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Chiro-optical effects offer a wide range of potential applications in nanophotonics, such as advanced imaging and
molecular sensing and separation. Flat single-layer metasurfaces composed of subwavelength meta-atoms have
gained significant attention due to their exceptional characteristics in light–matter interactions. Although meta-
surface-based devices have manipulated electromagnetic waves, the compact on-chip realization of giant
chiro-optical effects remains a challenge at optical frequencies. In this work, we experimentally and numerically
demonstrate an all-dielectric metasurface to realize large chiro-optical effects in the visible regime. Notably, the
proposed strategy of utilizing achiral nanofins instead of conventional chiral structures provides an extra degree of
design freedom. The mutual coupling between carefully engineered nanofins produces constructive and destruc-
tive interference, leading to the asymmetric transmission of 70% and average circular dichroism exceeding 60%.
We investigate the underlying mechanism behind the chiro-optical effects using the theory of multipolar decom-
position. The proposed design mechanism maximizes the chiro-optical response through a single-layer metasur-
face with potential applications in high-efficiency integrated ultrathin polarization rotators and shapers, chiral
polarizers for optical displays, chiral beam splitters, and chiral sensors. © 2021 Chinese Laser Press

https://doi.org/10.1364/PRJ.424477

1. INTRODUCTION

Artificially engineered chiral nanostructures have gained atten-
tion due to advancements in fabrication techniques, their ex-
ceptional ability to control electromagnetic (EM) waves, and
efficiencies that can surpass natural materials [1–12]. These de-
velopments led to the investigation of chiral metamaterials and
metasurfaces as ultrathin circular polarizers [2] and chiral sen-
sors [4]. Additionally, chiro-optical effects have been demon-
strated in three-dimensional (3D), multilayer, and planar
structures. Although 3D chiral metamaterials [2,13–15] and
multilayer structures [16–20] have shown remarkable abilities
to tailor chiro-optical effects, two-dimensional (2D) single-
layer metasurfaces have proved to be a convenient solution for
state-of-the-art applications in many aspects, mainly due to

their simple fabrication processes, cost-efficiency, compactness,
and the opportunity for on-chip integration [21].

Chiro-optical effects are generally associated with chiral
structures [8,15,22,23] that are defined by their absence of in-
version or mirror symmetry and are plentiful in nature.
Chirality plays a significant role in the coloration of plants
[21,24] and animals [25,26] and is also found in numerous
natural entities from microscale amino acids and sugars to mac-
roscopic structures like crystals [27]. A pair of chiral molecules
with the same energy and different handedness, so-called enan-
tiomers, plays a vital role in pesticides [28] and the pharmaceut-
ical industry [29–32]. The optical response of chiral molecules
produces chiro-optical effects such as circular birefringence,
also known as optical activity, and circular dichroism (CD).
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Optical activity is the rotation of the plane of polarization of
incident linearly polarized light, whereas CD is the difference in
absorption of left- (LHCP) and right-handed circularly polar-
ized (RHCP) light. A compact integrated system with simulta-
neous control of the polarization and amplitude of light by
optical activity and CD is essential for various applications such
as CD spectroscopy [33–35] and visual displays [36–38].

The exceptional ability of single-layer flat metasurfaces, an
ultrathin arrangement of subwavelength sized meta-atoms, to
simultaneously manipulate the amplitude, polarization, and
wavefront of light has led to novel planar metadevices with nu-
merous applications in metaholography [39–41], metalensing
[42], metareflectarrays [43,44], absorbers [45], and light struc-
turing [46–49]. Most chiral metasurfaces designed to tailor the
chiro-optical effects were based on plasmonic nanostructures,
limiting their potential due to strong losses at optical wave-
lengths [43,50–55]. Ma et al. demonstrated a deep-learning-
enabled design of chiral plasmonic metamaterials [56].
Additionally, metallic plasmonic nanostructures comprise basic
shapes like nanocuboids or spheres, limited to electric dipolar
responses with high amplitude, while higher-order multi-poles
are diminished [57]. To mitigate these limitations, there has
been a shift in modern-day nanotechnology toward all-dielec-
tric metadevices. All-dielectric metadevices made up of low loss,
high refractive index dielectric materials open additional oppor-
tunities due to the excitation of multipolar Mie-type resonances
[57–59]. The simultaneous excitation of electric and magnetic
Mie-type dipolar resonances in all-dielectric nanoresonators en-
hances the light–matter interactions and allows for impedance
matching to produce Huygens metadevices [60]. Up to now, a
few groups have worked on chiral metadevices based on dielec-
tric building blocks, comprising both chiral and chirality-in-
duced achiral nanostructures [34,35,61–65]. Naeem et al.
demonstrated intrinsic chiral structures that break planar sym-
metry to realize chiro-optical effects at infrared wavelengths
[34]. All-dielectric chiral metasurfaces have also been reported
for chirality enhancement [60] and enantiomer detection and
separation [35]. Zhang et al. investigated all-dielectric metasur-
faces for asymmetric transmission (AT) and phase encoding
based on photonic spin-orbit interactions [62]. Moreover,
strong chirality achieved by dielectric gammadion nanostruc-
tures has also been demonstrated based on the excitation of
higher-order multipolar resonances [63].

To the best of our knowledge, a compact all-dielectric
multipolar-modulated metasurface (using a pair of achiral
nanostructures as a unit cell) manifesting giant AT along with
CD and optical activity at optical wavelengths has not yet been
reported. Herein, we experimentally demonstrate a single-
layered diatomic metasurface made up of high refractive index
dielectric nanofins. A pair of hydrogenated amorphous silicon
(a-Si:H)-based nanofins that simultaneously break the in-plane
rotational and mirror symmetry provides the building block
of the metasurface. Nanofins with a relative angle of rotation
of 45 deg with different structural parameters induce different
optical responses for LHCP and RHCP illumination.
Constructive interference is observed for one polarization,
while destructive interference is seen for the other, leading
to giant chiro-optical effects.

Moreover, we demonstrate the effect of constructive and
destructive interferences on multipolar resonances and EM
fields in the individual dielectric nanofin. The proposed design
strategy provides an extra degree of freedom, where, by chang-
ing the structural parameters of the nanofins, the multipolar
resonances can be manipulated to introduce changes in the
chiro-optical responses. Furthermore, the choice of a-Si:H as
the material for the metasurface allows for complementary
metal-oxide-semiconductor (CMOS) compatibility and is a
cost-effective material that opens a new avenue toward on-chip
integrable optics. This compact diatomic metadevice could
have potential applications in chiral sensing, information en-
cryption, low-loss circular polarizers, and chiral beam splitters.

2. DESIGN METHODOLOGY AND RESULTS

A schematic representation of the working principle of the
designed single-layered all-dielectric diatomic metasurface is
depicted in Fig. 1(a). The experimental investigation of the
giant chiro-optical effect in the forms of CD, AT, and optical
activity is the core of our work. A scanning electron microscope
(SEM) image of the fabricated structure is shown in Fig. 1(b).

Fig. 1. Working principle of the single-layered all-dielectric
diatomic metasurface and optical setup. (a) Schematic image of the
working principle of the proposed diatomic metasurface introducing
a giant chiro-optical effect in the visible regime. (b) SEM image of a
portion of the fabricated diatomic metasurface. The scale bar is
(i) 2 μm; (ii) 0.75 μm; (iii) 0.25 μm. (c) The characterization setup
of the designed dielectric metasurface for giant chiro-optical effect. An
arc lamp housing is used as the light source. A linear polarizer is used to
linearly polarize the input beam, passing through a QWP to produce
LHCP or RHCP light. The OL focuses on the polarized light, which
illuminates the sample. The transmitted light beam from the sample
further passes through another OL, QWP, and polarizer. Finally, the
results are recorded by using a spectrometer.
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The total fabricated metasurface comprises 660 × 1177 ele-
ments, with a total size of 300.300 μm × 300.135 μm. The
structure was fabricated using the standard two-step procedure
of electron beam lithography (EBL). We first cleaned the
500 mm thick SiO2 substrate, and then deposited a
400 nm thick layer of a-Si:H via plasma-enhanced chemical
vapor deposition (PECVD) at a rate of 1.3 nm · s−1. Saline
(SiH4) and hydrogen (H2) gases with a flow rate of 10 and
75 sccm (standard cubic centimeters per minute), respectively,
were used. A 30 nm thick chromium (Cr) layer was deposited
in the next step, followed by the lift-off process. Finally, after
dry etching via a Cr etch mask, the geometrical structure was
transferred to the a-Si:H.

As depicted in Fig. 1(c), an optical setup was built to char-
acterize the fabricated metasurface and measure the chiro-
optical effect. An arc lamp housing was used as the light source
to illuminate the fabricated sample. The light passed through a
linear polarizer and then through a quarter-wave plate (QWP)
to create a circularly polarized (CP) beam. An objective lens
(OL) was used to focus the CP beam and illuminate the sample.
Further, the transmitted beam from the sample passed through
another OL, QWP, and polarizer. Finally, the output beam was
captured by the spectrometer.

The perspective view of the 3D building block of the
diatomic metasurface is depicted in Fig. 2(a) and contains a
pair of a-Si:H-based distinct nanofins. The designed metasur-
face behaves as a C2-symmetric structure breaking threefold
or higher rotational symmetry and mirror symmetry in the
metasurface plane. The diatomic metasurface is placed on a
silicon dioxide (SiO2) substrate. The ellipsometry data of the
a-Si:H used for simulations are taken from Ref. [47]. The nano-
fins placed in the building block of the metasurface have a rel-
ative rotational angle of Δϕ � ϕ1 − ϕ2 � − π

4
. Figure 2(b)

illustrates the top view of the building block, with the structural
parameters: width1 W 1 � 100 nm; length1 L1 � 195 nm;
width2 W 2 � 70 nm; length2 L2 � 200 nm; displacement
S � 227.5 nm; periodicity in the x direction Px � 455 nm;
periodicity in the y direction Py � 255 nm; and height
H � 400 nm.

Simulations of the building block of the metasurface were
done using the finite-difference time-domain (FDTD) method.
Periodic boundaries were used in the x and y directions, with
perfectly matched layer boundary conditions in the z direction.
The optimization process started with a parametric sweep of the
length, width, and periodicity of the nanofins in the building
block at a wavelength of 633 nm. In Figs. 2(c) and 2(d), the
cross-polarized parameters T LR (T LR : LHCP transmission/
RHCP incidence) and T RL (T RL: RHCP transmission/LHCP
incidence) are plotted for the length and width of the left nano-
fin for RHCP and LHCP illuminations, respectively. Similarly,
the cross-polarized parameters were plotted against the length
and width of the right nanofin, keeping it at 45 deg of rotation
angle relative to the first nanofin depicted in Figs. 2(e) and 2(f )
for RHCP and LHCP illumination, respectively. The third
parameter that affects the chirality of the proposed metasur-
face is the periodicity of the building block. This is shown in
Figs. 2(g) and 2(h), where the cross-polarized parameters are
plotted against the periodicity in the x and y directions for

Fig. 2. Optimization of the building block of the diatomic metasur-
face. (a) 3D perspective view of the building block of the metasurface
containing a pair of distinct a-Si:H-based nanofins with a relative angle
(Δϕ) of 45 deg to break mirror symmetry with respect to the metasurface
plane; (b) top view of the optimized building block of the metasur-
face with structural parameters of width1 W 1 � 100 nm, length1 L1 �
195 nm, width2 W 2 � 70 nm, length2 L2 � 200 nm, displacement
S � 227.5 nm, periodicity in the x direction Px � 455 nm, periodicity
in the y direction Py � 255 nm, and height H � 400 nm. The strong
chiro-optical effect depends on the following parameters: the periodicity
of the building block, the local displacement between nanofins, which
depends on the length and width of the nanofin, and the relative rota-
tion angle between the nanofins along the plane of the metasurface.
The simulated cross-polarized transmittance parameter with varying
length and width of left nanofin while keeping all other parameters
(S,Px ,Py , and H ) fixed for (c) RHCP and (d) LHCP illumination at
the wavelength of 633 nm. The red circle shows the chosen dimensions
(L1 ×W 1) are 195 and 100 nm. The simulated cross-polarized transmit-
tance parameter with varying length and width of the right nanofin while
keeping all other parameters fixed for (e) RHCP and (f) LHCP illumi-
nation at the wavelength of 633 nm. The chosen dimensions (L2 ×W 2)
are 200 and 70 nm. The cross-polarized transmittance parameter with
a varying periodicity of the building block in the x and y directions
while keeping all other parameters fixed for (g) RHCP and (h) LHCP
illumination at the wavelength of 633 nm.
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RHCP and LHCP illuminations, respectively. The length,
width, and periodicity of the nanofins are chosen such that
giant AT and optical activity are established through the struc-
ture. The red circles in Figs. 2(c)–2(h) indicate the chosen val-
ues of the length, width, and periodicity of the building block,
leading to strong AT.

Figure 3(a) illustrates the simulated transmission coefficients
(T LR , LHCP transmission/RHCP incidence; T RL, RHCP
transmission/LHCP incidence; T LL, LHCP transmission/
LHCP incidence; and T RR , RHCP transmission/RHCP inci-
dence) of the diatomic metasurface for circularly polarized (CP)
light against the wavelength for forward (�z direction) illumi-
nation at normal incidence. The cross-polarized parameter for
RHCP illumination shows maximum transmittance. In con-
trast, the cross-polarized parameter for LHCP in the backward
(−z direction) illumination shows maximum transmittance, as
depicted in Fig. 3(b). Giant broadband AT and optical activity
are observed. The experimentally measured results are illus-
trated in Figs. 3(d) and 3(e) for forward and backward direction
illumination, respectively. The measured transmitted coeffi-
cients of the Jones matrix agree well with the simulated ones.
Figures 3(c) and 3(f ) represent the simulated and measured AT
parameter [defined as the difference between cross-polarized
parameters for RHCP and LHCP (i.e., T LR and T RL)], respec-
tively for forward and backward illuminations. The simulated
reflectance parameters are depicted in Figs. 3(g) and 3(h) for
forward and backward illuminations, respectively. The small re-
flectance for just one coefficient of the Jones matrix around the
wavelength of 633 nm for illumination in the forward direction
of propagation (FP) and almost negligible reflectance for all the
coefficients for incident light in the backward direction of
propagation (BP) show maximum absorption. The CD is de-
picted in Figs. 3(i) and 3(j) for illumination in the forward and
backward directions. Here, the CD is defined as the difference
between absorption for LHCP and RHCP incident lights. The
results demonstrate the average value of CD is ∼0.6 for forward
direction illumination, and the decrease is due to the reflection
peak around the wavelength of 633 nm. In contrast, it exceeds
this value for backward illumination. The AT of the proposed
single-layered diatomic all-dielectric metasurface at 633 nm is
∼0.67, while the maximum value achieved at 640 nm is ∼0.70.

The incident angle of the light also affects the AT parameters
for the proposed metasurface, as depicted in Fig. 4. The
dependence of AT parameters is illustrated for varying incident
angles of light in the xz and yz planes. Table 1 provides the
comparison of our proposed work and the all-dielectric struc-
tures reported in the literature. Our proposed all-dielectric
structure is compact and manifests the giant chiro-optical ef-
fects comparable to the already-reported work in the literature.

The proposed metasurface can be mathematically described
by assuming that each nanofin in the building block acts as a
half-wave plate (HWP) [68] with propagation phases eiq1 and
eiq2 . Consequently, the Jones matrices in transmission for first
(left) and second (right) nanofins for two linearly polarized il-
luminations with orthogonally polarized states can be written as

T 1 � R�−ϕ1�
�
eiq1 0
0 ei�q1�π�

�
R�ϕ1�, (1)

Fig. 3. Representation of parameters of the Jones matrix for de-
signed metasurface in transmission and reflection. The simulated co-
efficients of the Jones matrix in transmission (T LR , LHCP
transmission/RHCP incidence; T RL, RHCP transmission/LHCP in-
cidence; T RR , RHCP transmission/RHCP incidence; T LL, LHCP
transmission/LHCP incidence) of the metasurface for illumination
in the (a) forward and (b) backward directions. Similarly, the measured
transmission coefficients are illustrated for illumination in the (d) for-
ward and (e) backward directions. The (c) simulated and (f ) measured
AT parameters comparing forward and backward propagation. The
simulated reflectance coefficients of the Jones matrix are illustrated
for illumination in the (g) forward and (h) backward directions.
The CD for the diatomic structure plotted for incident light in
(i) forward and (j) backward directions.

Fig. 4. AT parameter dependence on the incident angle of light. AT
parameter in the forward direction for a wide range of incident angles
in (a) xz plane and (b) yz plane.
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T 2 � R�−ϕ2�
�
eiq2 0
0 ei�q2�π�

�
R�ϕ2�, (2)

where R�ϕi� �
h
cos ϕ sin ϕ
−sin ϕ cos ϕ

i
is the rotation matrix. T 1

and T 2 are the Jones matrices in transmission for nanofins
1 and 2, respectively. The spatial rotations for the nanofins
can be denoted as ϕ1 and ϕ2. The proposed spin-isolated op-
tical response is expressed as the difference between transmit-
tance for LHCP and RHCP illuminations.

The optical response in the building block of the proposed
metasurface depends on the combined effect of both nanofins.
The building block also includes the coupling (2πSPx

) between
both nanofins. Hence, after converting the Jones matrices in
Eqs. (1) and (2), it is more convenient to convert the Jones
matrices in Eqs. (1) and (2) in a circular basis. In a circular
basis, the Jones matrices can be expressed as [67]

T cir
T � T cir

1 � T cir
2

� 1

2
ei

2πS
Px

�
0 e−i�2ϕ1−q1� � e−i�2ϕ2−q2�

ei�2ϕ1�q1� � ei�2ϕ2�q2� 0

�
:

(3)

Assuming that the phase difference between both nanofins
along the fast axis is q1 − q2 � − π

2, the relative rotation
Δϕ � ϕ1 − ϕ2 � − π

4, and Px � 2S, Eq. (3) becomes

T cir
T � ei�q1�π�

�
0 e−i2ϕ1

0 0

�
, (4)

T cir
T � eiq

�
0 e−i2ϕ1

0 0

�
: (5)

It is noticeable that the proposed metasurface can transmit
the light for RHCP illumination, i.e., �01�, while suppressing
the LHCP incident light, i.e., �10�, in forward propagation.
But the same metasurface yields opposite results for backward
propagation.

To elucidate the origin of the induced giant chiro-optical ef-
fect in the proposed diatomic geometry, we evaluated the multi-
polar decomposition of exciting fields in each nanofin of the
building block to check the individual contribution for LHCP
and RHCP illumination in the forward direction [69–72].
The normalized multipolar resonances as a function of wave-
length for the individual nanofins in the diatomic structure
are depicted in Fig. 5. The red, blue, green, magenta, and black
curves show the scattering power for electric dipole (ED) mode,
magnetic dipole (MD)mode, toroidal dipole (TD) mode, electric
quadrupole (EQ) mode, and magnetic quadrupole (MQ) mode,
respectively. Figures 5(a) and 5(b) demonstrate the multipolar

Table 1. Comparison of the Relevant Literature of All-Dielectric Structures with the Proposed Design

References
Wavelength

(nm)
Design
Material Design Geometry

Broadband/
Multiband

3D/2D (Multilayer/
Single layer)

Maximum
AT Maximum CD

[62] 7000–12,000 Silicon Nanofins Broadband Single layer ∼0.69 at
9.6 μm

—

[63] 540 Titanium
dioxide

Gammadation Single band Single layer 0.9 0.8

[64] 550 Silicon Nanocube dimers Single band Single layer — CD enhancement up to
15-fold

[61] 600 Silver/silicon Nanodisk Single band Single layer — CD enhancement in
silicon

[57] 1100–1600 Silicon Nanofins Broadband Bilayer — 0.7 at 1500 nm
[34] 1655 Silicon z-shaped Single band Single layer ∼0.8 —
[66] 500–800 a-Si:H Nanofilms-based

supercell
Broadband Single layer 0.58 0.55

[67] 550–700 a-Si:H Nanofin dimers Broadband Single layer — ∼0.7 at 633 nm
This work 550–700 a-Si:H Nanofins Broadband Single layer ∼0.7 ∼0.6 for FPa,

exceeding for BPb

aFP: Forward direction of propagation.
bBP: Backward direction of propagation.

Fig. 5. Scattering power in terms of multipolar resonances.
Calculated normalized multipolar decomposition for individual nano-
fins of the diatomic structure for (a), (b) RHCP and (c), (d) LHCP
illumination in the forward direction. The red, blue, green, magenta,
and black curves show the scattering power for the ED, MD, TD, EQ,
and MQ modes, respectively.
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decomposition of scattering power for left and right nanofins
of the building block for RHCP illuminations, respectively.
These multipolar resonances in both nanofins participate in the
constructive interference for maximum transmission of cross-
polarized light.

Meanwhile, the multipolar resonances for LHCP incident
light are depicted in Figs. 5(c) and 5(d). Unlike RHCP, the
multipolar decomposition for both nanofins yields destructive
interference and transmits the light with minimum amplitude.
All the resonance modes contribute to giant chiro-optical ef-
fects, but the EQ and MD are the dominant ones for
RHCP excitation and lead to maximum AT. At the same time,
the EQ, MD, and TD are the main contributing multipolar
resonances for LHCP to realize the maximum CD. The ob-
served difference between the resonance modes for both
RHCP and LHCP illuminations leads to the more robust linear
chiro-optical effects.

Additionally, EM fields are depicted in Fig. 6 to confirm the
nature of dominant modes in the left and right nanofins of the
proposed diatomic structure in forward direction illumination.
The normalized electric field distributions for both nanofins at
the wavelengths of 550, 640, and 700 nm are depicted in
Figs. 6(a)–6(f ) for RHCP and Figs. 6(g)–6(i) for LHCP illu-
mination. Similarly, the normalized magnetic field distributions
for left and right nanofins at the same wavelengths are shown in
Figs. 6(m)–6(r) for RHCP and Figs. 6(s)–6(x) for LHCP
illumination. The blue lines with white arrows show the
direction of electric currents. The individual contribution of

nanofins in the constructive and destructive interferences
can be well observed in Fig. 5 and Fig. 6 to realize the under-
lying mechanism behind the giant chiro-optical effect in the
proposed geometry.

3. CONCLUSION

We demonstrated a single-layered dielectric metasurface that
produces a giant chiro-optical effect. The metasurface utilizes
a pair of achiral nanofins with distinct structural parameters
as the building blocks to simultaneously break the in-plane
and radial symmetries. Each nanofin behaves as a HWP, and
their mutual coupling exhibits constructive and destructive
interference with an extra degree of design freedom, lead-
ing to giant CD, AT, and optical activity. To the best of our
knowledge, the proposed structure provides the largest AT
for a compact single-layered chiral metasurface. Additionally,
the underlying mechanism behind the chiro-optical effect is
explained by multipolar decomposition and visualization of
the EM fields inside the nanofins, which shows the excitation
and coupling of the multipolar resonances. Our results prove
that the proposed metasurface could have significant poten-
tial in chiral polarizers for optical displays [73], holograms
[66,67,74], chiral sensing, CD spectroscopy, ultrathin polari-
zation rotators, and shapers for integrated circuits and chiral
beam splitters.
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