h) phase with LCP incidence as a function of orientation angles at the operating wavelength of 1550 nm.
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the fabrication imperfections such as the rounded corners of
the nanostructures, leading to the measured T;; and Tzz with
a magnitude of =0.07 The chiral transmission simulations
based on the fabricated dimensions are well-consistent with the
theoretical designs. The chiroptical responses result from the
near-field chiral electromagnetic resonances of the nanostruc-
tures. The resonances can be in phase with constructive inter-
ference in one direction, while interactive destructively in the
other direction. As a result, the breaking of degeneracy occurs
between the circularly polarized lights of opposite handed-
ness and the resultant chiroptical responses. The fundamental
magnetic field distribution and THG polarization patterns are
plotted for each circularly polarized incidence at the operating
wavelength of 1550 nm in Figure 2c—f. For LCP incidence, there
are two local magnetic field enhancement nodes with electric
field vectors circulating around each resonator arm (Figure 2c),
and strong THG polarization enhancement is observed inside
the resonator (Figure 2e). In contrast, the magnetic near-fields
are much weaker. We can hardly observe any field enhance-
ment in the THG polarization pattern under RCP incidence
(Figure 2d-f), suggesting that the resonance modes are cir-
cular-polarization selective in the chiral metasurface. Such chi-
roptical responses would exchange for the enantiomer of the
resonator due to the mirror symmetry.

To manipulate the nonlinear wavefront of the chiral metasur-
face, the selection rule and nonlinear PB phase are considered
in the design.’”) The harmonic generation is described by the
relation n=mj+1, where n is the harmonic order generated by
the circularly polarized state ¢ (o =+1 implies LCP and RCP
incident light respectively), j is an arbitrary integer, and m is
the rotational symmetry of the nanostructures. Our resona-
tors possess a twofold rotational symmetry. The wavefront
manipulation of the fundamental and THG components can
be obtained as quasi-independent channels. The PB phase of
the generated signals is (n+1)08 covering the complete phase
space of 0-27 for different orientation angles 6 (n takes 0 when
considering the FF signals). As shown in Figure 2h, the phase
of LCP-RCP signals is twice that of LCP-LCP signals, which can
be employed to realize two different wavefronts of THG light.
On the other hand, the calculated THG amplitudes of the two
signal channels with LCP incidence stay in limited fluctua-
tion for all orientation angles, while the THG amplitudes for
RCP incidence are much smaller due to the chiral responses
of the nanostructures (Figure 2g). The fluctuation of the THG
amplitudes is caused by the weak interactions between adjacent
resonators, which means a small portion of the electromagnetic
energy locates outside of the nanostructures (Figure 2e), and
such energy leak is affected by the orientation of the resonators.
Although most of the dielectric meta-atoms operating at the
fundamental frequency can be treated as independent between
adjacent resonators, the leaky modes of nonlinear resonators
can hardly be neglected as the wavelength is much shorter.
The optical energy localizing inside the same resonator is more
challenging, leading to quasi-guided modes in the metasurface,
especially for oblique incidence.l*”!

Allowed by these principles, we can design multifunctional
coding metasurfaces carrying different information channels.
As an example, an ultrathin flat metalens is designed with
three modulated focal lengths in various channels (RCP-FF,
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RCP-THG, and LCP-THG), as shown in Figure 3a—c. Gener-
ally, a continuous hyperbolic phase distribution should be
adopted @y (r)=koy/r’+ f for FF focusing, where k, is the
linear wave vector, r is the distance of each meta-atom from
the coordinate origin, and f, is the fundamental focal length.
When the nth harmonic generation also realizes focusing, the
phase function can be rewritten as ¢, (r)=k,+/r*+ f, Where
0. (r)=(n%1) /24, (r), k, =nk,- However, this cannot be directly
achieved because the phase of THG is locked up with the FF
signals. We introduce the coding method to eliminate such
binding. According to the Shannon’s sampling theorem, the
discrete sampling rate can vary the obtained Fourier compo-
nents of signals. Starting from the focusing of the Fresnel zone
plate composed of discrete phases, the optical path difference
between two adjacent phase zones needs to satisfy:

\/nil+fz—\/rf+f2=% (2)

where r; (i =1, 2, 3, ...) is the outer radius of zone i and N rep-
resent the quantization order of the discrete phase distribution.
In the paraxial approximation, Equation (2) can be rewritten as
14, —17 =2Af/N. For the three channels, the wavelengths sat-
isfy 3Aruc = Agr and the phase quantization orders are governed
by Nrcprr = 2Ngepic = Nicprne, and three-channel focusing
is achieved by: 3 frcprr =2 frepic = frcpmuc- We designed a
binary-phase Fresnel zone plate for the RCP-THG channel with
rn =8 Um and freprie =300 um. Based on the spatial phase dis-
tribution of the Fresnel zone plate and the relations between
the three focusing channels, the phase pattern of the other two
focusing channels can be achieved with frcp.rr =200 pm and
Sfreprue =600 pm. The focusing optical vortices of different
channels can be similarly designed by incorporating two dis-
tinct phase profiles of a lens and a vortex plate:

2
kL+l-arctan(z), x>0
2f

x

¢= 2 3
kL+l-[7r+arctan(X):|, x<0 G)
2f x

where the parameter | represents the topological charge of
the radiated OAM light. We set the fundamental focal length
frerrr =160 um with topological charge I=4. Based on the
aforementioned analysis, the two THG focusing optical vortices
with freprue =240 um, 1=2 and ficp.rue =480 um, [=4 can be
generated simultaneously in the same metasurface as shown
in Figure 3d—f. The relation between the focal lengths of the
three channels can be further applied in multi-channel imaging
and information transmission. For example, by controlling the
detection polarization, isometric imaging and Fourier trans-
form can be simultaneously realized at the same imaging plane
according to 2 frep.rc = ficprue, which provides a possibility
for single-shot and simultaneous information processing of
nonlinear signals.

We characterize the specific performance of the designed
metasurfaces in selecting certain channels by using the experi-
mental setup, schematically shown in Figure 4a. The metasur-
face was fabricated through standard electron-beam lithography
(EBL) procedure (see details in Experimental Section). Figure 4b
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Figure 3. Calculated intensity profiles of the multifunctional focusing and vortex beam generation of the metasurfaces. a—c) Intensity distributions of
the spin-selective metalens with modulated focal lengths for LCP incidence. The polarization and the corresponding functions of the metasurface are
a) RCP-FF, b) RCP-THG, and c) LCP-THG, respectively. The insets show the intensity distributions at focal planes. d—f) Intensity distributions of the
spin-selective metasurface with focusing optical vortex generation for LCP incidence. The polarization and the corresponding functions of the meta-
surface are d) RCP-FF with a charge of | =4, e) RCP-THG with a charge of /=2, and f) LCP-THG with a charge of | = 4, respectively. The insets show

the intensity distributions at focal planes.

shows the scanning electron microscopy (SEM) images of
the fabricated optical-vortices metasurface, in which the dif-
ferent colors of resonators represent distinctive orientation
angles of meta-atoms. For an LCP fundamental incidence, the
intensity distribution of three channels RCP-FF, RCP-THG,
and LCP-THG were experimentally measured as shown in
Figure 4c—e, which are inconsistent with the calculated ones.
The measurement demonstrates that the spin-selective coding
metasurface provides simultaneous focusing of linear and
nonlinear components with various focal lengths in different
channels. The measured focal lengths for different channels
are freppr =194 Um, frepue =296 um, and fiep.ye =524 um.
Such enlarged focal lengths (compared with the ones set in
Equation (2)) are caused by the parabolic phase distribution in
the metasurface design, and the focal lengths match well with
the calculated ones (Figure 3a—c). The measured full width at
half-maximum (FWHM) values of the intensity distributions
at the focal plane are 2.79, 3.24, and 4.19 um respectively. The
focusing optical vortices were also measured and the three
channels intensity distributions are shown in Figure 4f~h. The
diameter of the RCP-THG nonlinear annular ring is =13 um
which is smaller than the opposite polarization channel due to
the smaller topological charge. This phenomenon can also be
observed through the calculated intensity distributions.
Multifunctional chiral coding metasurfaces can be further
realized by incorporating enantiomeric pairs of the resonators.
Based on the mirror symmetry paired enantiomers exhibit giant
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chiroptical responses and opposite spin-selective properties in
the near-field enhancement. Therefore, with various circularly
polarized incidences, the specific enantiomers in the same
sample can be excited for either multifocal metalens or multi-
vortex beam generation. The two completely different phase
profiles are encoded in the same metasurface within opposite
circularly polarized channels, as shown in Figure 5a—c. Spe-
cifically, with a fundamental incidence of LCP operating at
1550 nm, the transmitted RCP components of the FF and THG
signal focus at 200 and 300 pm away from the sample plane,
and the transmitted LCP component of THG signal is focused
at 600 um. The LCP component of the FF signal is eliminated
due to the chiral response of the nanostructures. In contrast,
when the helicity of the incident FF waves is inverted (RCP),
distinct focusing optical vortices are generated in three chan-
nels simultaneously, that is a linear vortex with focal length
freprr =160 pum and topological charge I=4, two circu-
larly polarized THG signal with ficp.ruc =240 um, I=2 and
freptHe = 480 um, I =4 respectively. The functions of the metas-
urface are experimentally demonstrated in Figure 5d—i. Similar
to the experimental results of the metalens sample (Figure 4d),
there is also an intensity peak at z=205.5 um in the RCP-THG
channel caused by the high-order diffraction, which enlarges
the depth of focusing. For RCP incidence, the enantiomers in
the designed phase arrangement function as optical vortices
generators. Some background components in the RCP-THG
channel are induced, leading to interference with the focusing
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Figure 4. Experimental demonstration of the chiral multifunctional metasurface with spin-selective focusing and vortex beam generation. a) Illustra-
tion of the experimental setup to measure the linear and nonlinear signals. LP, linear polarizer; QWP, quarter-wave plate; SP, short-pass filter. b) SEM
images of the fabricated metasurface. c—e) Measured intensity distributions of the metalens in the y-z plane for different functions with c) RCP-FF,
d) RCP-THG, and e) LCP-THG. The insets show the intensity distributions at the focal planes. f~h) Measured intensity distributions of the focusing

optical vortices with f) RCP-FF, g) RCP-THG, and h) LCP-THG at focal planes.

vortex to generate a twisting pattern (Figure 5i). The topological
charge can be obtained experimentally from the twisting pat-
tern by counting the petals number of the encircling beam, that
is I=4. To better summarize the information channels of this
approach, a comparison between the proposed multifunctional
chiral metasurface and previous works is provided in Table 1.
Compared with these previous works, our design expands the
information capacity to six-fold optical channels in linear and
nonlinear regimes.

Our scheme can also be readily applied in nonlinear chiral
high-contrast imaging. Benefiting from the chiral-selective
transmission of the pairs of enantiomers, the metasurface can
be encoded with high-contrast images. As shown in Figure 6a,
we designed a flower pattern with centrosymmetric, and the
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black/white areas correspond to two kinds of enantiomers.
The high-contrast third harmonic optical imaging enabled by
the chiral resonances is expected. As shown in Figure 6b,c,
the experimental images show a clear view of the pattern, with
the exact configuration of five petals of each flower, two leaves,
and a branch as the design target. The two flower images are
complementary due to the complementary transmission coef-
ficients of the enantiomers under opposite circularly polarized
illumination. The information missing from the images is
caused by two reasons. The intensity of incident the Gaussian
beam decreases abruptly when the field of view is large. Thus,
the marginal area of the image can hardly be distinguished. On
the other hand, the meta-atoms are not perfectly shaped and the
surfaces of the antennas are not completely smooth, resulting
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Figure 5. Measured chiral multifunctional metasurface with paired enantiomers. a—c) Phase designs for three different signal channels, in which the
LCP and RCP functions are encoded. d—f) Measured intensity distributions of the chiral multifunctional metasurface for LCP incidence with d) RCP-FF,
e) RCP-THG, and f) LCP-THG in the y-z plane. The insets show the intensity distributions at focal planes. g—i) Measured intensity distributions of the
same sample works as focusing optical vortices with RCP incident for g) LCP-FF, h) LCP-THG, and i) RCP-THG at focal planes. The insets show the

intensity distributions at focal planes along the y-axis.

in undesired scattering effects which can lower the overall non-
linear efficiency of the patterned metasurface. Our observation
successfully proved the chiral selective transmission capability
of the nonlinear metasurface, indicating that the enantiomers
can effectively impart inverse patterns into opposite circularly
polarized channels of THG waves.

3. Conclusion

In conclusion, benefitting from the unique chiral properties
of the a-Si nanostructure with a twofold rotational symmetric
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geometry that induces cross-polarization conversion, we pro-
posed a multifunctional chiral coding metasurface design that
exhibits giant transmission asymmetry for different helicity
of incident polarization. By introducing the PB phase and the
chiral local electromagnetic resonances, the transmitted cross-
polarized FF and both spin-states THG signals are encoded with
different wavefronts, which expand the information capacity to
six-fold optical channels in the linear and nonlinear regimes.
The strict quantitative relation between different channels may
also benefit simultaneous imaging and information processing
for different polarization states. Featured with these extraordi-
nary properties, we theoretically designed and experimentally
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Table 1. Comparison with other chiral metasurfaces.

www.advopticalmat.de

Ref. Material Linear/nonlinear Phase Function Channel num.
[40] Dielectric Linear PB Splitter 2
[41 Plasmonic Nonlinear Resonance Vortex 2
[42] Dielectric Nonlinear Propagation Metalens 1
[43] Dielectric+plasmonic Nonlinear PB Holography 2
[44] Dielectric Linear PB + propagation Imaging 2
This work Dielectric Linear + nonlinear PB Metalens + vortex + imaging 6

demonstrated the multi-foci metalens and multi-vortex beam
generation with various focal lengths and topological charges
in each channel. Furthermore, to confirm the circular polari-
zation selective transmission of the chiral metasurface, a pair
of enantiomers have been employed to achieve high-resolution
nonlinear chiral high-contrast imaging, which further improves
the information DOF of the multifunctional coding metasur-
face. Our scheme and design method paves the way for inte-
grated informational metasurface that enables high-order
information channels in both linear and nonlinear regimes
and may find applications in chiral detection and information
encryption.

4. Experimental Section

Sample Fabrication: The all-dielectric silicon metasurfaces were
fabricated on a fused silica wafer with deposition, standard EBL lift-off,
and etching procedure. First, a 480 nm-thick hydrogenated amorphous
silicon (a-Si:H) film was deposited onto the substrate by plasma-
enhanced chemical vapor deposition (PECVD). A thin ZEP520A resist
layer with a thickness of 300 nm was spin-coated onto the a-Si:H film and
baked on a hot plate at 170 °C for 2 min, then e-spacer (a 300Z, Showa
Electrician) was subsequently coated to prevent the electron beam from
charging during exposure. As a next step, the meta-atoms were patterned
by using standard electron beam lithography (Raith150) which employing
a 30 kV voltage, 20 pA current, and 150 uC cm=2 dose, followed by
developed n-amyl acetate for 60 s. A 60 nm-thick aluminum film was

Min

Figure 6. Measured nonlinear chiral high-contrast imaging. a) Schematic of the designed flower pattern. The black and white regions of the pattern

are formed by the resonators (yellow box) and the enantiomers (green box), respectively. b,c) Captured nonlinear images of the flower pattern under

(b) LCP and (c) RCP incidence with cross-polarization detection.
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deposited on the substrate by electron beam evaporation (Temescal
BJD-2000) and patterned using a solvent (ZDMAC, Zeon Co.) to lift off
the resist. The patterned aluminum was used as a hard mask during
dry etching to transfer the designed pattern onto the underlying a-Si:H
layer by fluorine-based inductively coupled plasma reactive ion etching
(Oxford Plasmalab System 100). The process parameters of the ICP-RIE
were 20 sccm of CHF3 + 3 sccm of SF6 at 15 mTorr. The bias power was
20 W and the induction power was 500 W. The aluminum remaining
on the patterned nanoparticles was removed by wet etching. Finally, a
SU-8 polymer layer with a thickness of 500 nm was spin-coated onto the
structures and UV-cured. The total size of the metasurface was 200 um.

Simulation Methods: To find specific structure geometries that
introduce high nonlinear conversion efficiency at the excitation wavelength
of 1550 nm (the center wavelength of femtosecond laser), full-wave
nonlinear simulations of amorphous silicon particles on glass substrate
using the finite element method solver of COMSOL multiphysics were
performed. It has two steps to calculate the radiated nonlinear emission
based on an undepleted pump approximation. First, the linear scattering
at the fundamental wavelength of 1550 nm was calculated. Next step,
THG electromagnetic simulation was studied with the nonlinear
polarization introduced by the fundamental resonance. The nonlinear
susceptibility tensor y(¥ was considered as a constant scalar value of
2.45 x 107, All calculations were realized for a single amorphous silicon Z
resonator placed on a semi-infinite glass substrate with periodic boundary
conditions at opposite side directions to imitate an orthohexagnal array
with a 595 nm period. The sub-wavelength scale periodicity was set to
avoid high-order diffraction. Circularly polarized lights were vertically
illuminated on the chiral metasurface from the substrate side and
perfectly matched layers were employed along the z-direction.

Measurement Procedure: An erbium-doped ultrafast fiber laser (Toptica
Photonics AG FemtoFiber Pro NIR, repetition frequency: 80 MHz, pulse
length: =80 fs) centered at 1550 nm was applied as the fundamental beam
source. Followed by an LP and a QWP to create circular polarization.
Then the light was normally illuminated on the metasurface from the
substrate side. Generated linear and nonlinear signals were analyzed by
another set of QWP and LP to make sure the specific circular polarization
light was collected with the objective, tube lens (Thorlabs ITL200),
and scientific camera that was integrated on an XYZ-axis motorized
translation stage to scan the focusing profiles and the multichannel
optical vortices with a step of 0.5 um along the transmitted direction. For
fundamental measurement, the excitation beam average power was set
to 1 mW, and the transmitted signal was collected with a 50x objective
(SIGMA-KOKI PAL-50-NIR-HR-LCO0 50x NA = 0.67) and an InGaAs
camera (HAMAMATSU InGaAs C10633), the lens and short-pass filters
were removed. For nonlinear measurement, the fundamental pulse with
an average power of 350 m\W was focused on the sample with a diameter
of =200 um after a lens with a focal length of 150 mm. Followed by filters
the THG signals were captured by a 20x objective (SIGMA-KOKI PAL-
20-NIR-HR-LC00 20x NA = 0.45) and an sCMOS camera (HAMAMATSU
ORCA-Flash4.0 V3) without fundamental interference.
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