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ABSTRACT: Artificial nanostructures, whose spatial symmetry can be arbitrarily
designed, play an ever more critical role for the realization of giant chiral optical
responses. In order to break the mirror symmetry of the whole structure to realize
a chiral optical response, there-dimensional geometries or multilayers of
nanostructures were involved in the previous designs of chiral nanostructures,
which may not be appealing from an application perspective due to their
complexities and fabrication challenges. Here, we theoretically and experimentally
demonstrate the use of curled metasurfaces for the implementation of giant
intrinsic chiral optical responses in the near-infrared regime. Different from
previous approaches, the giant chiral optical responses in the proposed curled
metasurfaces are mainly attributed to the breaking of the mirror symmetry of the
whole structure by involving curled nanostructures standing along horizontal
rectangular apertures. Spin-selective transmission with over 60% efficiency has
been experimentally proved with L-shaped curled metasurfaces. The proposed
curled metasurfaces provide a new strategy for the realization of giant intrinsic chirality, which shows a great potential for practical
application in spin optics and chiral sensing.
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Chirality, omnipresent in our daily life, is a common
feature of object whose structure cannot be super-

imposed upon its own mirror image.1,2 Chirality plays a key
role in some biochemical processes, so the study and
discrimination of chirality have received significant attention
of scientific community. Nowadays, the discrimination of
chirality is always associated with the interaction between the
chiral objects and the helicity optical waves.3 Circular
dichroism (CD) spectrum, which is defined as the difference
in absorption for optical waves with opposite helicities, is the
main approach for chirality detection and discrimination.
However, ascribing to the fundamental mismatch in size scale
between molecules and the wavelength of optical waves, the
CD signals of nature chiral materials are extremely weak, which
prevents the study and application of chirality.
Recently, the development of metamaterials and metasurfa-

ces provides an alternative approach for the realization of giant
chiral optical responses.3−7 They are artificial periodic arrays
with subwavelength unit structures whose spatial symmetry can
be arbitrarily designed.8 By utilizing different unit structures to
break the mirror symmetry of the whole structure, they have
been widely proposed to realize the significant enhancement of
the chiral optical response.9−15 In the past several years, not
only the three-dimensional (3D) chirality (intrinsic chirality),
but also the planar chirality and the extrinsic chirality in
metamaterials and metasurfaces have been widely investi-
gated.16−21 The nanostructures with different chiral optical

responses have been extensively applied in spin optics, such as
chiral meta-hologram, circularly polarized light detection,
chiral mirrors, nonlinear chiral response, and so on.22−26 The
latest breakthroughs further validated that chiral nanostruc-
tures with spin-controlled wavefront shaping functionalities
can find more applications in multifunctional polarizers, optical
encryption and decryption, chiral imaging, and optical
information processing.27−29 Specially, the artificial nanostruc-
tures with giant chiral optical responses have emerged as a
powerful platform for biosensing, which allow not only the
unambiguous detection of large chiral molecules, but also the
discrimination of the chiral molecules down to zeptomole
levels.30−34

For the realization of giant intrinsic chirality, complex 3D
geometries or multilayers of nanostructures are always utilized
to break the mirror symmetry of the whole structure.35−38

However, these designs, based on traditional fabrication
processes with multilayer stacking of two-dimensional (2D)
pattern or direct writing technologies, may not be appealing
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from an application perspective due to their complexities and
fabrication challenges. Through some exquisite structural
designs, the recent advances in dielectric chiral metasurfaces
have proved their abilities to achieve giant chiral optical
response. These designs composed of monolayer or bilayer
nanostructures can effectively reduce the complexity of
fabrication, which emerge as a good platform for the realization
of giant intrinsic chiral optical responses.16,21 On the other
hand, we proposed a focused ion beam (FIB) induced folding

technique to construct 3D geometries based on planar
suspended nanostructures, which provides a new alternative
method for the breaking of the structural mirror symmetry of
metasurfaces and show endless possibilities for the implemen-
tation of nanostructures with intrinsic chirality.39−41 Never-
theless, this technique has a slow fabrication speed and a low
spatial controllability, resulting in time-consuming fabrication
process and structural geometry size in micron scale. A simple
approach for the realization of giant intrinsic chiral optical

Figure 1. (a) Schematic of a designed L-shaped curled metasurface, which shows a left-handed chirality. Inset: Scanning electron microscope
(SEM) image of the fabricated metasurface. (b) Structural parameters of a unit cell.

Figure 2. Squared moduli of T matrix coefficients of the designed curled metasurfaces. The orientation and curl angles ϕ and θ of the L-shaped
resonators are different: (a) Left orientation with curl angles ϕ and θ equal to zero. (b) Left orientation with curl angles ϕ and θ equals to 90° and
51.5°. (c) Right orientation with curl angles ϕ and θ equals to 90° and 51.5°. (d) The difference of the transmission intensity Δt = tLCP − tRCP for
three designed metasurfaces in (a)−(c). Simulated results of the (e) reflection spectra and (f) absorption spectra for the Ent-A under LCP and
RCP illuminations.
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response in the visible and near-infrared regime is still highly
desirable.
Here, we theoretically and experimentally demonstrate that

the proposed curled metasurfaces can realize the giant intrinsic
chiral optical response in the near-infrared regime, which can
be easily fabricated by FIB-induced bending technology. The
giant chiral optical response is mainly attributed to the
breaking of the mirror symmetry of the whole structure by
involving the curled nanostructures standing along horizontal
rectangular apertures. Two L-shaped curled metasurfaces with
opposite chiral optical responses are proposed to realize the
spin-selective transmission of optical waves, which have over
60% experimentally measured efficiency. To further reveal the
broader possibilities of the curled metasurfaces for the
implementation of giant chiral optical responses, a T-shaped
curled metasurface with opposite chiral optical responses at
two adjacent wavebands is also theoretically and experimen-
tally validated. The proposed curled metasurfaces provide a
good alternative strategy for the realization of giant intrinsic
chiral optical response, which shows a great potential for
practical applications in spin optics and chiral sensing.
Figure 1a is a schematic showing the chiral optical response

of a curled metasurface that we designed, which is composed of

L-shaped curled nanostructures and horizontal rectangular
apertures. The proposed L-shaped curled metasurface can
transmit right-handed circular polarized (RCP) wave without
polarization change while preventing the transmission of left-
handed circular polarized (LCP) wave. Both the L-shaped
curled nanostructures and the horizontal rectangular apertures
consist of two layers: a gold layer is attached on a SiNx layer.
The structural parameters of a unit cell are shown in Figure 1b,
where the periods P in both the x- and y-directions are equal to
1 μm. The dimensions of the L-shaped curled nanostructures
are L1 = 494 nm, W1 = 100 nm, L2 = 650 nm, and W2 = 150
nm. The thicknesses of the gold layer t1 and the SiNx layer t2
are 50 and 30 nm, respectively. The distance between the
upright rod and the central axis is δ = 175 nm and the width of
the horizontal rectangular apertures is a = 100 nm. The curled
angle ϕ and θ equal to 90° and 51.5°, respectively.
To make a quantitative analysis on the chiral optical

responses of the designed curled metasurfaces, we simulated
and compared the coefficients of T matrix (for circularly
polarized light) of the designed planar and curled metasurfaces.
Figure 2 shows the calculated modular square tij = |Tij|

2 (the
subscripts “i” and “j” indicate the polarization state of
transmitted and incident optical waves, respectively) of

Figure 3.Multipolar decomposition of the scattering spectra for the Ent-A in terms of electric dipole (P), magnetic dipole (M), toroidal dipole (T),
electric quadrupole (Qe), and magnetic quadrupole (Qm) under (a) LCP and (b) RCP illuminations. The current flow (green arrows) in the Ent-A
((c, e) on the middle section of the upright rod and (d, f) in the whole structure) and the corresponding distribution of the y- and z-component of
the magnetic field at the wavelength of 1.58 μm under (c, d) LCP and (e, f) RCP illuminations. Simulated electric field distributions on the surface
of the Ent-A under (g) LCP and (h) RCP illuminations at the wavelength of 1.58 μm.

ACS Photonics pubs.acs.org/journal/apchd5 Article

https://dx.doi.org/10.1021/acsphotonics.0c01230
ACS Photonics 2020, 7, 3415−3422

3417

https://pubs.acs.org/doi/10.1021/acsphotonics.0c01230?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.0c01230?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.0c01230?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.0c01230?fig=fig3&ref=pdf
pubs.acs.org/journal/apchd5?ref=pdf
https://dx.doi.org/10.1021/acsphotonics.0c01230?ref=pdf


transmission coefficients of the L-shaped planar and curled
metasurfaces. The L-shaped planar metasurface does not show
any intrinsic chiral optical response in the broad bandwidth
since the whole structure is mirror symmetric with respect to
the plane parallel to its surface without considering the
influence of substrate, as shown in Figure 2a. To the contrary,
the L-shaped curled nanostructures can show significant chiral
optical response in the whole bandwidth. As shown in Figure
2b,c, the L-shaped curled metasurfaces with opposite
orientation directions can exhibit opposite intrinsic chiral
optical responses with limited polarization conversion effect
(tLR and tRL are very small). Specifically, the efficiency of the
spin-selective transmission can reach over 75% at the
wavelength of 1.58 μm. The L-shaped curled metasurface
with left orientation (Ent-A) can transmit RCP wave without
polarization change while preventing the transmission of LCP
wave. For the L-shaped curled metasurface with right
orientation (Ent-B), the situation is opposite. To further
characterize the chiral optical responses of the designed curled
metasurfaces, we calculated the difference of the transmission
intensity Δt between LCP and RCP incidences, as shown in
Figure 2d. The calculated results visually reflect the opposite
chiral optical responses of the Ent-A and Ent-B, while the Δt in
both designs are over 75%. We further analyzed the variation
of the chiral optical response of the Ent-A at various incident
angles (Supporting Information, Figure S1), and the results
indicate that Δt keeps over 50% when the incident angle is
below 10°. The spin-selective transmission in the L-shaped
curled metasurface is mainly attributed to the spin-selective
interaction between the L-shaped curled metasurface and the
LCP (or RCP) wave. According to the reflection and

absorption spectra shown in Figure 2e,f, the interaction
between the Ent-A and the LCP wave is much stronger,
resulting in the enhanced absorption and reflection while the
reflection plays a dominate role.
To more specifically and quantitatively elucidate the physical

mechanisms, we utilized the electromagnetic multipole
expansion method to calculate the power scattered by
individual multipoles in the Ent-A under LCP and RCP
illuminations.42 As shown in Figure 3a,b, the scattering power
of individual multipoles in the Ent-A under LCP illumination is
much bigger than that under RCP illumination. This validates
that the interaction between the Ent-A and LCP illumination is
much stronger, resulting in the decreasing of the transmission
intensity. The results also validate that the spin-selective
excitations of the electric dipole and the electric quadrupole
dominate the chiral optical response of the Ent-A, which is in
good agreement with the simulated results of the current flow
and the magnetic field distribution within the nanostructure
(Figure 3c−f). A strong current flow along the upright curled
rod can be observed under LCP illumination at the wavelength
of 1.58 μm, which is related to the excitation of an electric
dipole along the x-direction. The electric quadrupole in the x−
y plane is excited by the current flow within the horizontal
rectangular aperture. The current flow in the Ent-A under RCP
illumination is mainly within the horizontal rod, which is
related to the excitation of an electric dipole along the y-
direction. The quantitative analysis of the components of the
excited electric dipole and electric quadrupole under both LCP
and RCP illuminations can be found in the Supporting
Information, Figure S2. Apparently, the interaction between
the Ent-A and RCP wave is relatively weak, which can be

Figure 4. (a) Illustration of the setup for the measurement of chirality in the curled metasurface: BTL, bromine tungsten lamp; LP, linear polarizer;
QWP, quarter-wave plate; RO, reflective objective; OSA, optical spectrum analyzer. (b) Simulated and (c) measured transmission spectra and the
absolute value of the transmission difference for the Ent-A under LCP and RCP illuminations.
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further validated by the electric field distribution within the
nanostructure. As shown in Figure 3g,h, the interaction
between the Ent-A and LCP wave is much stronger than
that between the Ent-A and RCP wave since the electric field
on the surface of the nanostructures is significantly enhanced.
The results in Figure 3c−h also validate that the L-shaped
curled nanostructures play a key role in the spin-selective
interaction between the proposed metasurfaces and the LCP
(or RCP) wave. Thus, we further analyzed the influence of the
structural parameters (L1, L2, θ, and ϕ) on the chiral optical
response of the Ent-A in the Supporting Information, Figure
S3. Results indicates that the resonant wavelength is directly
related to the structural parameters L1 and L2. The variation of
the curled angle ϕ will obviously change the strength of the
chiral optical response. The relationship between the structural
parameters and the chiral optical response of the Ent-A further
validates that the L-shaped curled nanostructure dominates the
chiral optical response of the Ent-A.
The giant chiral optical response in the Ent-A is further

validated by experimental measurement with a custom-built
optical setting, as shown in Figure 4a. The simulated and
measured transmission spectra under LCP and RCP
illuminations and the absolute value of the corresponding
calculated transmission difference are shown in Figure 4b and
c, respectively. Transmission difference with value over 60%
can be observed in experiment at the wavelength of 1.5 μm,
which is in good agreement with the simulated result,
validating the spin-selective transmission in the designed L-
shaped curled metasurfaces. Considering that a reflective
objective with 0.2 numerical aperture was used in the
experiment for light focusing, the incident angle is below to

12°. Within this range of incidence angles, we proved that the
measured results are mainly due to the intrinsic chirality by
quantitative analysis in Supporting Information, Figure S4.
Due to the fabrication tolerances, the blue shift of the resonant
peak can be ascribed to the minute difference in structural
parameters between the designed and fabricated metasurfaces.
The simulated and measured transmission difference in the
proposed L-shaped curled metasurfaces is over 75% and 60%,
respectively, which is unprecedented for most planar structures
and comparable to or exceeding the chiral metamaterials with
complex three-dimensional structures.16,36−38

It is worth mentioning that the curled metasurfaces
fabricated by FIB-induced bending technology provide an
effective approach for the realization of the intrinsic chirality.
In general, for the design of the curled metasurface with
intrinsic chirality, the breaking of the mirror symmetry of the
whole structure is necessary while the structural configuration
of the curled nanostructure can be further adjusted to
manipulate the chiral optical response. Therefore, the curled
metasurfaces based on other curled nanostructures can also be
used to realize various chiral optical responses. We further
designed and fabricated a T-shaped curled metasurface, as
shown in Figure 5a. The structural mirror symmetry is broken
when δ is not equal to zero (Supporting Information, Figure
S5). Figure 5b shows the squared moduli of the T matrix
coefficients of the designed T-shaped curled metasurface. The
T-shaped curled metasurface shows opposite intrinsic chiral
optical responses in two adjacent wavebands, presenting the
spin-selective transmission of RCP and LCP waves at the
wavelengths of 1.36 and 1.64 μm, respectively. The chirality of
the T- shaped curled metasurface is also mainly attributed to

Figure 5. (a) Schematic of the structural parameters of the T-shaped curled metasurface with structure parameters: L1 = 600 nm, L2 = 550 nm, W1
= 100 nm,W2 = 150 nm, δ = 130 nm, a = 100 nm, t1 = 50 nm, t2 = 30 nm, P = 1000 nm, ϕ = 90°, θ1 = 16.3°, and θ2 = 52.8°, while δ is the distance
between the upright rod and the central axis. (b) The squared moduli of the T matrix coefficients of the designed T-shaped curled metasurface. (c)
Simulated and (d) measured transmission spectra and the absolute value of the transmission difference for the T-shaped curled metasurface under
LCP and RCP illuminations. Inset: SEM image of the fabricated T-shaped curled metasurface.
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the spin-selective excitations of the electric dipole and the
electric quadrupole (Supporting Information, Figures S6−S8).
The simulated and measured transmission spectra for T-
shaped curled metasurface under LCP and RCP illuminations
and the absolute value of the corresponding calculated
transmission difference are shown in Figure 5c and d,
respectively. The simulated transmission differences are over
50% and 70% at the wavelength of 1.36 and 1.64 μm
respectively, which are in reasonable agreement with the
measured results. The noticeable deviation between the
simulated and experimental results at the long wavelength is
mainly attributed to the structural difference of the short arm
of the T-shaped structures between the designed and
fabricated metasurfaces.
In conclusion, we theoretically and experimentally demon-

strated the use of curled metasurfaces for the implementation
of the giant intrinsic chiral optical response. By utilizing the
FIB-induced bending technology, the 3D curled nanostruc-
tures can be assembled from planar structure on nanoscale,
which provide an effective approach for the breaking of
structural mirror symmetry, offering a new alternative for the
realization of giant chirality. The L-shaped and T-shaped
curled metasurfaces were designed and fabricated to verify the
giant chiral optical response in the curled metasurfaces. For the
L-shaped curled metasurfaces, the spin-selective transmission
with over 60% efficiency can be realized in the experiment at
the wavelength of 1.5 μm, while the T-shaped curled
metasurface shows opposite chiral optical responses at two
adjacent wavebands. The curled metasurfaces provide a new
and versatile strategy for the realization of giant intrinsic
chirality, which shows a great potential for practical application
in spin optics, quantum optics, and chiral sensing.

■ METHODS
Sample Fabrication. The fabrication process of curled

metasurfaces with FIB-induced bending technology contains
two parts: (1) planar pattern preparation: a SiNx window with
20 nm thickness was purchased as substrate (Ilabilab
Company), and the area of the windows was 100 × 100
μm2. First, the SiNx window was cleaned under an oxygen
plasma atmosphere by RIE for 10 s, and the pressure was
maintained at 100 mTorr with 100 sccm O2 flow. Then,
PMMA (495 A5) was spin-coated on the windows, and 200
nm thick PMMA film was obtained after 180 °C bake. The
PMMA was patterned by electron beam lithography (EBL)
and then RIE process, in which the etching duration of RIE
process was 2 min under the power of 200 W, and the
processing chamber maintained a 55 mTorr pressure with the
gas flow of 5 sccm O2 and 50 sccm CHF3. After that, the
residual PMMA was then removed by RIE. Finally, Au with a
thickness of 50 nm was deposited by magnetron sputtering to
obtain patterned Au/SiNx bilayer on the window. (2) FIB-
induced bending: The patterned bilayer membrane was placed
into the chamber of a FIB/SEM system (Helios 600, FEI) with
Ga ion source. The 2D planar patterns were bended to a curled
structure by the ion irradiation process with area scanning,
where the ion energies and ion beam current densities equal to
30 keV and 0.23 nA for 90 s, respectively. The irradiation area
is more than 100 × 100 μm2, which can achieve global
irradiation. The metasurface with 90° bending angle was finally
obtained. All the processes operated at the room temperature.
It is worth mentioning that, according to our previous work,
the content of Ga in the ion-irradiated bilayer film is pretty low

compared with other elements, which can be negligible for the
optical response of the fabricated samples.43 The curvature
(curled angle ϕ) is not depend on the structural configuration
of the curled nanostructure, but the ion doses and ion energy.
More specifically, the curvature is almost linearly proportional
to the ion doses and ion energy, which can be precisely
controlled in the process of irradiation. This feature ensured
that our proposed curled metasurfaces are manufacturable and
reproducible. More details about the FIB-induced bending
technology can be found in ref 43.

Numerical Simulations. We implement 3D full-wave
simulations with finite element method (COMSOL Multi-
physics) to optimize the structural parameters and analyze the
characterizations of the designed curled metasurfaces. In the
simulation, the permittivity of SiNx was taken as 3.8. The
permittivity of gold was described by interpolated experimental
values.44 Periodic boundary conditions were imposed in the x-
and y-directions to characterize the periodic structure, and the
scattering boundary condition was set for wave illumination
while the excitation source was either a left- or right-handed
circularly polarized plane wave.

Experimental Measurement. The experiments were
carried out through the use of a custom-built optical setting,
as shown in Figure 4a. White light from a bromine tungsten
lamp (BTL) was used as the light source. A linear polarizer
(LP) and a quarter-wave plate (QWP) were used to control
the polarization state of the incident light. In the experimental
process, the spot size of the incident light was adjusted by
utilizing a 4f-system composed of two lenses and an aperture to
fit the size of the samples. The aperture was set near the focus
of the 4f-system. A reflective objective (RO1) was used to
focus the light on the sample. The transmission light through
the sample was collected by using another reflective objective
(RO2). Then the collected light passed through a prism and
collected by an optical spectrum analyzer (OSA) via a fiber
coupler and a CCD camera. All optical elements, including the
microscope objective, lens, polarizers and detector, were
operated in the broadband range.
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