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ABSTRACT

Plasmonic metasurfaces with giant chiral optical responses are good candidates for chirality study and application, which are usually
composed of few-layer or three-dimensional nanostructures. Here, we demonstrate that hybrid bilayer plasmonic metasurfaces simply fabri-
cated via a facile one-step nanofabrication process are good candidates for the realization of intrinsic chiral optical responses and spin-
selective transmission. We prove that the intrinsic chiral optical response of the proposed metasurface, which can be easily manipulated, is
attributed to the spin-selective collective interference of locally enhanced electric fields caused by the strong interlayer coupling. We further
experimentally prove the advantages of fabricated hybrid bilayer plasmonic metasurfaces for optical encryption. With the advantages of com-
pact design, chiral optical response easy to control and lower fabrication demand, the proposed metasurfaces can further expand the applica-

tions of chiral plasmonic nanostructures in the area of spin nanophotonics, nonlinear optics, and optical sensing.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0147417

Chirality is a geometrical quality of objects, describing objects
that cannot be superposed onto their mirror images. Chirality is ubiq-
uitous in our daily life; it is not only a signature of molecules but also a
prerequisite for some biological and chemical processes." * Circular
birefringence and circular dichroism are two chiral optical responses
when chiral objects interact with optical waves. Circular dichroism,
which is defined as the difference in absorbance for left-handed circu-
larly polarized (LCP) waves and right-handed circularly polarized
(RCP) waves, serves as the main mean for the detection and discrimi-
nation of chiral enantiomorphs. However, due to the small size of
natural molecules compared with the wavelength of optical waves, the
chiral optical responses in natural molecules are quite subtle. The
detection and discrimination of chirality and the study of its origin
remain challenges.

Recently, artificial nanostructures have emerged as an appealing
alternative for the construction and study of chirality, which have
attracted tremendous interest due to the endless possibilities they pro-
vide for the real applications of chirality in biosensing, chemistry, and
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spin nanophotonics.” * With the advantages of arbitrary design of
structural symmetry and effective enhancement of the light-matter
interaction, artificial nanostructures have phenomenal chiral optical
responses compared to those of natural molecules. Both intrinsic and
extrinsic chiral optical responses of artificial nanostructures have
attracted significant attention among the scientific community.”
Recent advances further validated that the chiral optical responses of
artificial nanostructures can be dynamically modulated.”**” The
intrinsic chiral optical response is associated with structural chirality
under normal incidence of light, while the extrinsic chiral optical
response is derived from structural anisotropy of planar nanostruc-
tures or oblique incidence of light.”*”*' The implementation of intrin-
sic chiral optical response in artificial nanostructures always involves
few-layer designs or three-dimensional complex structures to break
the structural mirror-reflection symmetry.” " For example, a
diatomic metallic nanostructure composed of a twisted vertical split-
ring resonator and a wall was recently proposed to realize high-Q reso-
nances with strong circular dichroism.” These approaches have high
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requirements on sample fabrication tolerance and structural interlayer
alignment, challenging the sample fabrication technology.

The development of hybrid bilayer plasmonic metasurfaces has
proven that they have some advantages in meeting this challenge. The
hybrid bilayer plasmonic metasurfaces, which can be simply fabricated
via a facile one-step nanofabrication process, are composed of metallic
nanostructures and their Babinet-inverted apertures in a metallic
film.”*** Compared with previous few-layer metasurfaces, this kind of
design can involve a strong near-field coupling effect without concern
about layer alignment when interacting with optical waves.”” *” Thus,
hybrid bilayer plasmonic metasurfaces are good alternatives for the
construction and study of chirality. Studies on the chirality of hybrid
bilayer plasmonic metasurfaces have yet to be presented.

Here, we analyze the intrinsic chiral optical response of a type of
hybrid bilayer plasmonic metasurface. A couple of hybrid bilayer plas-
monic metasurfaces with opposite structural symmetry breaking are
proposed to realize LCP-selective and RCP-selective transmission of
optical waves at 750.5nm with circular dichroism in transmission
(CDT) over 25%. The chiral optical responses of the proposed meta-
surfaces are attributed to the near-field light interference caused by
strong interlayer coupling and significantly associated with the struc-
tural mirror symmetry. We further experimentally validate the oppo-
site chiral optical responses of a couple of hybrid bilayer plasmonic
metasurfaces with opposite structural mirror symmetry breaking.
Meanwhile, we experimentally demonstrated the good performance of
the proposed metasurfaces for chiral optical encryption, although the
efficiency of CDT and the quality factor of the chiral optical response
of the proposed metasurfaces are limited due to the metallic loss.
These results indicate that hybrid bilayer plasmonic metasurfaces are
good candidates for the implementation of intrinsic chiral optical
responses, which provide important insight for further investigations
of chirality in hybrid bilayer plasmonic metasurfaces.

A schematic of the designed metasurfaces is shown in Fig. 1. The
proposed metasurfaces are designed on the SiO, substrate. The unit
cell of the proposed design is composed of a gold square-shaped
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FIG. 1. Schematic of the spin-selective transmission of optical waves in the pro-
posed hybrid bilayer plasmonic metasurface and the sectional view of its basic
unit cell.
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nanostructure and its Babinet-inverted aperture in a gold film, which
are separated by a cubic pillar made of hydrogen silsesquioxane (HSQ)
negative E-beam resist. The HSQ cubic pillar is designed to rotate
along the z-axis with an orientation angle equal to o (angle with the y-
axis). The periods of the unit cell are all P=450 nm along the x- and
y-directions. The length of the gold square-shaped nanostructure is
[=260nm. The thickness of the gold square-shaped nanostructure
and the gold film is #; =20nm, and the thickness of the HSQ cubic
pillar is #, = 60 nm, indicating that the distance between the gold film
and the gold square-shaped nanostructure is d = 40 nm. Chiral optical
responses can be obtained in the proposed hybrid bilayer plasmonics
metasurfaces, whose structural mirror symmetry is broken by chang-
ing the orientation angle «. Moreover, for designed metasurfaces with
opposite orientation angles, their chiral optical responses are opposite.
A giant chiral optical response and spin-selective transmission of opti-
cal waves can be realized in the proposed metasurfaces in which the
orientation angle o equals 22.5° or —22.5°.

First, to validate the intrinsic chiral optical responses of the
designed metasurfaces and the spin-selective transmission of optical
waves, we simulated the transmission coefficients of the Jones matrix
of the proposed metasurfaces under normal incidence of light. The
details of the simulation method can be found in the supplementary
material. Figures 2(a) and 2(b) show the simulated results of the mod-
ular square t;=|T;|* of the transmission coefficients of two designed
metasurfaces with o = 22.5° and —22.5°. The subscripts “i” and “”
indicate the polarization state of transmitted and incident optical
waves, respectively (L represents LCP and R represents RCP). Results
indicate that the modular square of the polarization-converted coeffi-
cients # g and tgy is equal to zero in the interested bandwidth. Spin-
selective transmission of optical waves can be observed near 750 nm
since typ or fyg is close to zero. The CDT is derived from the transmis-
sion difference between the polarization-preserved components t;;,
and frg, indicating that our designs have intrinsic chiral optical
responses, and the chiral optical responses of the two designed meta-
surfaces are opposite. The two designed metasurfaces can be treated as
enantiomorphs. We also validate that the reflection spectra of the
designed metasurfaces under LCP and RCP illuminations are the same
(see section 2 of the supplementary material). For further illustration
of the chiral optical responses of the designed metasurfaces, the calcu-
lated results of CDT defined as A = t;cp — trcp are shown in Fig. 2(c).
The results indicate that CDT has a valley value of —0.258 at 750.5 nm
(P)) for the proposed metasurface with oo = 22.5°, while CDT has a
peak value of 0.258 at 750.5nm (P,) for the proposed metasurface
with o = —22.5°. In addition, the two designed metasurfaces have no
chiral optical response at 803.0 nm (P5).

To clearly analyze the origin of chirality in the proposed metasur-
faces, we calculate and compare the scattering power of multipole exci-
tations in the designed metasurfaces by utilizing the electromagnetic
multipole expansion method.” The mainly contributed excitations in
the designed metasurface with o = 22.5° under the illumination of
LCP and RCP waves propagating along the —z direction are shown in
Figs. 3(a) and 3(b), respectively. The calculated results indicate that the
main contributor to the scattering of optical waves in the proposed
metasurfaces is the electric dipole. For the proposed metasurface with
o = 22.5°, the excitation of the electric dipole is enhanced under the
illumination of LCP optical waves, resulting in low transmission. The
spin-selective excitation of electric dipole at the resonant wavelength is
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FIG. 3. The physical mechanism of chiral optical responses of the proposed metasurfaces. Calculated results of the multipolar decomposition of the scattering spectra of the
proposed hybrid bilayer plasmonic metasurface with o equal to 22.5° in terms of electric dipole (ED), magnetic dipole (MD), toroidal dipole (TD), and electric quadrupole (EQ)
under normal incidence of (a) LCP and (b) RCP waves. (c) The simulated distributions of the real part of the z component of electric field in the middle cross section of the unit
cell (20 nm from the gold film along the +z direction) under normal incidence of x- and y-polarized (TM and TE) waves at 750.5nm for the metasurface with o = 0° and
22.5°, respectively. (d) The simulated distributions of the real part of the z component of electric field in the middle cross section of the unit cells under normal incidence of
LCP and RCP waves at P; for the metasurface with o equal to 22.5°, P, for the metasurface with « equal to —22.5°, and P; for the metasurface with o equal to 22.5°.
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attributed to the near-field light interference caused by strong inter-
layer coupling. As shown in Fig. 3(c), two resonant modes caused by
strong interlayer coupling can be excited under normal incidence of x-
and y-polarized waves when o = 0°. The field distributions of these
two resonant modes (TE and TM modes) are identical and perpendic-
ular to each other, resulting in negligible field interference under nor-
mal illumination of circularly polarized waves. On the contrary, the
field distributions of the TE and TM modes excited under normal inci-
dence of x- and y-polarized waves are overlapped with each other
when o = 22.5°. Since circularly polarized waves are composed of x-
and y-polarized waves with * Z phase difference, the locally enhanced
electric fields associated with the two resonant modes in the proposed
metasurfaces with o = 22.5° can spin-selectively interfere with each
other under normal illumination of circularly polarized waves. The
constructive and destructive interference of local electric fields can be
realized by properly adjusting the structural parameters, resulting in
spin-selective absorption enhancement. As illustrated in Fig. 3(d), the
local electric fields associated with TE and TM modes constructively
interfere with each other at 750.5 nm for LCP illumination while they
destructively interfere with each other for RCP illumination when o
= 22.5°. The phase difference between the TE and TM modes is oppo-
site when o = —22.5°. Moreover, the enhancement of local electric
field at 803.0nm (P5) does not show a spin-selective feature when o
= 22.5°, presenting a non-chiral optical response. These results clearly
show that the chiral optical responses of the proposed metasurfaces
are mainly attributed to the spin-selective collective interference of
locally enhanced electric fields excited by the x- and y-components of
the circularly polarized waves.

Since the field interference between TE and TM modes can be
effectively manipulated by changing the orientation angle o, the intrin-
sic chiral optical response of the proposed metasurface can be easily
adjusted. To make a further validation, we analyze the influence of the
orientation angle o on the chiral optical response of the proposed
metasurface. The simulated results of the variation of the transmission
spectra and the corresponding calculated CDT with the change of the
orientation angle o are shown in Fig. 4. The results indicate that the
value of CDT and the corresponding response wavelength are signifi-
cantly manipulated by the orientation angle o of the proposed
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metasurfaces. For the proposed metasurfaces with orientation angles o
equal to —45, 0, and 45 degrees, the value of CDT is equal to zero,
which demonstrates the inexistence of chirality. Moreover, opposite
chiral optical responses can be realized by involving opposite struc-
tural mirror symmetry breaking. We also analyze the influence of the
structural parameter variation of the proposed metasurface on its chi-
ral optical response (see section 3 of the supplementary material). The
results indicate that the thickness of the gold film has a significant
influence on the CDT of the proposed metasurfaces. It is reasonable
since the resonance of the gold square-shaped nanostructure and its
Babinet-inverted aperture in a gold film change significantly with the
increase in their thickness, resulting in the variation of the interlayer
coupling. Similarly, if the sidewall of the HSQ cubic pillar is coated by
a thin gold film, the interlayer coupling in the proposed metasurfaces
will change, resulting in the disappearance of intrinsic chiral optical
response at 750.5 nm.

To experimentally validate the chiral optical responses of the
hybrid bilayer plasmonics metasurfaces, we designed and fabricated
hybrid bilayer plasmonic metasurfaces with orientation angles o equal
to 22.5° and —22.5°, as shown in Figs. 5(a) and 5(b), respectively.
Details of the sample fabrication process and experimental setups can
be found in sections 4 and 5 of the supplementary material. The mea-
sured transmission spectra of the fabricated metasurfaces under LCP
and RCP illuminations are shown in Figs. 5(c) and 5(d). The slight dif-
ference between the measured transmission spectra under LCP and
RCP illuminations can be attributed to sample fabrication imperfec-
tions and the subtle change of the relative angles of the samples to the
incident light under different measurements. Results validate the exis-
tence of chiral optical response, and the measured results are in rea-
sonable agreement with the simulated results in Fig. 2. Further
analysis indicates that an extra thin (3nm) chromium (Cr) film that
has been added in the fabrication process as an adhesive layer influen-
ces the chiral optical responses of the proposed metasurfaces.
Considering the Cr film in the fabricated metasurfaces, the simulated
results show good agreement with the measured results, as illustrated
in Figs. 5(e) and 5(f). The CDT decreases with the increase in the
thickness of the Cr film validated by the results in section 6 of the sup-
plementary material. Note that the Cr film as the adhesive layer is not
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FIG. 4. The influence of the orientation angle o on the chiral optical responses of the proposed metasurfaces. The simulated results of the variation of the transmission spec-
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FIG. 5. Experimentally measured results
of the chiral optical responses of the pro-
posed hybrid bilayer plasmonic metasurfa-
ces. Scanning electron microscopy (SEM)
images of the proposed hybrid bilayer
plasmonic metasurfaces with o equal to
(@) 22.5° and (b) —22.5°. The measured
transmission spectra for hybrid bilayer
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necessary for the fabrication of hybrid bilayer plasmonic metasurfaces,
but it is difficult for us to fabricate this kind of sample due to our lim-
ited processing technology.”’

The proposed metasurfaces can be widely used in spin photonics.
As an example, we demonstrate spin-selective optical encryption by
utilizing the chiral optical responses of the fabricated metasurfaces, as
shown in Fig. 6. Figure 6(a) shows a schematic of the designed
encoded image. The designed encoded image has 50 x 50 pixels. As
shown in Fig. 6(b), each pixel consists of 4 x 4 unit cells with structural

(c) Broadband Source LCP Linear RCP

FIG. 6. The implementation of optical encryption by utilizing the chiral optical
responses of the proposed hybrid bilayer plasmonic metasurfaces. (a) Schematic of
the designed encoded image. (b) SEM image of the fabricated encoded image. The
area inside the black boundary is one pixel. (c) The experimental results of the
encoded image under the illumination of a broadband source (a tungsten lamp),
750 nm LCP, RCP, and linear-polarized laser source.

0.0 ‘ ‘ : ‘ ‘
675 700 725 750 775 800 825
Wavelength (nm)

orientation angles o equal to 22.5° or —22.5°. Figure 6(c) shows the
captured image of the encoded image under the illumination of a
broadband source (a tungsten lamp), 750 nm LCP, RCP, and linear-
polarized laser source. The fabricated metasurfaces show negligible
chiral optical response in the visible spectrum, and the transmission
intensities of all unit cells are the same under the illumination of natu-
ral light, which results in a natural hiding of the encoded image when
under the illumination of natural light. The encoded image can be
decrypted only under the illumination of LCP or RCP waves near
750 nm. These results indicate that the spin-selective optical encryp-
tion we demonstrated effectively hides the information.

In conclusion, we analyze the origin of intrinsic chiral optical
responses of the proposed hybrid bilayer plasmonic metasurfaces. The
intrinsic chiral optical responses of the proposed metasurfaces are sig-
nificantly associated with the structural mirror symmetry. We demon-
strate that breaking the structural mirror symmetry of the proposed
metasurfaces leads to spin-selective collective interference of locally
enhanced electric fields excited by the x- and y-components of the cir-
cularly polarized waves, resulting in CDT. Two hybrid bilayer plas-
monic metasurfaces with opposite symmetry breaking are designed to
realize spin-selective transmission of optical waves at 750.5 nm with
CDT over 25%. We further experimentally validate the opposite chiral
optical responses in a couple of hybrid bilayer plasmonic metasurfaces
and prove that the proposed metasurfaces can be used for optical
encryption. Compared with few-layer designs or three-dimensional
complex structures, the proposed metasurfaces fabricated via a facile
one-step nanofabrication process provide a powerful candidate for the
realization of intrinsic chiral optical response in plasmonic nanostruc-
tures, which can be further used for the implementation of chiral opti-
cal encryption and sensing.
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See the supplementary material for more information about the
details of the simulation method, the reflection and absorption spectra
of the designed metasurfaces, the affection of structural parameters on
the CDT of the proposed metasurfaces, the sample fabrication process,
the details of experimental setups, and the affection of the thickness of
the Cr film on the CDT of the designed metasurfaces.
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