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Wideband High-Reflection Chiral Dielectric Metasurface
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Abstract—Compared to natural materials, artificial subwavelength structures can enhance chiroptical
effects in a stronger way, and the requirement of low material loss and wideband operation is desired
in many situations. Here, we propose an all-dielectric chiral metasurface as a periodic array of
centrosymmetric staggered silicon cuboid pairs to achieve strong circular dichroism in a wide band. As a
demonstration, the designed chiral metasurface may strongly reflect the chosen circularly polarized light
with the spin preserved in the operating wavelength range of 1.51 ~ 1.60 pm while highly transmit (with
an efficiency greater than 95%) the opposite circularly polarized light with the spin flipped. Then, two
application cases are given for the designed chiral metasurface. A flat chiral meta-lens is constructed to
produce wideband focusing in the transmission/reflection side while the disturbing from the opposite
circular polarization is well blocked by high reflection/transmission. A chiral Fabry-Perot cavity is also
constructed, which has an extremely high quality factor (2.1E4). The proposed method provides an
efficient way to produce strong chiroptical effects and has a promising potential for various applications
such as signal processing, sensing, radiation and detection.

1. INTRODUCTION

Chiroptical effects widely exist in various natural substances, such as gas molecules, organic matters,
crystals and so on. The optical activity and circular dichroism of a chiral material are the two main
mechanisms used to distinguish their enantiomers [1-4]. However, the direct interaction between the
chiral material molecules/elements and light beam is quite weak due to thescale mismatch. Thus, one
needs to increase the optical path and collision times to amplify the interaction and response signal.
This would lead to an increase in the volume of the system. With the development of metasurface
technology, ultra-thin metal chiral structures have been proposed [5-8], and some special designs can
enhance the chiroptical response by multiple orders of magnitude, such as three-dimensional gold
helix [9-11], two-dimensional fish-scale structure [12-14], and L-shaped gold nanoantennas [15-18].
However, due to metal absorption loss, the efficiency is limited. In recent years, lossless dielectric
chiral metasurfaces have attracted much attention and utilized to achieve low loss, high refractive
index, large field enhancement, excitation of high-order Mie resonance modes, or more efficient optical
manipulation with higher degrees of freedom, and many structures with outstanding performance have
been designed [19-27]. These lossless ultra-thin chiral metasurface structures were small in size, high in
efficiency, and rich in functions, and can be used for detection of chiral substances, as well as metalenses
toreplace the traditional large-volume optical components, such as lenses, polarizers, quarter glass slides,
etc. However, most of these reported designs only have narrow-band optical responses, and can only
be used for a single wavelength or narrowband range, which severely restricts the applications of chiral
metasurfaces.
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In this article, a lossless dielectric chiral metasurface working in a broadband (in the near-infrared
region) is designed. Based on the CP transmission/reflection characteristics of the proposed structure,
we demonstrate a chiral metalens with one of the CP light beams is transmissively /reflectively focused,
while the other is blocked (i.e., highly reflected/transmitted). Furthermore, a chiral Fabry-Perot (FP)
cavity is designed. The designed FP cavity has an extremely high quality factor as large as 2.1E4 and
also has an interesting property of spin-preserving filter for chosen CP light. Meanwhile, the chiral
FP cavity resonance can form a spiral standing wave (without resonant nodes) that is nearly uniform,
which is a very prominent property [28]. The novel chiral optical devices may have future applications
in collection, detection, enhancement and filteringfor chiral signals.

2. DESIGNING A WIDE-BAND HIGH-REFLECTION CHIRAL DIELECTRIC
METASURFACE

The designed chiral metasurface is a periodic array consisting of centrosymmetric staggered silicon
cuboid pairs deposited on a silicon oxide (SiO2) thin film suspended in the free space. The width,
length and height of each cuboid are w, [ and h, respectively, the period is p, and the thickness of
the SiO thin film is ¢. In the numerical investigation (via Lumerical FDTD) for the behavior of the
metasurface, a circularly polarized illuminating light is realized by superposing two linearly orthogonally
polarized sources between which there is +7/2 relative phase retardance. As illustrated by the inset
of Fig. 1, for an observer viewing along the propagating direction of an incident or scattered light, it
is defined that the light is left-handed circularly polarized (LCP) if the electric field spins clockwise,
and right-handed circularly polarized (RCP) if the electric field spins anticlockwise. In the following,
an incident light normally impinges on the metasurface by default.

$CP %:‘;CP

Figure 1. Configuration of the proposed chiral metasurface. The metasurface, consisting of a periodical
array of centrosymmetric staggered silicon cuboid pairs, is put on a sustained SiO, film. The inset
illustrates the definition of RCP and LCP waves.

When the geometry parameters of the metasurface in Fig. 1(a) are set as h = 680nm, [ = 412nm,
w = 273nm, p = 1272nm, and ¢ = 1000nm, the transmission and reflection property is shown in
Fig. 2. In the wavelength range between 1.51 um and 1.60 pm, the reflection efficiency (Rgrcp) is larger
than 95% under RCP incidence, and the corresponding transmission efficiency (Trcp) is lower than 5%
since the material loss is omittable. Oppositely, the reflection efficiency (Rpcp) is lower than 5% for
LCP incidence while the transmission efficiency (T1,cp) is greater than 95%. Especially at wavelength
A = 1585 nm, the RCP incident light is reflected nearly perfectly and the LCP one passes through the
metasurface nearly completely. To valuate the circular dichroism (CD) effect of the metasurface, the
CDr for the transmission is defined as

1 {Trep — TLCP)
CDp =tan™! [ =22—=22 ) 1
5 <TRCP + Ti.cp ()

and CDg for the reflection may also be defined in a similar way [29,30]. The CDgr and CDr spectra
are shown in Fig. 2(b) which indicates that the metasurface presents strongly different response to RCP
and LCP incidence in a wide bandwidth.
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Figure 2. Reflection and transmission response of the designed metasurface. (a) Polarization-
unresolved transmission and reflection efficiencies under different circularly polarized incidences. (b)
Transmission and reflection CD spectra. Circular polarization-resolved reflection and transmission
efficiencies (c) for RCP incidence and (d) for LCP incidence. The metasurface configuration is shown
in Fig. 1, and the corresponding structure parameters are h = 680nm, ! = 412nm, w = 273 nm,
p=1272nm, and ¢t = 1000 nm.

Then, to disclose the polarization conversion induced by the metasurface, the Jones matrix is
adopted to decompose the transmitted and reflected waves into LCP and RCP components [31]. For
RCP incidence, the reflected LCP and RCP powers normalized to the incident RCP one is denoted
by rLr and rgrr, respectively, and the normalized transmitted components denoted by t1r and tgrg,
respectively. And, ry1,, rrL, tLL, and tgry, are adopted for LCP incidence. The simulated polarization-
resolved reflection and transmission efficiencies are given in Figs. 2(c) and 2(d). One can see that the
designed metasurface exhibits strong chiroptical response. In the wavelength range between 1.51 pm
and 1.60 um, rgy is large and rpg is little when RCP incident wave is strongly reflected, which indicates
that the original circular polarization can be remained in a large degree during reflection. Especially at
A = 1585 nm, the reflected light is almost RCP. In the same wavelength range, the metasurface weakly
blocks the LCP incidence, but strongly converses the original circular polarization during transmission
since try, is large and trp, is omittable. At A = 1585 nm, the transmitted light is almost RCP. In all,
the designed metasurface possesses maximal chiroptical response, and it can convert an incident wave
of arbitrary polarization into a pure RCP wave, that is, both the reflected and transmitted waves are
RCP.

A high-contrast grating (HCG), whose period is close to the working wavelength, can support
wideband high reflection [32]. Common HCGs are a periodic array of long dielectric bars or symmetric
dielectric particles. Here, with the introduction of planar-type chiral dielectric units, the designed
metasurface behaves in strong contrast at different circular-polarization incidences, that is, it acts
as a mirror for RCP incidence and as a twisted pipe which weakly obstructs the power flowing
of LCP incidence, but flips the circular polarization to RCP polarization. This response difference
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is embodied by the excited localized field distribution around the metasurface. Fig. 3 shows the
electric amplitude distributions along different transverse cross-sections parallel to the zy-plane at
several discrete wavelengths in the interesting wavelength range between 1.51 um and 1.60 um. By
observing Fig. 3, one can know that strong mutual coupling exists between the electric fields around the
neighboring cuboids in each unit, and the electric pattern does not change strongly in the investigated
wavelength range for a fixed circularly polarized incidence. However, the electric patterns for RCP
incidence are obviously different from those for LCP incidence. The electric field induced by LCP
incidence is mainly dispersed in the air near the periphery of each cuboid pair as shown in Fig. 3(b). At
RCP incidence, as shown by the first and second rows in Fig. 3(a), there exists strong electric field inside
each silicon cuboid pair which may be even stronger than that in the air near the cuboid periphery, and
as shown by the third row in Fig. 3(a), although the external electric field is obviously stronger than
the internal electric filed, the position possessing strong electric field at RCP incidence is different from
that at LCP incidence.

RCP LCP
1.55pm Max

Min

(a) (b)

Figure 3. Electric amplitude distributions around the designed chiral metasurface. (a) is for RCP
incidence and (b) for LCP incidence. The electric amplitude is normalized by that of the incident wave.
From the first row to the third row in each figure, the substrate-Si interface, the middle transverse cross
section of the Si metasurface, and the air-Si interface are taken as the observation plane, respectively.
And, the first column to the third column in each figure are taken at wavelength A = 1.6 um, 1.55 um,
and 1.52 um, respectively.

3. CONSTRUCTING A CHIRAL FLAT META-LENS BASED ON A GRADIENT
CHIRAL METASURFACE

Based on the polarization-selective transmission and reflection function, here the above designed
chiral metasurface is used to construct a polarization-selective flat focusing meta-lens by appropriately
adjusting each unit cell as a lens element. Its characteristic is that only a certain circularly polarized
beam is allowed to get transmitted or reflected to focus at one side. Therefore, the chiral meta-lens
will achieve a focused beam of a highly pure circular polarization. This is different from classical lenses
and flat meta-lenses. In common meta-lenses based on the Pancharatnam-Berry (PB) phase [19], one of
RCP and LCP incident beams is focused and the other one is diverged, but both are highly transmitted
or reflected simultaneously so that they may disturb each other strongly.

The designing method of the current chiral meta-lens is the same as that of common PB-type
meta-lenses. For simplicity, investigation is made only for focusing an RCP incident beam, and similar
deal can be made for an LCP incident beam. By choosing the geometry type (R or L) of the original
chiral metasurface, the chiral meta-lens acts as a concave mirror or a convex lens for the RCP incident
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beam. Each meta-lens element is rotated in an angle of ¢ in the following way [19],

o (2) = +0.5k (V2 22— |f]) e

where z is the position of the meta-lens element relative to the lens center; ko = 27/ is the free-space
wavevector; f is the focal length of the lens; the “—” sign corresponds to a reflective focusing lens
(concave mirror) while the “+” sign corresponds to a transmissive focusing lens (convex lens).

Figure 4(a) illustrates the configuration of a cylindrical chiral meta-lens. The original chiral
metasurface is R-type, highly reflecting the RCP incident beam as shown in Fig. 2, so that a concave
mirror can be constructed. To construct a cylindrical concave mirror, each meta-lens element is rotated
according to Eq. (2) where z is the distance between the element and the cylindrical axis along the y
direction, and “—" is adopted. The constructed concave mirror shown in Fig. 4(a) has a focal length of
40 wm, which is periodic array of finite-width rows consisting of 21 meta-lens elements (10 elements on
each side of the central element).

By optimizing the concave mirror for the RCP beamin a broad band of 1.51 ~ 1.60 wm, we obtain
pr = lum and p, = 1.272 um, and the other geometry parameters of the metasurface are the same
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Figure 4. Cylindrical chiral meta-lens. (a) Concave mirror, and (b) convex meta-lens designed to
operate for an RCP beam incident upwards. (c) and (d) are electric amplitude distributions when the
meta-lens in (a) is illuminated upwards by an RCP beam and an LCP beam, respectively. (e) and (f)
are electric amplitude distributions when the meta-lens in (b) is illuminated by an RCP beam and an
LCP beam, respectively. The numerical results are shown at the edge wavelength of 1.6 pm and the
focusing length is 40 um. Each electric amplitude distribution is normalized by that of the corresponding
incident beam.
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as those used in Fig. 2. Fig. 4(c) demonstrates the electric focusing pattern of the RCP beam(at the
edge wavelength of 1.60 um) incident upwards. The RCP beam is strongly reflected and shrinks toward
the focusing point. When the incident beam is switched from the RCP state to the LCP state, the
corresponding electric distribution around the meta-lens is shown in Fig. 4(d), where one sees that the
LCP beam is of high transmission, but cannot be focused at the other side of the meta-lens.

Figure 4(b) illustrates the configuration of another cylindrical chiral metasurface as a convex meta-
lens. The original chiral metasurface is L-type, which weakly reflects the RCP incident beam so that
a convex meta-lens can be constructed. When p, = 1um and p, = 1.272um, and the geometry
parameters are the same as those used in Fig. 2, Fig. 4(e) demonstrates the electric focusing pattern
of the RCP beam incident upwards. The beam is highly transmitted and shrinks toward the focusing
point at the bottom side of the meta-lens. When the incident beam is switched from the RCP state to
the LCP state, the corresponding electric distribution around the meta-lens is shown in Fig. 4(f). One
can see that the LCP beam is highly reflected, but it cannot be focused at the top side of the meta-lens.

To quantitatively evaluate the operation performance of the above two chiral meta-lenses,
calculation is made for the reflection efficiencies of the concave mirror in Fig. 4(a) and the transmission
efficiencies of the convex lens in Fig. 4(b) illuminated by the RCP and LCP incident beams, and the
results are shown in Figs. 5(a) and 5(b), respectively. By observing Fig. 5, one can see that the two
meta-lens may sustain good polarization selectivity in a wide band that the RCP beam is focused
efficiently while the LC beam is inhibited at the focusing image in a high degree. This kind of magical
chiral meta lens may be applied to collect and detect the chiral signals with high signal to noise ratio.
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Figure 5. Performance of a chiral meta-lens. Under different circularly polarized incidences, the
polarization-unresolved transmission efficiencies of the meta-lens structure in Fig. 4(a) is shown in (a),
and the polarization-unresolved reflection efficiencies of the meta-lens structure in Fig. 4(d) are shown
in (b).

4. CONSTRUCTING A CHIRAL FP CAVITY BASED ON TWO SYNTHETICS
CHIRAL METASURFACES

The above designed chiral dielectric metasurface works as a wide-band chiral mirror for RCP light.
Then, one can construct a chiral FP cavity by cascading two chiral mirrors as illustrated by Fig. 6(a).
The R-type metasurface with the supporting dielectric film shown in Fig. 1(a) acts as the bottom cavity
mirror, and it also acts as the top cavity mirror after being normally flipped. As demonstrated in
Fig. 6(a), the separation between the two mirrors is defined as the cavity length of L.. The wideband
operation of the mirrors reduces the precision requirement of the cavity length to form FP resonance.
The resonance mechanism of the chiral FP cavity can be understood in the following way. It is
assumed that an RCP light is incident on the bottom metasurface at the beginning. The RCP light is
strongly reflected while the circular polarization is maintained. When the reflected RCP light arrives
at the top metasurface, this metasurface is also R-type in its view so that it continues to be strongly
reflected with the circular polarization maintained. As the RCP light, experiencing strong reflection
twice, returns to the bottom metasurface, a closed light path is formed. If the phase retardance along
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this closed path satisfies the FP resonance condition, a resonant mode is formed. In this FP mode, the
main component is RCP, and the LCP component is surely weak since it can leak through the top and
bottom metasurfaces well.

Then, the response of the constructed cavity to different light illumination is investigated. The
geometry parameters of the metasurfaces forming the cavity are the same as those used in Fig. 2. With
L¢ = 1.6 pm, the transmission of the chiral FP cavity under different circularly polarized illuminating
beams is shown in Fig. 6(b). One can see that for LCP incidence, the polarization-unresolved
transmission (i.e., without decomposing the transmitted wave into LCP and RCP components) of the
cavity is low in a wide wavelength range around A = 1585 nm, but there is an obvious near-unity
transmission peak at A = 1585.25nm. The full width at half maximum of this resonance peak is only
0.075nm, and the corresponding quality factor is as large as 21000. This means that the FP resonant
mode has a rather low leaky rate and can be excited by an LCP light. To observe the polarization-
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Figure 6. Chiral FP cavity. (a) Cavity configuration. (b) Polarization-unresolved transmission. (c)
Polarization-resolved transmission and reflection for LCP incidence, and (d) those for RCP incidence.
The magnified views around the resonance peak at A = 1585.25 nm are also given at the top in (b), (c)

and (d).
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resolved transmission and reflection for LCP incidence, the transmitted and reflected waves are further
decomposed into LCP and RCP components. The decomposition result is shown in Fig. 6(c). One can
observe that at the resonant peak of A = 1585.25 nm, tgy, is high up to 95% and tgy, is low down to 5%.
Near the resonant peak, the main component of the reflected wave is LCP. This indicates that cross
polarization in the cavity transmission is weak. Thus, the chiral FP cavity works well as a narrow-band
polarization-maintaining filter for LCP incidence.

In contrast, as shown by Fig. 6(b), the transmission keeps high for RCP incidence, and the
corresponding transmission curve varies smoothly in the investigated wavelength range around A =
1585 nm. It means that the RCP light cannot effectively excite the FP resonant mode. The transmitted
and reflected waves are also decomposed into LCP and RCP components and the result is shown in
Fig. 6(d). The main component of the transmitted wave keeps RCP in the investigated wavelength
range. One may also notice the weak narrow dip on the transmission curve of rgr and the weak narrow
peak on the reflection curve of rpg. This is because the RCP incidence may excite the FP resonance
through cross polarization, but nevertheless this excitation is rather weak.

To investigate the pattern feature of the FP resonant mode, the electric intensity distributions
on several observation planes at the resonant peak under LCP incidence are calculated and shown in
Fig. 7. Since the top and bottom metasurfaces as mirrors are periodic, the electric distributions present
obvious periodic variation. Because the FP is strongly excited, the electric field inside the cavity is very
strong, and the intensity can be enhanced in more than 3000 times compared to the incident one. The
electric field is the strongest around the top and bottom metasurfaces. At last, one should notice that
the electric field inside the air region sandwiched between the top and bottom metasurfaces is nearly
homogeneous. This is the representative characteristic of a chiral FP resonant mode [28].
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Figure 7. Mode field distribution. The corresponding electric field distributions at different cross-
sections of the chiral FP cavity: (a) is at the center of the cavity in the zy-plane; (b) and (c) are on the
corresponding vertical cross sections as referred by the dotted lines @ and @ in (a), respectively.

5. CONCLUSIONS

In this paper, we have proposed an all-dielectric planar-type chiral metasurface behaving like a special
HCG to support loss-less wideband chiroptical operation. This demonstrated in the wide wavelength
range of 1.51 ~ 1.60 um a metasurface that reflects with a high efficiency over 95% for a chosen
circular polarization and transmits highly for the opposite circularly polarized light with the spin
flipped. Two devices have also been constructed and investigated as application cases. The wideband
flat chiral meta-lens has its particular advantage, that is, only the chosen circular polarization among
the arbitrarily incident light is focused in the transmission/reflection side while the perturbation from
the opposite circular polarization is well blocked. In addition, the wideband chiral metasurface is helpful
in constructing a unique chiral FP cavity, and the constructed cavity has a large quality factor of 2.1E4.
In all, the suggested method provides an efficient way to manipulate chiroptical operation and opens
the way to various special chiral devices.
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