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Optical chirality plays a key role in optical biosensing and
spin-selective optical field manipulation. However, the max-
imum optical intrinsic chirality, which is represented by
near-unity circular dichroism (CD), is yet to be achieved
in a wide bandwidth range based on nanostructures. Here,
we utilize dielectric bilayer polyatomic metasurfaces to real-
ize the maximum optical intrinsic chirality over a wide
bandwidth range. The CD efficiency of the two designed
metasurfaces with opposite chirality is 99.9% at 1350 nm
and over 98% from 1340 nm to 1361 nm. Our work provides
a straightforward and powerful method for the realization of
maximum optical intrinsic chirality, which has great poten-
tial in spin-selective optical wave manipulation. © 2022
Optica Publishing Group

https://doi.org/10.1364/OL.469518

Chirality refers to a geometric property of objects that can-
not coincide with their mirror counterparts. Chiral materials
interact differently with left-handed and right-handed circu-
larly polarized (LCP and RCP) waves, resulting in chiral optical
responses such as optical activity and circular dichroism (CD).
The CD characterized by different scattering properties of chi-
ral materials under LCP and RCP illuminations serves as the
main method for the detection and discrimination of chirality.
However, the CD of natural materials is quite subtle due to
the mismatch in size between molecules and the wavelength
of optical waves. Recently, metasurfaces composed of artifi-
cial nanostructures at the subwavelength scale have emerged
as a powerful platform for the enhancement of CD, because
the size of nanostructures is comparable to the wavelength of
optical waves and their structural symmetry can be arbitrarily
designed [1–4]. Metasurfaces composed of three-dimensional
or few-layer metallic nanostructures have been demonstrated as
good alternatives for the realization of giant CD, which show
unprecedented application possibilities in chiral sensing and
spin-selective optical wave manipulation [5–16]. Although CD
can be greatly enhanced in metasurfaces composed of metallic

nanostructures, their intrinsic loss prevents the implementation
of near-unity CD (TRCP − TLCP ≈ ±1).

Near-unity CD, representing the maximum optical intrinsic
chirality, describes the objects which are transparent to nor-
mally incident optical waves with one helicity while completely
scattering the normally incident optical waves with the other
helicity [17,18]. Recent advances in dielectric metasurfaces
proved that they can overcome the lossy defect of metallic
metasurfaces and realize near-unity CD [19–22]. Giant CD
with near 90% efficiency was realized at 540 nm by utilizing
a dielectric metasurface composed of gammadion nanostruc-
tures, which is almost transparent to normally incident RCP
waves while diffracting the LCP waves into the first order [19].
Meanwhile, CD with over 70% efficiency was demonstrated in
the near-infrared band based on a bilayer dielectric metasurface
[20]. Recently, near-unity CD was realized in dielectric meta-
surfaces based on chiral bound states in the continuum [21,22].
However, the bandwidth, corresponding to CD with over 90%
efficiency, is narrower than 1.5 nm by this approach. The CD
efficiency is extremely sensitive to some structural parameters
and the absorption loss of the dielectric materials. The realiza-
tion of near-unity CD in a wide bandwidth range still remains a
challenge.

Here, we demonstrate the use of bilayer polyatomic metasur-
faces for the realization of near-unity CD in a wide bandwidth
range. The near-unity CD of the proposed metasurfaces is
achieved by exploiting the spin-selective destructive and con-
structive interferences of optical waves in polyatomic metasur-
faces, which can be treated as a result of the combination of two
near-perfect circular polarization conversion processes. We also
validate that the layer effects in the designed metasurfaces can
improve the efficiency of CD.

The Jones transmission matrix (in the −z direction) of an
object with CD = 1 can be expressed as

TMLC
circ =

[︃
TLL TLR

TRL TRR

]︃
=

[︃
0 0
0 1

]︃
, (1)
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Fig. 1. Design strategy of bilayer polyatomic metasurfaces with
maximum optical intrinsic chirality. (a) Schematic of a designed
metasurface with CD = 1, which is transparent to RCP waves and
reflects all of the LCP waves. Inset: top view of one unit cell on the
upper layer. (b) Illustration of the design strategy.

where the subscript “circ" indicates that the transmission matrix
lies in the circular base, while the superscript “MLC" repre-
sents the maximum left-handed optical intrinsic chirality. The
subscripts “i" and “j" of Tij indicate the circularly polarization
states of the transmission and incident waves, respectively. The
matrix in Eq. (1) can be further decomposed into two symmetric
matrices:

TMLC
circ = T1

circT2
circ =

[︃
0 0
1 0

]︃
·
[︃
0 1
0 0

]︃
. (2)

For bilayer metasurfaces composed of layered nanostruc-
tures with negligible reflectance, the multiwave interference
effect between the layers can be ignored. The transmission
matrices of such bilayer metasurfaces can be mathematically
calculated as the product of the transmission matrix of each
layer. Here, the phase delay caused by the spacer between the
layers is neglected. If we can find two single-layer metasur-
faces whose transmission matrices equal T1

circ and T2
circ , the

transmission matrix of the bilayer metasurface composed of
these two single-layer nanostructures can be the same as the
one in Eq. (1). The single-layer nanostructures with transmis-
sion matrices of T1

circ and T2
circ can be treated as perfect LCP

to RCP and RCP to LCP polarization converters, respectively.
Such a circular polarization converter can be well implemented
by using polyatomic metasurfaces. The polyatomic metasurfaces
are planar arrays whose unit cell is composed of multiple func-
tional nanostructures [23–25]. They can significantly expand
the design freedom of metasurfaces and be demonstrated as
an appealing alternative for multidimensional optical wave
manipulation.

Figure 1 is an illustration of the designed bilayer polyatomic
metasurfaces. The designed metasurfaces are transparent to
normally incident waves with one helicity while completely
scattering normally incident optical waves with the other helic-
ity. Figure 1(a) is a schematic of the designed metasurface with
CD = 1, which is composed of two kinds of single-layer poly-
atomic nanostructures (L1 and L2) on a SiO2 substrate. Each
polyatomic nanostructure consists of two kinds of 𝛼-Si elliptical
nanocylinders (S1 and S2) with different structural parameters,
and the relative rotation angle \ between them equals −45◦ and
45◦ for L1 and L2, respectively. We assume that the optical wave
propagates along the −z direction. The two elliptical nanocylin-
ders with long axes along the x direction are firstly designed as
two perfect half-wave plates with 𝜋/2 phase delay, which can be

described by the Jones transmission matrices [26]:

TS1
circ = e−i 𝜋2 ·

[︃
0 1
1 0

]︃
, (3a)

TS2
circ =

[︃
0 1
1 0

]︃
. (3b)

The transmission matrix of S2 with a rotation angle \ of −45◦

or 45◦ along the z axis then can be expressed as

TS2 ( - 45◦)
circ = e−i 𝜋2 ·

[︃
0 −1
1 0

]︃
, (4a)

TS2 ( 45◦)
circ = e−i 𝜋2 ·

[︃
0 1
−1 0

]︃
. (4b)

The transmission matrices of the two polyatomic nanostruc-
tures L1 and L2 composed of these two elliptical nanocylinders
can be derived as

TL1
circ =

1
2
(TS1

circ + TS2 ( - 45◦)
circ ) = e−i 𝜋2 ·

[︃
0 0
1 0

]︃
, (5a)

TL2
circ =

1
2
(TS1

circ + TS2 ( 45◦)
circ ) = e−i 𝜋2 ·

[︃
0 1
0 0

]︃
. (5b)

In the polyatomic nanostructure L1, the converted LCP waves
from S1 and S2 under RCP illumination have a phase differ-
ence of 𝜋. They destructively interfere with each other, resulting
in the elimination of transmittance. The converted RCP waves
from S1 and S2 under LCP illumination have no phase differ-
ence. They constructively interfere with each other, resulting in
high transmittance. The situation is opposite for the polyatomic
nanostructure L2. Therefore, the two polyatomic nanostructures
are perfect LCP to RCP and RCP to LCP converters. As shown
in Fig. 1(b), by arranging the two polyatomic nanostructures
in two layers, the transmission matrices of the designed bilayer
polyatomic metasurfaces (designs A and B) can be expressed as

TA
circ = TL1

circ · TL2
circ = e−i𝜋 ·

[︃
0 0
0 1

]︃
, (6a)

TB
circ = TL2

circ · TL1
circ = e−i𝜋 ·

[︃
1 0
0 0

]︃
. (6b)

Therefore, designs A and B can realize maximum left-handed
and right-handed intrinsic optical chirality (CD = 1 and −1),
respectively. According to Eq. (6), the realization of |CD| = 1
in the designed metasurfaces can be regarded as a result of
the combination of two perfect circular polarization conversion
processes. Taking design A as an example, when LCP and RCP
waves illuminate from the −z direction, the upper layer will
reflect the LCP waves, and the RCP waves will be fully converted
into LCP transmitted waves. Then, the converted LCP waves will
be further fully converted into RCP waves by the lower layer.
Overall, design A is transparent to normally incident RCP waves
while completely scattering normally incident LCP waves. Note
that the optical responses of designs A and B do not change when
the waves illuminate along the +z direction. When the optical
waves illuminate from the +z direction, the relative rotation
angle \ between the elliptical nanocylinders in the bottom layer
will change from −45◦ to 45◦, while that in the upper layer will
change from 45◦ to −45◦. As a result, the transmission matrix of
design A in the+z direction is the same as that in the−z direction,
resulting in the absence of circular conversion dichroism.
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Fig. 2. Collective interference-induced circular conversion
dichroism in single-layer polyatomic metasurfaces. Optical
response of the two kinds of elliptical nanocylinders S1 and S2
as the component of polyatomic metasurfaces: (a) simulated results
of the cross- and co-components of the circularly polarized trans-
mission spectra and (b) simulated phase shifts of the cross-polarized
transmission waves and the calculated phase difference (PD), under
circularly polarized illuminations along the −z direction. Simulated
transmission spectra of the two designed single-layer polyatomic
metasurfaces with (c) \ = −45◦ and (d) \ = 45◦ under illumina-
tions along the −z direction for different incident/output helicity
combinations.

The simulated optical responses of the designed elliptical
nanocylinders and single-layer polyatomic nanostructures are
presented in Fig. 2. As shown in the inset of Fig. 2(a), the
structural parameters of the two designed elliptical nanocylin-
ders S1 and S2 are: a1 = 230 nm, a2 = 230 nm, b1 = 107.5 nm,
b2 = 80 nm, h = 710 nm, and P = 565 nm, where a1 (a2) and b1

(b2) are half the lengths of the long and short axes of elliptical
nanocylinder S1 (S2). The polyatomic nanostructures L1 and
L2 [as shown in the insets of Figs. 2(c) and 2(d)] are composed
of the two elliptical nanocylinders, in which the long axis of
S1 is along the x axis and the long axis of S2 has a relative
rotation angle \ of −45◦ (in L1) or 45◦ (in L2). The simulated
results were obtained using a full-wave simulation based on the
finite element method. The refractive index of SiO2 was set to
be 1.5 and the refractive index of 𝛼-Si was obtained from exper-
imentally measured data [27]. Since the near-field interaction
between the dielectric elliptic nanocylinders is weak, the trans-
mission matrices of periodic arrays are used to approximate
the transmission matrices of isolated nanostructures [24,26].
The results in Fig. 2(a) validate that the two designed ellipti-
cal nanocylinders can be treated as high-efficiency half-wave
plates, for which the transmittances of cross-polarized waves
are much larger than those of co-polarized waves under circu-
larly polarized illuminations. The phase difference between the
cross-polarized waves from S1 and S2 is wavelength-dependent
and changes from 𝜋/2 to 𝜋/4 with an increase of wavelength, as
shown in Fig. 2(b). The phase delay between S1 and S2 is not
equal to 𝜋/2 since the structural parameters of the two designed
elliptical nanocylinders were secondarily optimized to offset
the influence of near-neighbor interaction between the elliptical
nanocylinders in the designed single-layer polyatomic nanos-
tructures on the transmission coefficients. The squared moduli
tij =

|︁|︁Tij

|︁|︁2 of the coefficients in the transmission matrices (in the

Fig. 3. Collective interference of optical waves in polyatomic
nanostructure L2. (a) Cross-sectional distributions of the electric
field Ex under the illumination of RCP (top right) and LCP (bottom
right) waves from the −z direction at a wavelength of 1400 nm. (b)
Distribution of the electric field Ex in (a) along the y axis (z = −10
nm) under RCP (left) and LCP (right) illuminations.

−z direction) of the two designed polyatomic nanostructures L1
and L2 are presented in Figs. 2(c) and 2(d), respectively. For
polyatomic nanostructure L1 with \ = −45◦, tRL is over 0.9 at
1400 nm while tRR = 0.01, tLR = 10−5, and tLL = 0.04. Therefore,
L1 can be regarded as a near-perfect LCP to RCP polariza-
tion converter around 1400 nm. Similarly, L2 can be treated
as a near-perfect RCP to LCP polarization converter around
1400 nm.

To make a further visual demonstration of the constructive
and destructive interferences of optical waves between different
elliptical nanocylinders, we calculated the cross-sectional dis-
tribution of the real part of the x component of electric field
Ex at the y–z plane (x = −282.5 nm) for RCP and LCP waves
along the −z direction at 1400 nm, as shown in Fig. 3(a). Results
validate that the transmission waves from the two kinds of ellipti-
cal nanocylinders under RCP illumination are in phase, leading
to the constructive interference of optical waves; on the con-
trary, the transmission waves from the two kinds of elliptical
nanocylinders under LCP illumination are out of phase, leading
to the destructive interference of optical waves. We also present
the distribution of the real part of Ex along the y axis (z = −10
nm, x = −282.5 nm) in Fig. 3(b). The quantitative results further
support the above statements.

Two designed polyatomic nanostructures can be used to
construct bilayer polyatomic metasurfaces with maximum opti-
cal intrinsic chirality. The structural configurations of the two
designed metasurfaces (designs A and B) are shown in the insets
of Figs. 4(a) and 4(b). The thickness d of the SiO2 spacer is
50 nm. Figures 4(a) and 4(b) show the squared moduli of the
coefficients in the transmission matrices of the two designed
metasurfaces. Since tRR of design A and tLL of design B are
close to 1 and the other squared moduli of transmission coeffi-
cients are near zero around 1350 nm, they show left-handed and
right-handed maximum optical intrinsic chirality, respectively.
We calculated the CD = tRCP − tLCP = (tRR + tLR) − (tLL + tRL) for
designs A and B, as shown in Fig. 4(c). Circular conversion
dichroism is nonexistent in both designs A and B at the wave
band of interest because tLR and tRL are equal to each other.
Designs A and B show left-handed and right-handed chirality,
respectively, with CD efficiency of 99.9% at 1350 nm and over
98% from 1340 nm to 1361 nm. Compared with representative
works on CD enhancement in metasurfaces based on the reso-
nant multipolar modulation [7,19,20], the plasmonic resonance
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[16], or the chiral bound state in the continuum [21], the bilayer
polyatomic metasurfaces designed based on our strategy have
great advantages in both efficiency and operational bandwidth.

The transmission matrices of designs A and B can be mathe-
matically calculated as the product of the transmission matrix of
each layer. Therefore, tRR of design A and tLL of design B should
be no more than 0.85 since tRL of L1 and tLR of L2 are less than
0.92. We attribute the increase of tRR of design A and tLL of
design B to the existence of near-field interaction and multiwave
interference effect between the bilayers since all tij are not equal
to zero and the thickness of the SiO2 spacer is thin. To make a
validation, we investigate the variation of CD of design A with
changing of wavelength and thickness d of SiO2, as shown in
Fig. 4(d). The value of CD slightly decreases with an increase
of d around a wavelength of 1350 nm, proving the existence
of the near-field interaction between the layers. Meanwhile, the
CD spectra change periodically with the variation of d, which
relates to the multiwave interference effect between the layers
[28]. Resonances related to the multiwave interference effect
appear with the change of d, resulting in the decrease of CD
at some narrow wave bands. These narrow wave bands are red-
shifted with the increase of d, which is a typical characteristic
of the multiwave interference effect in few-layer metasurfaces.
The layer effects enhance the optical intrinsic chirality of the
designed metasurfaces.

In conclusion, we theoretically proposed and numerically
demonstrated a new metasurface design strategy based on the
wave collective interference effect for the implementation of
near-unity CD. The two designed bilayer polyatomic metasur-
faces can realize maximum left-handed and right-handed optical
intrinsic chirality across a wide bandwidth range in the near-
infrared regime, with CD efficiency of 99.9% at 1350 nm and
over 98% from 1340 nm to 1361 nm. We also validated that
the layer effects in the designed metasurfaces enhance the CD
efficiency. The design strategy we proposed here can be further
used for the design of chiral metasurfaces in other bands.
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