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Abstract: Circular polarizers based on the metasurface suffer from a trade-off between the structural complexity and the

polarization extinction ratio (ER). Herein, we present a single-layer chiral metasurface with strong circular dichroism. The
structure turns a circularly polarized incident beam into a linearly polarized beam, achieving a high circular polarization ER. The

operating wavelength of the proposed metasurface is tunable by changing the geometric parameters. The metasurface’s localized

surface plasmon resonances between structures ensure strong chiral optical effects. We further experimentally demonstrate the

circular dichroism of the fabricated metasurface.
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1 Introduction

Polarization is critical for light. In particular, cir-
cularly polarized light (CPL) is widely used in holog-
raphy (Wang Q et al., 2018; Wan et al., 2022), bioim-
aging, optical communication (Farshchi et al., 2011),
and many other advanced optical technologies (Lin
et al., 2004; Garcia et al., 2015). The detection of CPL
has a high potential for the development of these op-
tical technologies. Traditional optical CPL detection
requires a quarter-wave plate (QWP), a linear polar-
izer (LP), and other mechanically rotating compo-
nents. This causes substantial losses in sensitivity and
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resolution in light detection. However, the progress
in optical metasurfaces provides opportunities for ultra-
thin CPL detection and manipulation.

Optical metasurfaces are artificial electromag-
netic media structured on the subwavelength scale
that exhibit unprecedented properties. Over the past
few years, optical metasurfaces have been employed
for the design and fabrication of optical elements and
systems with abilities that surpass the performance
of conventional optical elements (Pendry et al., 2006;
Soukoulis and Wegener, 2010; Yu et al., 2011; Frese
etal., 2019).

Specifically, for polarization applications, a three-
dimensional (3D) chiral optical metasurface was first
proposed to differentiate the handedness of CPL
(Hentschel et al., 2017), performing a wider regula-
tion bandwidth and a higher circular polarization
extinction ratio (ER). For example, the gold helix
achieves an ER of 20 over a wide wavelength range
(Gansel et al., 2010). The spiral-type ramp-shaped
metamaterial (Rajaei et al., 2019) and the L-shaped me-
tallic strip can also achieve optical chirality (Dietrich
et al., 2012). Three-dimensional structures achieve high
ERs and broad bandwidths. However, the fabrication
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of these complicated nanostructures has a high re-
quirement for the equipment and the fabrication proce-
dure, which is a fatal limitation to mass production.

With the development of nanotechnology, pla-
nar lithography techniques, such as photolithography
and electron-beam lithography, have become mature,
and the multi-layer metasurface dominates the research
on artificial nanostructures for CPL detection. Multi-
layer metasurfaces realize circular dichroism by ro-
tating components of each layer or combining diverse
metasurfaces to form a 3D chiral structure (Zhao Y
et al., 2012; Wang ZJ et al., 2016; Yun et al., 2017;
Bai et al., 2019; Gorkunov et al., 2020; Cen et al.,
2022; Zhao X et al., 2022). The ER of a multi-layer
metasurface can reach 35 in experiments (Basiri et al.,
2019). However, the multi-layer metasurface also suf-
fers from fabrication challenges. For example, align-
ing vertically adjacent layers always requires a com-
plex fabrication procedure involving multiple lithog-
raphy and film deposition steps.

Single-layer structures can also be chiral and
present circular dichroism, providing an alternative
that has a simplified fabrication procedure. However,
they always suffer from relatively low ERs in simula-
tions (below 20) (Li et al., 2015; Zhang et al., 2017,
Ma et al., 2018).

To resolve this dilemma, we develop a single-
layer chiral metasurface that performs better circular di-
chroism and demonstrate it both in theory and through
experiments. The operating wavelength of the proposed
metasurface is tunable by changing the geometric
parameters. The mechanism of high ER is explored
through the simulated electric field and the component
analysis of the transmitted light. In addition, we fabri-
cate the structure and verify the circular dichroism of
the proposed single-layer chiral metasurface in exper-
iments. We further analyze the reason for the differ-
ence between the simulation and the experiment.

2 Design and simulation

We applied the Jones matrix to characterize the
polarization state conversion through the given inter-
face. The transmission matrix of the conversion be-
tween a circularly polarized base and a linearly polar-
ized base is described as
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where R and L in the subscripts represent the right cir-
cularly polarized (RCP) and the left circularly polar-
ized (LCP) light, respectively. The first and second
subscripts denote the polarizations of the transmitted
light and incident light, respectively. Circular dichroism
arises when 7,#7;. The transmittance of LCP and RCP
incidence (7} and T) is given by
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For any single-layer metasurface with in-plane
mirror symmetry, the Jones matrix is diagonalized so
that the cross-polarization transmission coefficient 7, =
1,=0 (Menzel et al., 2010). This indicates that no po-
larization state conversion occurs in this structure,
and the circular dichroism is zero since 7,=7%. To
break the structural symmetry and create the dichro-
ism, we employed the chiral metasurface, which is
not consistent with its mirror structure by any azi-
muthal angle. We define the circular polarization ER
as follows to quantify the circular dichroism of the
structure:

ER=T, /T,. (4)

Fig. 1 shows our single-layer metasurface circu-
lar polarizer, which is composed of gold nano-gratings
and a nanorod array. A right-handed circular polarizer
selectively transmits RCP light and converts it into
linearly polarized light (LPL). The unit cell of the
metasurface (Fig. 1b) is designed as a chiral structure
to generate strong circular dichroism via asymmetric
metallic plasmonic distribution. The period of the array
is sub-wavelength to avoid high-order diffraction. SiO,
is used as the substrate. A 5-nm-thick Cr adhesive
layer lies between the substrate and the gold layer.
The gratings are along the y-axis, while the rectangu-
lar nanorods rotate 45° from the gratings and are re-
peated along the x- and y-axis. Remarkably, the hand-
edness of the metasurface polarizer is switchable,
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Fig. 1 Schematic illustration of the single-layer metasurface circular polarizer: (a) overview of the proposed metasurface;
(b) schematic of a single meta-molecule; (¢, e) simulated electric field for left circularly polarized (LCP) illumination of
the metasurface with 840 nm operating wavelength; (d, f) simulated electric field for right circularly polarized
(RCP) illumination of the metasurface with 840 nm operating wavelength. The periods of meta-molecules are P_and P,
along the x-axis and y-axis, respectively. Nano-gratings have a width W,. Rectangular nanorods rotate by §=45° with
respect to nano-gratings and have a width W, and a length L , and their thickness is /. (¢) and (d) correspond to L =440 nm
and W,=128 nm, and (e) and (f) correspond to L =400 nm and W,=98 nm. LPL: linearly polarized light. References to color

refer to the online version of this figure

depending on the selective absorption of the polariza-
tion component. When LCP absorption dominates
(0=45°), our metasurface acts as a right-handed po-
larizer, whereas it converts to a left-handed polarizer
when §=-45°. Notably, there is nearly no difference
in the simulation results between the right-handed
and left-handed polarizers. Therefore, this paper only
presents and analyzes the results of the right-handed
polarizer.

We chose this single-layer chiral structure since
its localized surface plasmon resonance (LSPR) dis-
tribution is polarization-dependent; this phenomenon

in turn triggers strong circular dichroism. To under-
stand the underlying mechanism, we simulated the
near-field electric distribution around the metasurface
under illumination light with different circular polar-
ization states (Figs. 1c and 1d). For the LCP illumina-
tion shown in Fig. lc, a strong electric field appears in
the middle of the long side of the rectangular nanorods,
which results in high absorption. In contrast, for the
RCP illumination (Fig. 1d), the electric field is weaker
but has a more uniform distribution. In this way, our
metasurface allows selective polarization transmission
and conversion.
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Notably, the performance of our metasurface is
closely related to the geometric parameters. When
these parameters deviate from the optimal values (with
L, decreased by 40 nm and W, decreased by 30 nm
compared to those in Figs. Ic and 1d), the intensity
of LSPR around the nanorod is dramatically weak-
ened as shown in Figs. le and 1f, and the ER decreases
from 34 to 14. These two electric fields, shown in
Figs. le and 1f, under illuminations with different
handedness, do not differ significantly, thereby impair-
ing the circular dichroism of our metasurface. Based
on the proposed structure, the optimal values of geo-
metric parameters of four operating wavelengths are
shown in Table 1. We intentionally kept all minimum
distances between the nano-grating and the nanorod
above 20 nm to guarantee that the pattern is producible
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using electron beam lithography (EBL). For quantita-
tive analysis, we further calculated their corresponding
ERs using full-wave simulations (Fig. 2). In Figs. 2a—
2d, the solid black and dashed lines represent the
transmittance of LCP and RCP incidence, respectively,
and the solid red lines represent the ER. In general,
the ER values are consistent with the theoretical pre-
diction. The transmittance of a specific-handed CPL
can be close to zero, whereas its orthogonal compo-
nent maintains a higher transmittance, realizing an ER
peak around the desired operating wavelength. For
example, as shown in Fig. 2c, when the wavelength
is 1300 nm, the transmittance of LCP and RCP light is
0.006 and 0.300, respectively, resulting in a peak ER
value of 50. A similar trend is also visible in Figs. 2a—
2d. Remarkably, in addition to the four operating

Table 1 Key parameters of the metasurface for simulation

Operating wavelength (nm) Simulated ER P_(nm) P, (nm) W, (nm) W, (nm) L, (nm) h (nm)
720 15 640 600 128 180 440 200
840 34 840 720 143 310 610 200
1300 50 1350 980 135 500 720 350
1580 18 1550 1200 155 600 1050 400
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Fig. 2 Simulation results as a function of operating wavelength: (a—d) transmittance of LCP and RCP light and extinction
ratio (ER) of the metasurfaces working at 720 nm (a), 840 nm (b), 1300 nm (c), and 1580 nm (d); (e) transmittance of
linear polarization when the incident light is circularly polarized; (f) absorption spectra for LCP and RCP incidences.
References to color refer to the online version of this figure
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wavelengths mentioned above, this model can effec-
tively cover the visible to near-infrared range (700—
1600 nm).

We investigated the optical response of our meta-
surface operating at 1300 nm in detail. Fig. 2e shows
the transmittance of linearly polarized components
when the incident light is circularly polarized. The x-
polarized component has a higher transmittance com-
pared to the y-polarized component, which is deter-
mined by the orientation of the nano-gratings in the
metasurface (Basiri et al., 2019). In particular, at a wave-
length of 1300 nm, the transmittance of x-polarized
light is 0.3, whereas that of y-polarized light is almost
zero. The planar chirality of the metasurface causes
cross-polarization conversion to differentiate the trans-
mittance of LCP and RCP incidence. For the incident
light, 96% of the LCP component is absorbed (Fig. 2f).
Therefore, our metasurface polarizer converts the RCP
incidence to LPL at high efficiency but absorbs the
LCP component.

3 Fabrication and results

To demonstrate our metasurface circular polar-
izer on a challenging target for fabrication, we opted
for 720 nm as the shortest operating wavelength
(Table 1). We fabricated a right-handed array on a sil-
ica substrate. A 5-nm-thick Cr adhesive layer followed
by a 200-nm-thick gold layer was deposited on the
silica substrate by a high vacuum evaporation system
(ei-5z). The pattern was fabricated by EBL (RAITH
VOYAGER). Fig. 3a shows the scanning electron mi-
croscope (SEM) images of the fabricated metasurface.

To characterize the transmittance of the fabricated
metasurface, we used a custom spectrometer integrated
into a microscope (Fig. 3b). The unpolarized light from
a halogen tungsten lamp was converted by a combi-
nation of an LP and a QWP into the CPL to illuminate
the sample. The transmitted light was collected by a
microscope and then detected by a spectrometer. A
flip mirror was set between the lenses to reflect the
light into the camera as needed.

The measured results are shown in Fig. 3c. In
brief, the transmittance of LCP light is lower than
that of RCP light, which is consistent with the simu-
lation results. The measured transmitted spectra also
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perform the discrimination of different handedness
illuminations, as expected. The measured peak ER
reaches 2.5. This value is lower than that in simula-
tion, mainly due to the deviation during the multi-
step fabrication. Due to the limitation of fabrication ac-
curacy, to keep a clear gap between the nano-grating
and the nanorod, SEM was used to measure the gap
as being enlarged to 80 nm during actual processing
instead of 37 nm as the design. This is mainly be-
cause the manufacturing accuracy of EBL is not high
enough. To demonstrate the impact of manufacturing
errors, we adjusted the geometric parameters of the
metasurface operating at 720 nm, as shown in Table 1,
to match the measured parameters of the fabricated
metasurface in Fig. 3a. Fig. 3d illustrates the simula-
tion results, confirming the influence of manufactur-
ing errors on the metasurface’s performance, as indi-
cated by a decrease in the peak ER from 14.5 in Fig. 2a
to 6.2 in Fig. 3d. Additionally, inaccurate fabrication
led to a shift in the peak wavelength. However, it is
feasible to fabricate 37 nm gaps and achieve a meta-
surface that better conforms to the designed parame-
ters using higher-precision equipment (Devlin et al.,
2016). We were also aware that the roughness of the
nano-gratings was up to 5 nm, which also decreased
the device performance. However, the peak position
was maintained, which validates our overall design.

4 Conclusions

We designed and fabricated a single-layer chiral
metasurface structure for CPL distinction. The meta-
surface converts a specific-handed CPL into LPL and
absorbs the orthogonal component. The single-layer
chiral structure holds the promise of a high ER. It can
work from 700 nm to 1600 nm by tuning the geomet-
ric parameters. Four examples at 720 nm, 840 nm,
1300 nm, and 1580 nm are shown in this paper. The
ability to convert one specific-handed CPL into LPL
stems from the nano-gratings and the chiral plasmonic
structure. Our experimental results demonstrate the
circular dichroism of the proposed chiral metasur-
face. However, there is still room for improvement
during the fabrication process. Our study holds the
promise of a high ER, tunable operation, simple fab-
rication, and integration. It can be applied to fiber
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Fig. 3 Fabrication and characterization of the single-layer metasurface circular polarizer: (a) scanning electron microscope
(SEM) images of the right-handed fabricated metasurface; (b) schematic of the experimental setup; (c) measured results
of the fabricated metasurface; (d) simulation results of the metasurface adjusting its geometric parameters according to
the fabricated metasurface. LP: linear polarizer; QWP: quarter-wave plate. References to color refer to the online version

of this figure

optics, chip-integrated systems for quantum comput-
ing, polarimetric detectors, and emission and sensing
applications for CPL.
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