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Abstract: Chiral materials, which show different optical behaviors when illuminated by left or right
circularly polarized light due to broken mirror symmetry, have greatly impacted the field of optical
sensing over the past decade. To improve the sensitivity of chiral sensing platforms, enhancing the
chiroptical response is necessary. Metasurfaces, which are two-dimensional metamaterials consisting
of periodic subwavelength artificial structures, have recently attracted significant attention because of
their ability to enhance the chiroptical response by manipulating amplitude, phase, and polarization
of electromagnetic fields. Here, we reviewed the fundamentals of chiroptical metasurfaces as well
as categorized types of chiroptical metasurfaces by their intrinsic or extrinsic chirality. Finally, we
introduced applications of chiral metasurfaces such as multiplexing metaholograms, metalenses,
and sensors.

Keywords: chiral sensing; metamaterial; metasurface; chiroptical metamaterial; chiroptical metasur-
face; sensing; circular dichroism (CD); optical rotatory dispersion (ORD); metahologram; metalens;
multiplexing metahologram; multifunctional metahologram; multiplexing metalens; multifunc-
tional metalens

1. Introduction

Understanding and analyzing a chiral response of molecules or particles is crucial for
research in imaging and spectroscopy. Research for detecting the chiral properties of chiral
objects has been reported, but the weak chiroptical signal is a critical limitation in sensing
with natural chiral materials. Thanks to the progress in nanoscience and nanofabrication
technologies, we can design and achieve nanoscale or micrometerscale chiral building
blocks that amplify the chiral response. Metamaterials [1,2], consisting of periodic subwave-
length artificial structures known as meta-atoms, have attracted significant attention due
to their remarkable ability to modulate electromagnetic (EM) waves. Metamaterials enable
exceptional properties that cannot be achieved with natural materials, such as negative
refractive index [3,4], zero-index materials [5], and ultra-high-index materials [6,7].

Metasurfaces [8-10], the two-dimensional (2D) counterpart of metamaterials with sub-
wavelength thicknesses, have been researched as EM wavefront shaping thin-flat optical
devices. Moreover, metasurfaces are much easier to fabricate due to their planar nature.
To fully take advantage of metasurfaces, various applications have been studied, such as
metaholograms [11-20], metalenses [21-24], absorbers [25-27], structural colors [28-36],
beam splitters [37-39], optical diodes [40,41], LIDAR applications [42,43], wide bandwith
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antennas [44-50], on-chip antennas [51-53], and MIMO and SAR antennas [54-56]. In par-
ticular, due to their ability to enhance chiral signals by field localization, chiral material
sensing based on metasurfaces has sparked significant attention in recent years.

Chiral metamateirlas and metasurfaces [57-66], consisting of meta-atoms that lack
mirror symmetry, have been actively researched due to their differing exotic optical proper-
ties when interacting with left (LCP) or right circularly polarized (RCP) light. They can
exhibit chiroptical phenomena, such as the difference in the propagation velocity, known
as optical rotatory dispersion (ORD), and the difference of absorption, known as circular
dichroism (CD), between LCP and RCP light. Therefore, the chiroptical metasurfaces have
attracted interest for the analysis of enantiomers such as biomolecules, protein structures,
the electronic transitions of molecules, and the conformation of small molecules [67-69].

In this paper, we reviewed the fundamentals of chiroptical metasurfaces and intro-
duced various applications of them. In Section 2, we introduced fundamentals of chiroptical
metasurfaces. We explained how the local fields produced by metasurfaces interact with
chiral molecules to enhance the chiroptical signal. In Section 3, we categorized types of
chiroptical metasurfaces into intrinsic and extrinsic chirality. The meta-atoms of intrin-
sic chiral metasurfaces have chirality-dependent geometries, whereas the meta-atoms of
extrinsic chiral metasurfaces are achiral and homogeneous nanostructures. In Section 4,
we introduced practical applications of chiroptical metasurfaces. In addition to sensing,
chiroptical metasurfaces can also be applied to multiplexing metasurfaces, increasing the
amount of information that can be displayed from a single metasurface.

2. Fundamentals of Chiroptical Metasurfaces

Chirality describes objects that cannot be superposed by their mirror image through
a single rotational or translational operation. Various natural systems such as molecules,
DNA, and proteins possess chiral characteristics, and isomers of opposite handedness,
called enantiomers, induce distinct optical chirality when they interact with circularly
polarized light [70,71]. Examples of these chirality-related phenomena are CD [60,72-74],
circular birefringence (CB) [75-77], the repulsive Casimir force [78], and the spin Hall
effect [79].

A structure needs to break reflection and rotational symmetries to be considered chiral.
To evaluate these conditions, Jones matrices are used with the assumption that the incident
plane waves contain a single wavelength/frequency of light (monochromatic) and are
also identical in terms of their waveform and phase difference (i.e., they are coherent).
A transmission matrix (T) that relates the complex incident (Ix /) and transmission (T /y)
amplitudes of light can then be written as [80].

E R P R bl A R P
Y yx vy Y y y

The terms tyy, txy, tyx,s and tyy represent the transmission coefficients. The subscript
indicates the polarization of the incident (right) and transmitted (left) wave (i.e., t, denotes
the transmission coefficient of y-polarized incidence and x-polarized transmission). The
superscript of transmission matrix (Tf) represents the direction of wave propagation to
be forward propagating. The matrix of transmission coefficients can then be employed

alongside a rotation matrix D, to investigate the symmetry conditions by finding a new
transmission matrix (T}).
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For a chiral structure, all elements in the transmission matrix above are different.
Equations (1) and (2) are in the Cartesian basis, and a transmission matrix (chir) can be
calculated by converting it to a circular basis as,

cér — | A-D+i(B+C) A+D—-i(B-C) | |ty t |

where “—” represents LCP waves, and “+” represents RCP waves, so too does t,_ de-
note LCP incidence and RCP transmission. The difference in transmission between two
cross-polarized waves, or asymmetric transmission (AT), can be calculated by the matrix
elements (1,2) and (2,1) in Equation (1) (for linear polarization) and Equation (3) (for circular
polarization) as shown below.
X 2 2 Y
ATlinear = (tyx) - (txy) = Tyx B TW = ATI 4)

inear

_ 2 2
ATcircular = (t+*) - (t*JF) =TT+ = ATc—i'_rcular ©)

The subwavelength scale of nanostructures on the metasurface, called meta-atoms,
will typically perform as waveguides or optical antennas. Incident light passes through
each meta-atom and is scattered through an optical response, so the resulting light has a
different phase and amplitude compared to the initial light. By engineering meta-atoms,
optical wavefront can be modulated. The meta-atoms of the chiroptical metasurface induce
a drastic difference of optical response depending on whether the incident light is RCP or
LCP. As an example, as shown in Figure 1a, if the meta-atoms possess chiral geometry, the
optical properties of transmitted light will be different from that of incident light.

a = & ) . E=E+E/
Eq = E, E.‘
R
- e
E
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Figure 1. Schematics of chiroptical phenomena: (a) Example scheme of chiroptical metasurface. After the incident light
interacts with the nanostructures on the metasurface, the amplitude and direction of light can be changed. (b) Linearly
polarized light (E) can be decomposed into RCP (Er) and LCP (Ep) light with equal amplitudes. (c¢) CD: the amplitudes
of the decomposed components vary depending on the absorption. (d) CB: the direction of the decomposed components
rotates. The resulting light is represented as E’. (b—d) are modified from reference [69].

CD is defined as the difference of absorption (or transmission) coefficients for the two
opposite circularly polarized states of light. All linearly polarized states of light can be
decomposed into RCP and LCP states with the same magnitude (Figure 1b). Therefore, if
linear polarized light interacts with a chiral object that demonstrates CD, the polarization
of the reflected or transmitted light is transformed into an ellipsoidal state (Figure 1c).

CB, which is also known as optical rotation (OR), signifies that the direction of the
decomposed polarized lights is rotated without any change of amplitude. Because the
amplitude of each component is invariant, but the rotation angle is different, the resulting
light can differ in magnitude from the incident light (Figure 1d). The amount of rotation
also varies on the wavelength of the incident light due to the dispersive characteristics of
the refractive index that affects the propagation velocity in the medium. The variation of
rotation of polarized light depending on wavelength is defined as ORD [81,82].
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3. Types of Chiroptical Metasurfaces

Chiral responses from natural materials are generally too small to detect easily, so
metasurfaces have emerged as an effective way of enhancing chiroptical signals and as
chirality-dependent optical devices. By removing one dimension of freedom from 3D meta-
materials, 2D chiroptical metasurfaces gain advantages in terms of ease of fabrication, but
limit the degree of freedom to break symmetry. Nevertheless, chiroptical metasurfaces have
been applied to biological monitoring [71,83], analytic chemistry [84-86], and plasmonic
sensing [87,88] because they have potential benefits, not only to increase the chiroptical
signal by focusing the local fields at specific regions, but also to demonstrate flat, ultrathin,
and compact sensing platforms. In this section, we introduced the concepts of intrinsic or
extrinsic chirality [88].

3.1. Intrinsic Chiral Metasurfaces

Intrinsic chiral metasurfaces have arrays of meta-atoms that have chirality-dependent
geometry or structures [77,88,89]. When the size of the chiral meta-atoms matches the wave-
length of the incident light, the chiroptical signal gets stronger as the chirality-dependent
interactions are induced even at normal incidence. To enhance chiroptical responses in the
visible regime, the meta-atoms should interact with visible wavelengths of light, meaning
that sophisticated nanofabrication techniques are required. Intrinsic chiral metasurfaces
can be realized using various top-down fabrication methods such as electron-beam lithog-
raphy, ion-beam milling, or photolithography. Four typical examples of intrinsic chiral
metasurfaces are shown in Figure 2.

Figure 2a(i) shows intrinsic chiral metasurfaces with unit cells of 810 nm periodicity,
composed of four rectangular-shaped slits [90]. These patterns were realized by ion-beam
milling a thin gold film on a sapphire substrate. Because the chiral split patterns had
different responses to the two circular polarizations of the incident light, there was a clear
difference between the electric field intensity maps when under RCP (Figure 2a(i)) and
LCP illumination (Figure 2a(ii)) at 720 nm. This AT induces drastic CD peaks, which are
red-shifted proportionally to length of the slits, as represented in Figure 2a(iv).

In 2017, Sun’s group suggested that chiral arrays composed of achiral nanoholes
could be employed for intrinsic chiral systems (Figure 2b) [91]. Two metasurfaces were
fabricated with ultra-thin gold films, which were perforated using the focused ion beam
technique. For each metasurface, seven nanoholes were separated with a gap size g. In the
first metasurface, the seven holes had a g of +20 nm (Figure 2b(i)). In contrast, in the second
metasurface, the holes had a g of —20 nm, so the holes overlap each other (Figure 2b(ii)).
This overlapped geometry brought out multiple apexes on the metasurface which became
chiral hot spots that generated the remarkable chiral response, as shown in Figure 2b(iii).
The period of the unit cell affected the intensity, the location of the OA peak, and also the
CD peak (Figure 2b(iv)).

In 2018, Capasso’s group demonstrated dielectric gammadion nanostructures as a
way to obtain near-unity transmission and CD with normally incident RCP and LCP light
(Figure 2¢(i)) [92]. The TiO, gammadion patterns with a periodicity of 500 nm were on top
of a TiOy thin film and glass substrate (Figure 2c(ii)). This metasurface was optimized by
considering higher-order multipoles from electric and magnetic dipoles to the magnetic
octupole. The experimental result of the zeroth-order transmittance showed a significant
difference between RCP and LCP incident light in the visible range (Figure 2c(iii)). At the
target wavelength of 540 nm, a CD of approximately 80% was reported (Figure 2c(iv)).
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Figure 2. Intrinsic chiral metasurfaces: (a) Rectangular slits; (i) Schematic of the metasurface. (ii) The CD spectrum. (iii-iv)
The electric field intensity map under RCP and LCP illumination. (b) Chiral arrays of achiral nanoholes; (i) The holes are
separated by nanoscale gaps (ii) The holes are overlapped to make an apex. (iii) The CD spectrum. (iv) The OA spectrum.
(c) Gammadion patterns; (i) Schematic of the input and output light and nanostructure. (ii) Scanning electron micrographic
(SEM) image. Scale bar = 500 nm. (iii) The CD spectrum (iv) The CB spectrum. (d) Four-fold-rotationally-symmetric grooves.

(i) Schematic of layers. (ii)

SEM image. (iii) The theoretical and simulated OA. (a) is adapted from reference [90]. (b) is

adapted from reference [91]. (c) is adapted from reference [92]. (d) is adapted from reference [93].

Figure 2d shows an example of chiral structures that are fabricated using focused-
ion beam lithography [93]. The monocrystalline silicon layer was epitaxially grown on a
sapphire substrate, and an oxide glass-like coating was obtained through high-temperature
annealing (Figure 2d(i)). As shown in Figure 2d(ii), the metasurface had 4-fold rotational
symmetry, and the curved grooves brought out circular-polarization-dependent absorption.
The optical properties including absorption, transmission, CD, and optical activity were
linked, and Figure 2d(iii) demonstrates the theoretical and experimentally measured OA
spectra. When the wavelength was near 755 nm, the values in the OA plot changed
drastically, due to an antiresonance point. At that point, the transmittance difference
between LCP and RCP light was significantly large and the CD also showed a sharp
resonant peak.
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3.2. Extrinsic Chiral Metasurfaces

Extrinsic chirality, so-called pseudo-chirality, uses the chiral response from achiral and
homogeneous nanostructures to produce chiral responses [72,94,95]. The chiral response
is negligibly small at normal incident illumination. However, when the angle becomes
oblique enough, the chirality-dependent signal gets stronger, allowing it to be easily
detected. Four significant examples of extrinsic chiral metasurfaces are presented.

In 2012, Markovich’s group investigated the nanohole arrays in an Au film which
demonstrated strong chiroptical properties by using the excitation of surface plasmon
polaritons (Figure 3a(i)) [96]. The direction of the oblique incident light is defined with
“1p “ and “8” with respect to normal incidence. The unit cell is a square with spacing
a = b = 530 nm and the diameter of the nanohole d = 250 nm (Figure 3a(ii)). Figure
3a(iii) represents the electric field distribution as calculated using FDTD simulations, which
shows that the excitation is different with respect to the different circular polarization
incidence. This extrinsic chiral metasurface showed a stronger CD signal under oblique
incidence (the red and the blue lines) compared to normal incidence as presented in Figure
3a(iv).

Periodic arrays of plasmonic nanomaterials have also been demonstrated as extrinsic
chiral metasurfaces. For example, in 2019, Pirruccio’s group demonstrated achiral periodic
aluminum (Al) nanoparticles on a thin layer of polymethyl methacrylate (PMMA) (Figure
3b(i)) [97]. As shown in Figure 3b(ii), the truncated cones with a height of 150 nm were
arranged in a triangular unit cell. The optical chirality factor, C, is defined using the

following equation.
1 =N s
C = zeowIm{E (r)~B(r)] ©)

- -
€p is the dielectric permittivity of free space, and E (7) and B (7) are the complex electric

and magnetic field vectors at position #, respectively. Figure 3b(iii) represents C in the
XY plane at z = 150 nm and confirmed that the sign of C is opposite under LCP and
RCP incidence, and that the highest magnitude is induced under LCP incidence. Because
the metasurfaces exploit the excitation of collective optical resonances to produce the
chiroptical responses, the peaks of super chirality (C > 1) are places around surface lattice
resonances points (Figure 3b(iv)).

Metasurfaces consisting of Au split ring resonators (SRRs) are another example of
periodic plasmonic extrinsic chiral metasurfaces (Figure 3c(i)) [72]. The off-axis incident
illumination can be decomposed into s- and p-polarization components with respect to
angle 0. This induces diffractive coupling of localized plasmons, which causes handedness-
dependency of excitations of the lattice surface modes around the SRRs. Figure 3c(iii)
shows the distinct difference of the CD spectrum when 6 is +3.5° (black line) and —3.5° (red
line). The differences were remarkable in the unshaded part, especially in the near-infrared
regime from 0.85 pm to 1 pm. As shown in Figure 3c(iv), the wavelength of the maximum
transmittance can be modulated by around 200 nm by changing the angle of incidence of
the light, so this metasurface can be utilized as a tunable polarization spectral filter.

Metamaterials composed of more complicated three-dimensional structures can be
fabricated due to the progress of advanced nanofabrication technologies. Figure 3d shows
an example of the glancing angle deposition fabrication method [98]. Each chiral plasmonic
nanostructure (CPN), which consists of polystyrene beads, silver (Ag), and silicon dioxide
(510y), is arranged in a hexagonally close-packed structure (Figure 3d(iii)). The areas and
width of the Ag and SiO; layers are modulated by the deposition tilting angle («), which is
related to the geometric shadow effect. Therefore, the localized surface plasmon resonance
mode is shifted with respect to an increment of ‘a’, which is shown in Figure 3d(iii). The
azimuthal angle of deposition for the final Ag layer determines the structures response
to RCP and LCP incident light, with a significant CD signal at the wavelength = 600 nm
(Figure 3d(iv)).
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Figure 3. Extrinsic chiral metasurfaces: (a) Circular nanoholes; (i) Schematic of the metasurface. (ii) SEM image. (iii) FDTD

simulation results of the electric field distribution under RCP and LCP illumination. (iv) CD spectrum. (b) Truncated cones;

(i) Schematic view of the incident circular polarized light and metasurface. (ii) SEM image. Scale bar: 500 nm. (iii) The
distribution of the optical chirality factor under RCP and LCP illumination. (iv) Plot of optical chirality factor depending on

wavelength. (c) Split rings; (i) Schematic view of the input light and nanostructures, and SEM image. Scale bar: 500 nm.
(ii) CD spectrum (iii) The transmittance with respect to incident angle. (d) Complex multilayer metasurface. (i) Schematic
of the nanostructures. (ii) SEM image. Scale bar: 50 nm (iii) Absorption spectrum. (iv) CD spectrum depending on the
tilting angle (a) is adapted from reference [99]. (b) is adapted from reference [100]. (c) is adapted from reference [72]. (d) is
adapted from reference [101].

4. Applications of Chiral Metasurfaces

Conventional passive metasurfaces have a fundamental limitation in that, once a
device is fabricated, its optical responses are defined and cannot be reconfigured. To
overcome this, multiplexing metasurfaces have been actively researched. The multiplexing
metasurfaces using polarization states of the light have not been achieved easily due to the
lack of polarization-sensitive materials. Birefringent metasurface with superpixel meta-
atom has been proposed to demonstrate polarization multiplexing [99-101]. However, it
has a limitation of high-diffraction and crosstalk in the far-field.

Chiroptical properties can be used to achieve multiplexing metasurfaces due to their
independent responses to the two circular polarization states. Many applications of chi-
roptical metasurfaces have been demonstrated. In the following section, we discussed
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three prospective applications of chiroptical metasurfaces: metaholograms, metalenses,
and sensing and detection.

4.1. Metaholograms

Metaholograms reconstruct the encoded amplitude and the phase information in the
metasurface to produce holographic images. Chiral metaholograms can encode more than
one hologram in a single metasurface, and thus have drawn attention as a way to overcome
the conventional limitation of passive metaholograms. Chiroptical metaholograms can
achieve polarization-sensitive multiplexing by using polarization as an additional degree
of freedom (Table 1).

One technique to incorporate multiple holograms in a single metasurface utilizing AT
is by compensating for the retardation phase «(x,y). The second phase B(x,y) should be
achieved by Pancharatnam-Berry PB phase, which relies on the rotation of unit elements.
If the phase distribution of two independent holograms for different wave-polarizations
(¢rcp, and ¢rcp) is known, this retardation can be calculated using the procedure de-
fined below.

¢rcr = a(x,y) +2B(x,y) )
¢rcp = a(x,y) —2B(x,y) (8)

From Equation (8) we can find the value of geometric phase f in terms of the phase
distribution and retardation phase as given in Equation (9).

a(x,y) —
[%(x, y) _ ( y)z 47RCP (9)
Upon substituting Equation (9) into Equation (7), the value of retardation can then be
found as: P
I RCP
a(ry) = = (10)
where S is given by Equation (11).
B(x,y) = mod $rce — Prep ; ¢RCP,27T (11)

The retardation phase can be achieved by selecting multiple unit elements for the
design. Each selected element should provide the additional retardation phase depending
on its geometry. The geometric phase can be attained with the help of rotation of the
structures. This type of scheme generates low losses and high efficiency because the entire
metasurface is utilized for both images.

In 2016, Capasso’s group achieved high efficiency (75%) broadband chiral holo-
grams [102]. By integrating detour phase with geometric phase, the chiroptical meta-
hologram projected two different images depending on the handedness of the incident
circularly polarized light (Figure 4a(i)). An image of the letter ‘R” is shown for RCP inci-
dence and ‘L’ for LCP, while both ‘R” and ‘" appear under linear polarized illumination
(Figure 4a(ii)).
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Figure 4. Chiroptical metaholograms: (a) Chiral binary metaholograms using detour phase; (i) A false-colored SEM image
of the four pixels of the hologram (top) and tilted view SEM image (bottom). (ii) Images in the +1 diffraction order
generated by the chiral hologram under different incident polarization, RCP, LCP, and LP, respectively, from top to bottom.
(b) Independent metaholograms from the circular polarization states; (i) SEM images of the chiral metahologram from
the top view (left) and tilted view (right). (ii) An image of a dog or cat is projected for RCP (left) or LCP (right) incidence,
respectively. (c) Chiral metahologram with intrinsically chiral plasmonic stepped nanoapertures; (i) Illustration of the chiral
metahologram merging two types of meta-atom A and B (left). SEM image of the fabricated chiral hologram (right) (ii)
Reconstructed images for the chiral metahologram (top) and the spin-controlled hybrid superposition of the OAM modes
(bottom) for RCP, right elliptical polarization (REP), linear polarization (LP), left elliptical polarization (LEP), and LCP.
(d) All-dielectric planar chiral metasurface with significant AT; (i) Illustration of the chiral metasurface with significant
transmission difference to LCP and RCP with Z-shape resonators. (ii) The target image for the 2D hologram (left), the
generated hologram under RCP (middle) and LCP (right). (e) Independent amplitude control of arbitrary orthogonal
metasurfaces. (f) Planar achiral metasurface for optical spin isolation; (i) Schematic of the designed supercell in the form of
an array (top) and SEM images of metasurface (bottom). (ii) Captured images of the holograms at different wavelengths.
(g) Simultaneous optical spin conservation and spin isolation in chiral metasurface; (i) The concept of the chiroptical effect
of simultaneous spin conservation and spin isolation. (ii) Captured images from the holograms under LCP (top) and
RCP (bottom) illumination. (h) Metasurfaces with planar chiral meta-atoms; (i) Illustration of chiral meta-atoms for wave
manipulation (top), simulated diffraction efficiency distribution with the meta-atoms (bottom-left), and SEM image of
the metasurface (bottom-right). (ii) Experimental results with RCP (left) and LCP (right) illumination on the CPP (chiral
meta-atoms and PB phase) method (top) and DPP (dynamic phase and PB phase) method (bottom). (a) is adapted from
reference [102]. (b) is adapted from reference [103]. (c) is adapted from reference [104]. (d) is adapted from reference [105].
(e) is adapted from reference [106]. (f) is adapted from reference [107]. (g) is adapted from reference [108]. (h) is adapted
from reference [109].
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Table 1. Comparison of chiral metahologram.

Reference Materials Principle Wavelength (nm) Function
. Detour phase g Independent hologram
[10] Amorphous silicon + Geometric phase 460-1800 (phase modulation)
o o Propagation phase Independent hologram
[106] Titanium dioxide + Geometric phase 532 (phase modulation)
Independent hologram
[107] Gold Stepped nanoaperture 700-1000 (phase modulation)
[108] Germanium Z-shape resonator 1655, 2000 Hologram wétileiaé‘%e CDand AT
o o Propagation phase Independent hologram
[109] Titanium dioxide + Geometric phase 550 (amplitude modulation)
[110] Hydrogenated Superpixel of two 450-700 Spin isolation
amorphous silicon nanofin types
[111] Hydrogena.tt.ed Superpl.xel of two 633 Spin isolation
amorphous silicon nanofin types
[112] Amorphous silicon C2-symmetric meta-atom 980-1400 Independen’F phase
modulation

In 2017, Capasso’s group demonstrated chiral holograms that enable independent
phase control of arbitrary orthogonal polarization states [103]. By combining the propaga-
tion and geometric phase, two arbitrary and independent phase profiles can be imposed on
a single layer of metasurface (Figure 4b(i)). Unlike previous polarization multiplexing holo-
grams, this chiral hologram can work for any two orthogonal polarization states. Images of
a cat for LCP and a dog for RCP are encoded independently in the chiral metasurface with-
out any crosstalk (Figure 4b(ii)). Recently, Rho’s group demonstrated stimuli-responsive
dynamic metaholograms by integrating liquid crystals with the chiral metaholograms [110].

In 2018, Gao’s group demonstrated a chiral geometric metasurface with intrinsically
chiral plasmonic stepped nanoapertures [104]. The chiral metasurface consisted of super-
pixels with two independently designed meta-atoms of the two enantiomers (meta-atom
A and meta-atom B), and thus showed both a large CD and a large cross-polarization
ratio (CPR) in transmission (Figure 4c(i)). Under one state of circularly polarized light,
meta-atom A allowed, while meta-atom B disallowed, the transmission. Using these
properties, two images can be encoded into two independent meta-atoms, and a crosstalk-
free multiplexing metahologram can be demonstrated. Under RCP (LCP) illumination,
only meta-atom A (B) was functional, and images of an “owl (window)” were generated
(Figure 4c(ii)). The chiral metasurface also modulated the orbital angular momentum mode
from1 =3 for RCP to 1 =1 for LCP (Figure 4c(iii)).

In 2018, Hong's group theoretically demonstrated a planar chiral metahologram with
Z-shape resonators that break the in-plane mirror symmetry [105]. The chiral metaholo-
gram showed high CD and AT of over 0.8, high conversion efficiency, and low loss by
utilizing high refractive index germanium Z-shape resonators (Figure 4d(i)). For the sim-
ulations of chiral metaholograms, the head of a lion was used as the target image that is
produced with high conversion efficiency for RCP illumination, while the amplitude of
the hologram was greatly reduced, meaning that the target image disappeard under LCP
illumination (Figure 4d(ii)).

In 2020, Xu's group demonstrated new chiral metasurfaces and verified the relation
between the amplitude profiles of light and orthogonal polarization states [106]. Unlike
previous research which only modulated the phase profiles, two arbitrary and independent
amplitude profiles can be encoded in chiral metasurfaces by combining the geometric
phase and propagation phase (Figure 4e(i)). Under LCP illumination, the letters “NJU”
present a stereoscopic convex effect, while the pattern of the letters “NJU” show a different
concave effect under RCP light (Figure 4e(ii)). In addition, the chiral metasurface also can
demonstrate two independent images for each of orthogonal circular polarization state
(Figure 4e(iii)).
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In 2020, Rho’s group demonstrated a metahologram with chiroptical effects of simulta-
neous CCD and AT with achiral nanofins [107]. The chiral metahologram consisted of two
types of nanofins in each superpixel. LCP transmission from both nanofins destructively
interfered while RCP transmission from both nanofins constructively interfered. Therefore,
the chiral metahologram achieved a circular CD of 55% and AT of 58% at 633 nm, resulting
in the perfect absorption of LCP light, while 71% of RCP light was converted to LCP
to make a transmissive type hologram (Figure 4f(i)). Moreover, the metahologram had
a broadband working range in the visible regime (500-800 nm), with high AT and CD
(Figure 4£(ii)).

In 2021, Rho’s group demonstrated a reflective type of chiral metahologram that
achieved both spin conversion and spin isolation via two types of meta-atoms in a super-
pixel [108]. The two meta-atoms make superpixels and had the same relative angle of two
meta-atoms, but different angles of the superpixels. If the relative angle is 7t/4, the chiral
metahologram theoretically reflects 72% of LCP light and produces a hologram, while
suppressing 98% of RCP light (Figure 4g(i)). Under LCP light, the hologram of a “house”
appeared with constructive interference of LCP light, whereas under RCP light, no visible
image was produced with the destructive interference of RCP light (Figure 4g(ii)).

In 2021, Li’s group demonstrated a new type of planar chiral meta-atoms for circularly
polarized light [109]. The C2-symmetric meta-atoms had mirror symmetry and n-fold
(n > 2) rotational symmetry. Unlike conventional chiral meta-atoms that use PB phase, the
C2-symmetric meta-atoms themselves lead to a phase shift for different circular polarized
states of light, therefore there is no need to rotate the meta-atoms to modulate the phase
(Figure 4h(i)). In addition, the chiral metahologram consisting of C2-symmetric meta-atoms
has a broadband operating wavelength range from 980 nm to 1200 nm, while achieving a
high efficiency of over 74%. The chiral metahologram can produce two different holograms
as the spin of the circularly polarized light is changed. Two images of “CEAS” and “NJU”
were chosen to verify the chiral metahologram. These chiral meta-atoms demonstrated
the holographic images with higher performances than those created with conventional
multiplexing meta-atoms (using dynamic phase and PB phase) (Figure 4h(ii)).

4.2. Metalenses

Metalenses have received great attention in order to overcome the limitations of con-
ventional diffractive lenses, which are usually bulky and heavy. However, the limitations of
passive metalenses, such as fixed focal lengths, chromatic aberration, etc., hinder their prac-
tical application. To overcome these limitations, multiplexing metalenses have been actively
researched. In the following, we introduced chiral multiplexing metalenses (Table 2).

In 2016, Capasso’s group demonstrated a metalens with chiral imaging, which si-
multaneously formed two images with the opposite-handedness of circularly polarized
light within the same field of view [111]. The chiral metalens consisted of two types of
meta-atom (green and blue) (Figure 5a(i)). Green meta-atom was designed to focus RCP
light while the blue meta-atom was designed to focus LCP light. For an object located at
(Xob, Yobs Zob), the RCP image of the object was focused at (X;,r, Yimr, Zimr) and the LCP
image of the object was focused at (Xj;;1, Yimr, Zimr)- The chiral metalens can simultaneously
focus and disperse two identical broadband beams with linear polarization (Figure 5a(ii)).
For LCP (RCP), the right (left) beam disappeared while the intensity of the left (right) beam
increased (Figure 5a(ii)). The CD of the chiral metalens can be mapped with the chiral
beetle, Chrysina gloriosa, which has high reflectivity of LCP (Figure 5a(iii)).
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Figure 5. Chiroptical metalenses: (a) Multispectral chiral imaging with a metalens; (i) Schematic diagram illustrating the
imaging principle of the chiral metalens. (ii) Two images (top), left image (middle), and right image (bottom) formed by the
chiral metalens into the field-of-view of a color camera. (iii) SEM image of the metalens (left) and the chiral metalens forms
two images of the beetle on the color camera. (b) High-efficiency chiral metalens; (i) Chiral metalens principle. (ii) SEM
image of metalens. (iii) RCP and LCP images taken of the 1951 USAF resolution test chart with the chiral metalens under
RCP and LCP illumination. (c) Chiral metalens with helical surface arrays; (i) Schematic of a function of a chiral metalens
(top) and SEM images of chiral metalens (bottom). (ii) Focusing performance of the designed transmitting chiral metalens.
Intensity distribution (top) and line scan of the intensity distribution (bottom) for RCP (left) and LCP (right). (a) is adapted
from reference [111]. (b) is adapted from reference [112]. (c) is adapted from reference [113].

Table 2. Comparison of chiral metalens.

Reference Materials Principle Wavelength (nm) Function

Superpixel of two

[114] Titanium dioxide nanofin types 532, 488, 620 Multispectral chiral lens
.. Overcome 50% efficiency
[115] Titanium dioxide S“gigp‘;s“ﬁ:;eof i‘f‘;:‘s“d 470-650 trade-off and achieve 70%
sep P efficiency
Gradient helical Chiral metalens of circular
[116] Gold meta-atom 3-5 um dichroism
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The phase difference (¢;) from object to image for such a system can be calculated for
both RCP and LCP images (Equations (12) and (13)).

2

q)d—r(le yR/ZR) = )\d (ADob—r +ADjy—y + fr) (12)
27
@a—1(xL,yL,21) = Td(ADohfl + ADjy—1 + f1) (13)

where r represents RCP, and [ represents LCP. The terms ob and im represent object and
image, respectively. The AD term represents the distance from a reference point on meta-
surface ((xg, yr, zr) for RCP and ((xr, yr, zr) for LCP) to either the object or image for
different polarizations. These terms are further defined below.

ADgp—, = \/(XR — xo5)” + (YR — Yob)” + (2R — Zap)” (14)
ADjy—y = \/(XR — Xim-r)" + (YR = Yim—r)" + (2R — Zim—r)’ (15)
ADgy—; = \/(xL = xop)* + (L = Yob)? + (2L — Zop)” (16)
ADjy -y = \/(XL — Xim—1)" + (YL = Yim—1)* + (2L — Zim—1.)’ (17)

where f is the sum of the focal lengths of the object and image, the term f can be written
as follows:

fr = foo+ fim-r (18)
fi = fobo+ fim-1 (19)
where,
fob = \/%ob + Yob + Zob (20)
fim-R = V/Xim—R + Yim—R T Zin—R (21)
fim-1 = V/Xim—1 + Yim—1 + Zim—1 (22)

Substituting the values of distances and focal lengths in Equation (12) and Equation
(13), the phase compensated by each of the meta-atoms can be attained. Since PB phase
is being employed, the rotation angle (6g and 6;) of each meta-atom (for RCP and LCP)
should be half of the required phase.

0 — _(Pd—r(szferZR) 23)
9L — _(Pd*l(xszyL/ZL) (24)

In 2018, Capasso’s group demonstrated a high-efficiency chiral metalens, which
enabled independent focusing for each of the circularly polarized states of light without a
50% efficiency trade-off [112]. The conventional metalens focuses LCP (RCP) light while
incident RCP (LCP) light diverges. This results in more than a 50% efficiency loss. In
addition, diverging light causes noise and lowers the quality of imaging. This chiral
metalens overcame these limitations to achieve a 70% efficiency by combining the phase
profiles of a lens and wedge (Figure 5b(i)). The target image was produced by the chiral
metalens under different circular polarizations (Figure 5b(ii)).

In 2019, Wang’s group demonstrated a chiral metalens with helical meta-atoms that op-
erated in the mid-infrared region [113]. The distributed gradient helical surface meta-atoms
were covered in a gold film, resulting in chiral imaging with high circular polarization
dichroism (Figure 5c(i)). By rotating each helical meta-atom along the radial direction,
geometric phase can be used to modulate the phase response. In the chiral metalens of
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circular polarization dichroism, one-handedness of circularly polarized light was focused in
transmission, while the other was reflected (Figure 5c(ii)). The full width at half maximum
at the focal spot of the metalens of 2.38 pum is close to the diffraction limited performance
of 1.76 um.

4.3. Bio-Sensing and Detection

Chiral sensing and detection rely on the fact that chiral molecules enhance the near
field when they are in the vicinity of a chiral metasurface (Table 3). Therefore, there is a
huge potential for its use in the biomedical and pharmaceutical industries, where different
enantiomers have critical differences in some of their chemical and physical properties, and
sometimes even in their toxicity levels [114]. The designed metasurfaces can distinguish
between different enantiomers of proteins and antibodies. It was also observed that an
increase in the size of the unit-cells of a metasurface could lead to better sensing, especially
if nanorods are used, due to their larger surface area. Chiral metasurfaces can also help in
sensing DNA and cancer biomarkers, which make chiral metasurfaces a very exciting tool
in the field of CD spectroscopy [115].

In 2016, Alu’s group proposed a plasmonic metamaterial design that consisted of two
metasurfaces of twisted gold rods stacked with a separation of 80 nm [116]. A pair of such
metamaterials in the form of enantiomers with a twist of +60 and —60 were fabricated as
shown in Figure 6a(i,iv). Both enantiomers achieved almost the same optical properties, but
with polarization dependency, producing a large CD. The enantiomer with +60 twist gave
hand, the enantiomer with —60 twist had a negative value of CD (Figure 6a(v—vi)). These
results were verified by simulations and experiments. For sensing purposes, two analytes of
protein (concanavalin A at a concentration of 1 mg ml~!) and an anticancer drug (Irinotecan
hydrochloride at a concentration of 1 mg ml~!) were spin-coated on the metamaterial as
shown in Figure 6a(vii—viii), respectively. The CD summation (shown in the blue curve)
represents the handedness of the analytes. If the CD summation showed a negative bend,
this meant that the analyte was right-handed, and vice versa. This application drastically
increased the sensitivity to molecular chirality, allowing the detection of approximately
55 zeptomoles of molecules in the imaging area.

In 2019, Dionne’s group proposed a metasurface consisting of high refractive index
dielectric disks that demonstrated enhancements in the optical chirality and Kuhn'’s dis-
symmetry factor [85] (Figure 6b(i)). The transmission and field enhancements are shown in
Figure 6b(ii). We can observe a 138-fold local enhancement in the optical chirality and a
15-fold local enhancement in Kuhn's dissymmetry factor by modulating the radius of the
disks, as presented in Figure 6b(iii-iv). These enhancements in optical chirality and Kuhn’
dissymmetry are found to be entirely left- or right-handed over the whole metasurface.

In 2019, Dionne’s group also proposed a high-quality factor diamond metasurface,
operating in the ultraviolet (UV) regime that enhances the optical chirality by up to 3 orders
of magnitude [117] (Figure 6¢(i)). The proposed design utilized a biperiodic dielectric disk
metasurface, where the difference in diameters between the two disks induces a chiral
response (Figure 6¢(ii)). The transmission results for a 9.2 nm difference in disk diameters
is shown in Figure 6c¢(iii), where two resonances from the electric (p,) and magnetic modes
(m,) are observed. These resonances are also observed to be dipole-like (Figure 6¢(iv)).
The transmission from various disk diameters is presented in Figure 6¢(v), and it was
observed that, when the difference in diameters was approximately 10%, the optical
chirality enhancement exceeded 1000-fold at the radial face of the metasurface. However,
the average optical chirality enhancement up to 40 nm away from the metasurface increased
beyond approximately 100-fold (Figure 6¢(vii—viii)).
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Figure 6. Chiroptical bio-sensing and detection: (a) Chirality-based detection of enantiomers using plasmonic twisted
gold metamaterials; (i) Metamaterial enantiomer with +60 twist. (ii) Experimental results of enantiomer with +60 twist.
(iii) Simulated results of enantiomer with +60 twist. (iv) Metamaterial enantiomer with -60 twist. (v) Experimental results of
enantiomer with -60 twist. (vi) Simulated results of enantiomer with -60 twist. (vii) CD results from metamaterial with and
without protein. (viii) CD results from metamaterial with and without drug. (b) High refractive index chiral sensing using
disks; (i) Schematic of the design. (ii) Transmission image and field enhancement from the design. (iii) Enhancement in
optical chirality. (iv) Enhancement in Kuhn’s dissymmetry. (c) Ultraviolet spectroscopy employing dielectric metasurfaces;
(i) Field enhancement in the design at various z-planes. (ii) Schematic of the design and visual representation of spacing
between the disks. (iii) Transmission with and without difference in diameters between two disks. (iv) Field enhancement
in the design. (v) Transmission with various diameters of the disk. (vi) Maximum optical chirality achieved for the design.
(vii) Height-dependent local and average chirality attained for the design. (d) Chiral sensing using dielectric resonator;
(i) Scanning electron micrograph image of the fabricated device. (ii) Experimentally measured values of CD represented by
Cdn for L-, D-, and a racemic mixture of the phenylalanine coating. (iii) Experimental results of extinction (top) and CD
(bottom) results of the sensors with and without coating. (a) is adapted from [116]. (b) is adapted from [86]. (c) is adapted
from [117]. (d) is adapted from [118].
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In 2020, Quidant’s group proposed a metasurface sensor based on amorphous silicon
cylinder nanorods (Figure 6c(i)) that were used to measure the chirality induced by the
two enantiomers (L-, and D-) of phenylalanine amino acid and their racemic mixture [118].
This metasurface was designed to achieve high enhancements in the chiroptical response
between the two enantiomers effectively, with an around 5-fold enhancement in the molec-
ular CD, mostly due to the electric dipole response. This amount of enhancement was more
significant than previously reported in plasmonic sensors [119].

For the purpose of detecting and sensing proteins, an important work included passive
and active devices with metal-dielectric-metal layers of Au-S5iO2-Au (where the active
device was loaded with graphene) for sensing within 5000-8400 nm [120]. Similarly, for
the detection of fructose, chlorpyrifos methyl, and Gamma-aminobutyric acid (GABA),
another MDM based design had a gold patch array with an Au-Polyimide-Al and graphene
coating on top, and a design of gold nano dipoles, which were proposed to detect these
compounds in THz regime [121,122].

Since chiral sensing and detection plays a major role in detection of diseases, a design
of nanopost array employing Si, was used to detect cancer within 15201580 nm [123]. Simi-
larly, a design of concentric ring resonators of gold with polyimide substrate was employed
to detect oral cancer from 0.5-1.5 THz regime [124]. Another prominent work detected
proteins and HIV virus using plastic-templated (polycarbonate) tunable metasurface with
periodic metal-dielectric layers of gold, silver, and titanium from 500-800 nm [125].

Table 3. Comparison of chiral sensing and detection.

. . Wavelength Molecule/Compound
Reference Materials Design (nm)/Frequency (THz) Sensed
[116] Gold Twisted gold stacks 750-1150 (nm) Two analyses of protein
and anticancer drug
[77] Silicon Disks 150-350 (nm) Thiocamphor
. . . Racemic mixture of
[118] Silicon Nanocylinders (disks) 600-1000 (nm) phenylalanine amino acid
Gold, Silver, Titanium, Plashc-templafed tun.abl.e Proteins and viruses
[125] metasurface with periodic 500-800 (nm) .
Polycarbonate . . (prominently HIV)
meta-dielectric layers
Passive device with MDM
[120] Gold, SiO,, Gold layers of Au nanoantenna, ~5000-8400 (nm) Protein
SiO,, Au back mirror
Active device with MDM
Gold loaded with layers of Au nanoantenna .
[120] graphene, SiO,, Gold loaded with graphene, SiO,, ~5000-8400 (nm) Protein
Au back mirror
[123] Silicon Nanopost array (disks) 1520-1580 (nm) Cancer
. .. Gold patch array with MDM .
[121] Aluminum, Polyimide, layers (Au-Polyimide-Al) 0.8-1.1 (THz) Fructose and chlorpyrifos
Gold, Graphene . methyl
and graphene coating on top
[124] Gold, Polyimide Concentric ring resonators 0.5-1.5 (THz) Oral cancer cell SCC4
[122] Gold Nano dipoles 30-120 (THz) Gamma-aminobutyric acid

(GABA)

5. Conclusions

Chiral metasurfaces have been used to enhance chiroptical signals with the interaction
between the local fields of metasurfaces and chiral molecules, overcoming the limitations
that exist in conventional optical spectroscopy. In this review, we have summarized the
fundamental principles of chiroptical metasurfaces and have explained how they resonate
with chiral molecules to enhance chiroptical signals. Furthermore, we categorized the
types of chiroptical metasurface into intrinsic and extrinsic chiral metasurfaces. Finally,
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we introduced applications of chiroptical metasurfaces for multiplexing metaholograms,
metalenses, sensors, and detectors.

Chiral metasurfaces can be applied in many fields, and have great potential for further
improvement. Chiral metaholograms can overcome the limitations of passive metaholo-
grams to demonstrate multifunctional metaholography, such as a switchable hologram,
optical-spin isolation, and independent amplitude modulation for different-handedness of
incident circularly polarized light. Chiral metalenses enable the simultaneous focusing of
two images. Moreover, chiral metasurfaces have the potential to demonstrate multifunc-
tional metalenses, such as multi-focal length metalenses. In addition, chiral metasurfaces
can be applied to demonstrate chiral metamirrors [74], multi-mode orbital angular mo-
mentum (OAM) generators [65], OAM sensors [126], intense light sources [127,128], and
color filters [129]. Apart from these applications, another significant application of chirop-
tical metasurfaces lies in chiral sensing [130,131], which can directly benefit biomedical
and pharmaceutical industries. We believe that research in chiroptical metasurfaces will
promote further improvement and integration within various different fields.
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Abbreviations

The following abbreviations are used in this manuscript:
Ag Silver

Al Aluminum

AT Asymmetric transmission

CB Circular birefringence

CD Circular dichroism

CPN Chiral plasmonic nanostructure
CPR Cross-polarization ratio

EM Electromagnetic

LCP Left-circularly polarized

OR Optical rotation

ORD Optical rotatory dispersion
PMMA  Polymethyl methacrylate
RCP Right-circularly polarize

SEM Scanning electron micrographic
SiO, Silicon dioxide
uv Ultraviolet

Enoch, S.; Tayeb, G.; Sabouroux, P.; Guérin, N.; Vincent, P. A Metamaterial for Directive Emission. Phys. Rev. Lett. 2002,

Landy, N.I; Sajuyigbe, S.; Mock, J.J.; Smith, D.R.; Padilla, W.]J. Perfect Metamaterial Absorber. Phys. Rev. Lett. 2008, 100, 207402.

References
1.

89, 213902. [CrossRef]
2.

[CrossRef] [PubMed]
3.

Dolling, G.; Wegener, M.; Soukoulis, C.M.; Linden, S. Negative-index metamaterial at 780 nm wavelength. Opt. Lett. 2007, 32,
53-55. [CrossRef] [PubMed]


http://doi.org/10.1103/PhysRevLett.89.213902
http://doi.org/10.1103/PhysRevLett.100.207402
http://www.ncbi.nlm.nih.gov/pubmed/18518577
http://doi.org/10.1364/OL.32.000053
http://www.ncbi.nlm.nih.gov/pubmed/17167581

Sensors 2021, 21, 4381 18 of 22

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.
24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Smith, D.R.; Pendry, J.B.; Wiltshire, M.C.K. Metamaterials and Negative Refractive Index. Science 2004, 305, 788-792.
[CrossRef] [PubMed]

Ziolkowski, R.W. Propagation in and scattering from a matched metamaterial having a zero index of refraction. Phys. Rev. E 2004,
70, 046608. [CrossRef]

Pimenov, A.; Loidl, A. Experimental demonstration of artificial dielectrics with a high index of refraction. Phys. Rev. B 2006, 74,
193102. [CrossRef]

Shen, ].T,; Catrysse, P.B.; Fan, S. Mechanism for Designing Metallic Metamaterials with a High Index of Refraction. Phys. Rev. Lett.
2005, 94, 197401. [CrossRef]

Yu, N.; Genevet, P; Kats, M.A_; Aieta, E; Tetienne, J.-P; Capasso, F.; Gaburro, Z. Light Propagation with Phase Discontinuities:
Generalized Laws of Reflection and Refraction. Science 2011, 334, 333-337. [CrossRef]

Yin, X.; Ye, Z.; Rho, ].; Wang, Y.; Zhang, X. Photonic Spin Hall Effect at Metasurfaces. Science 2013, 339, 1405-1407. [CrossRef]
Ni, X.; Emani, N.K; Kildishev, A.V.; Boltasseva, A.; Shalaev, VM. Broadband Light Bending with Plasmonic Nanoantennas.
Science 2012, 335, 427. [CrossRef]

Naveed, M.A.; Ansari, M.A.; Kim, I; Badloe, T.; Kim, J.; Oh, D.K,; Riaz, K.; Taugeer, T.; Younis, U.; Saleem, M.; et al. Optical spin-
symmetry breaking for high-efficiency directional helicity-multiplexed metaholograms. Microsyst. Nanoeng. 2021, 7, 5. [CrossRef]
Lee, G.-Y;; Yoon, G.; Lee, S.-Y.; Yun, H.; Cho, J.; Lee, K,; Kim, H.; Rho, J.; Lee, B. Complete amplitude and phase control of light
using broadband holographic metasurfaces. Nanoscale 2018, 10, 4237-4245. [CrossRef] [PubMed]

Kim, K.; Yoon, G.; Baek, S.; Rho, J.; Lee, H. Facile Nanocasting of Dielectric Metasurfaces with Sub-100 nm Resolution. ACS Appl.
Mater. Interfaces 2019, 11, 26109-26115. [CrossRef] [PubMed]

Yoon, G.; Lee, D.; Nam, K.T.; Rho, J. Pragmatic Metasurface Hologram at Visible Wavelength: The Balance between Diffraction
Efficiency and Fabrication Compatibility. ACS Photonics 2018, 5, 1643-1647. [CrossRef]

Li, Z.; Kim, I.; Zhang, L., Mehmood, M.Q.; Anwar, M.S; Saleem, M.; Lee, D.; Nam, K.T.; Zhang, S.; Luk’yanchuk, B.; et al. Dielectric
Meta-Holograms Enabled with Dual Magnetic Resonances in Visible Light. ACS Nano 2017, 11, 9382-9389. [CrossRef] [PubMed]
Ansari, M.A,; Kim, I.; Rukhlenko, I.D.; Zubair, M.; Yerci, S.; Taugeer, T.; Mehmood, M.Q.; Rho, ]J. Engineering spin and
antiferromagnetic resonances to realize an efficient direction-multiplexed visible meta-hologram. Nanoscale Horiz. 2020, 5,
57-64. [CrossRef]

Kim, I; Kim, W.-S; Kim, K.; Ansari, M.A.; Mehmood, M.Q.; Badloe, T.; Kim, Y.; Gwak, ].; Lee, H.; Kim, Y.-K ; et al. Holographic
metasurface gas sensors for instantaneous visual alarms. Sci. Adv. 2021, 7, eabe9943. [CrossRef]

Ren, H.; Fang, X.; Jang, ].; Biirger, J.; Rho, J.; Maier, S.A. Complex-amplitude metasurface-based orbital angular momentum
holography in momentum space. Nat. Nanotechnol. 2020, 15, 948-955. [CrossRef]

Ansari, M.A.; Kim, L; Lee, D.; Waseem, M.H.; Zubair, M.; Mahmood, N.; Badloe, T.; Yerci, S.; Tauqgeer, T.; Mehmood, M.Q.; et al.
A Spin-Encoded All-Dielectric Metahologram for Visible Light. Laser Photonics Rev. 2019, 13, 1900065. [CrossRef]

Kim, I; Jeong, H.; Kim, J.; Yang, Y.; Lee, D.; Badloe, T.; Kim, G.; Rho, J. Dual-Band Operating Metaholograms with Heterogeneous
Meta-Atoms in the Visible and Near-Infrared. Adv. Opt. Mater. 2021, 9, 2100609. [CrossRef]

Yoon, G.; Kim, K.; Kim, S.-U.; Han, S.; Lee, H.; Rho, J. Printable Nanocomposite Metalens for High-Contrast Near-Infrared
Imaging. ACS Nano 2021, 15, 698-706. [CrossRef] [PubMed]

Yoon, G.; Kim, K.; Huh, D.; Lee, H.; Rho, ]. Single-step manufacturing of hierarchical dielectric metalens in the visible. Nat.
Commun. 2020, 11, 2268. [CrossRef] [PubMed]

So, S.; Rho, J. Geometrically flat hyperlens designed by transformation optics. J. Phys. D Appl. Phys. 2019, 52, 194003. [CrossRef]
Lee, D.; Kim, Y.D.; Kim, M.; So, S.; Choi, H.-].; Mun, J.; Nguyen, D.M.; Badloe, T.; Ok, ].G.; Kim, K; et al. Realization of Wafer-Scale
Hyperlens Device for Sub-diffractional Biomolecular Imaging. ACS Photonics 2018, 5, 2549-2554. [CrossRef]

Rana, A.S.; Mehmood, M.Q.; Jeong, H.; Kim, I.; Rho, J. Tungsten-based ultrathin absorber for visible regime. Sci. Rep. 2018, 8,
1-8. [CrossRef]

Kim, I; So, S.; Rana, A.S.; Mehmood, M.Q.; Rho, J. Thermally robust ring-shaped chromium perfect absorber of visible light.
Nanophotonics 2018, 7, 1827-1833. [CrossRef]

Badloe, T.; Mun, J.; Rho, J. Metasurfaces-Based Absorption and Reflection Control: Perfect Absorbers and Reflectors. . Nanomater.
2017, 2017, 2361042. [CrossRef]

Rana, A.S.; Zubair, M.; Anwar, M.S.; Saleem, M.; Mehmood, M.Q. Engineering the absorption spectra of thin film multilayer
absorbers for enhanced color purity in CMY color filters. Opt. Mater. Express 2020, 10, 268-281. [CrossRef]

Kim, L; Yun, J.; Badloe, T.; Park, H.; Seo, T.; Yang, Y.; Kim, J.; Chung, Y.; Rho, ]J. Structural color switching with a doped
indium-gallium-zinc-oxide semiconductor. Photon. Res. 2020, 8, 1409-1415. [CrossRef]

Jang, J.; Badloe, T.; Yang, Y.; Lee, T.; Mun, J.; Rho, ]J. Spectral Modulation through the Hybridization of Mie-Scatterers and
Quasi-Guided Mode Resonances: Realizing Full and Gradients of Structural Color. ACS Nano 2020, 14, 15317-15326. [CrossRef]
Jang, J.; Kang, K.; Raeis-Hosseini, N.; Ismukhanova, A.; Jeong, H.; Jung, C.; Kim, B.; Lee, J.-Y.; Park, I.; Rho, J. Self-Powered
Humidity Sensor Using Chitosan-Based Plasmonic Metal-Hydrogel-Metal Filters. Adv. Opt. Mater. 2020, 8, 1901932. [CrossRef]
Jang, J.; Jeong, H.; Hu, G.; Qiu, C.-W.; Nam, K.T.; Rho, J. Kerker-Conditioned Dynamic Cryptographic Nanoprints. Adv. Opt.
Mater. 2019, 7, 1801070. [CrossRef]

Kim, M,; Kim, I; Jang, J.; Lee, D.; Nam, K.T; Rho, J. Active Color Control in a Metasurface by Polarization Rotation. Appl. Sci.
2018, 8, 982. [CrossRef]


http://doi.org/10.1126/science.1096796
http://www.ncbi.nlm.nih.gov/pubmed/15297655
http://doi.org/10.1103/PhysRevE.70.046608
http://doi.org/10.1103/PhysRevB.74.193102
http://doi.org/10.1103/PhysRevLett.94.197401
http://doi.org/10.1126/science.1210713
http://doi.org/10.1126/science.1231758
http://doi.org/10.1126/science.1214686
http://doi.org/10.1038/s41378-020-00226-x
http://doi.org/10.1039/C7NR07154J
http://www.ncbi.nlm.nih.gov/pubmed/29350732
http://doi.org/10.1021/acsami.9b07774
http://www.ncbi.nlm.nih.gov/pubmed/31262166
http://doi.org/10.1021/acsphotonics.7b01044
http://doi.org/10.1021/acsnano.7b04868
http://www.ncbi.nlm.nih.gov/pubmed/28898048
http://doi.org/10.1039/C9NH00460B
http://doi.org/10.1126/sciadv.abe9943
http://doi.org/10.1038/s41565-020-0768-4
http://doi.org/10.1002/lpor.201900065
http://doi.org/10.1002/adom.202100609
http://doi.org/10.1021/acsnano.0c06968
http://www.ncbi.nlm.nih.gov/pubmed/33385188
http://doi.org/10.1038/s41467-020-16136-5
http://www.ncbi.nlm.nih.gov/pubmed/32385266
http://doi.org/10.1088/1361-6463/ab04c9
http://doi.org/10.1021/acsphotonics.7b01182
http://doi.org/10.1038/s41598-018-20748-9
http://doi.org/10.1515/nanoph-2018-0095
http://doi.org/10.1155/2017/2361042
http://doi.org/10.1364/OME.381482
http://doi.org/10.1364/PRJ.395749
http://doi.org/10.1021/acsnano.0c05656
http://doi.org/10.1002/adom.201901932
http://doi.org/10.1002/adom.201970016
http://doi.org/10.3390/app8060982

Sensors 2021, 21, 4381 19 of 22

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Jung, C.; Yang, Y.; Jang, ].; Badloe, T.; Lee, T.; Mun, J.; Moon, S.-W.; Rho, ]. Near-zero reflection of all-dielectric structural coloration
enabling polarization-sensitive optical encryption with enhanced switchability. Nanophotonics 2021, 10, 919-926. [CrossRef]
Jang, J.; Badloe, T.; Sim, Y.C.; Yang, Y.; Mun, J.; Lee, T.; Cho, Y.-H.; Rho, J. Full and gradient structural colouration by lattice
amplified gallium nitride Mie-resonators. Nanoscale 2020, 12, 21392-21400. [CrossRef]

Lee, T.; Kim, J.; Koirala, I.; Yang, Y.; Badloe, T.; Jang, J.; Rho, J. Nearly Perfect Transmissive Subtractive Coloration through the
Spectral Amplification of Mie Scattering and Lattice Resonance. ACS Appl. Mater. Interfaces 2021, 13, 26299-26307. [CrossRef]
Cai, T.; Wang, G.; Zhang, X.; Liang, J.; Zhuang, Y.; Liu, D.; Xu, H. Ultra-Thin Polarization Beam Splitter Using 2-D Transmissive
Phase Gradient Metasurface. IEEE Trans. Antennas Propag. 2015, 63, 5629-5636. [CrossRef]

Khorasaninejad, M.; Zhu, W.; Crozier, K.B. Efficient polarization beam splitter pixels based on a dielectric metasurface. Optica
2015, 2, 376-382. [CrossRef]

Yoon, G.; Lee, D.; Nam, K.T.; Rho, J. Geometric metasurface enabling polarization independent beam splitting. Sci. Rep. 2018,
8, 9468. [CrossRef]

Wang, Y.-H.; Kim, L; Jin, R.-C,; Jeong, H.; Li, ].-Q.; Dong, Z.-G.; Rho, ]. Experimental verification of asymmetric transmission in
continuous omega-shaped metamaterials. RSC Adv. 2018, 8, 38556-38561. [CrossRef]

Kim, M.; Yao, K.; Yoon, G.; Kim, L; Liu, Y.; Rho, J. A Broadband Optical Diode for Linearly Polarized Light Using Symmetry-
Breaking Metamaterials. Adv. Opt. Mater. 2017, 5, 1700600. [CrossRef]

Park, J.; Jeong, B.G.; Kim, S.I; Lee, D.; Kim, J.; Shin, C.; Lee, C.B.; Otsuka, T.; Kyoung, J.; Kim, S.; et al. All-solid-state spatial light
modulator with independent phase and amplitude control for three-dimensional LiDAR applications. Nat. Nanotechnol. 2021, 16,
69-76. [CrossRef]

Kim, I; Martins, R.J.; Jang, J.; Badloe, T.; Khadir, S.; Jung, H.-Y.; Kim, H.; Kim, J.; Genevet, P.; Rho, ]. Nanophotonics for light
detection and ranging technology. Nat. Nanotechnol. 2021, 16, 508-524. [CrossRef]

Althuwayb, A.A. Enhanced radiation gain and efficiency of a metamaterial inspired wideband microstrip antenna using substrate
integrated waveguide technology for sub-6 GHz wireless communication systems. Microw. Opt. Technol. Lett. 2021, 63,
1892-1898. [CrossRef]

Alibakhshikenari, M.; Virdee, B.S.; Azpilicueta, L.; Naser-Moghadasi, M.; Akinsolu, M.O.; See, C.H.; Liu, B.; Abd-Alhameed, R.A;
Falcone, F.; Huynen, I; et al. A Comprehensive Survey of “Metamaterial Transmission-Line Based Antennas: Design, Challenges,
and Applications”. IEEE Access 2020, 8, 144778-144808. [CrossRef]

Mohammadi, M.; Kashani, EH.; Ghalibafan, J. A partially ferrite-filled rectangular waveguide with CRLH response and its
application to a magnetically scannable antenna. . Magn. Magn. Mater. 2019, 491, 165551. [CrossRef]

Althuwayb, A.A. MTM- and SIW-Inspired Bowtie Antenna Loaded with AMC for 5G mm-Wave Applications. Int. |. Antennas
Propag. 2021, 2021, 6658819. [CrossRef]

Alibakhshi-Kenari, M.; Naser-Moghadasi, M.; Sadeghzadeh, R. The resonating MTM-based miniaturized antennas for wide-band
RF-microwave systems. Microw. Opt. Technol. Lett. 2015, 57, 2339-2344. [CrossRef]

Shirkolaei, M.M.; Ghalibafan, J. Scannable Leaky-Wave Antenna Based on Ferrite-Blade Waveguide Operated below the Cutoff
Frequency. IEEE Trans. Magn. 2021, 57, 2800510.

Shirkolaei, M.M.; Aslinezhad, M. Substrate Integrated Waveguide Filter Based on the Magnetized Ferrite with Tunable Capability.
Microw. Opt. Technol. Lett. 2020, 63, 1120-1125. [CrossRef]

Althuwayb, A.A. On-Chip Antenna Design Using the Concepts of Metamaterial and SIW Principles Applicable to Terahertz
Integrated Circuits Operating over 0.6-0.622 THz. Int. |. Antennas Propag. 2020, 2020, 6653095. [CrossRef]

Alibakhshikenari, M.; Virdee, B.S.; Althuwayb, A.A.; Aissa, S.; See, C.H.; Abd-Alhameed, R.A; Falcone, F.; Limiti, E. Study on
on-Chip Antenna Design Based on Metamaterial-Inspired and Substrate-Integrated Waveguide Properties for Millimetre-Wave
and THz Integrated-Circuit Applications. J. Infrared Millim. Terahertz Waves 2021, 42, 17-28. [CrossRef]

Alibakhshikenari, M.; Virdee, B.S.; Khalily, M.; See, C.H.; Abd-Alhameed, R.; Falcone, F.; Denidni, T.A.; Limiti, E. High-Gain
On-Chip Antenna Design on Silicon Layer with Aperture Excitation for Terahertz Applications. IEEE Antennas Wirel. Propag. Lett.
2020, 19, 1576-1580. [CrossRef]

Shirkolaei, M.M. Wideband linear microstrip array antenna with high efficiency and low side lobe level. Int. . RF Microw. Comput.
Aided. Eng. 2020, 30, e22412.

Alibakhshikenari, M.; Babaeian, F,; Virdee, B.S.; Aissa, S.; Azpilicueta, L.; See, C.H.; Althuwayb, A.A.; Huynen, L.; Abd-Alhameed,
R.A.; Falcone, F; et al. A Comprehensive Survey on “Various Decoupling Mechanisms with Focus on Metamaterial and
Metasurface Principles Applicable to SAR and MIMO Antenna Systems”. IEEE Access 2020, 8, 192965-193004. [CrossRef]
Shirkolaei, M.M.; Jafari, M. A new class of wideband microstrip falcate patch antennas with reconfigurable capability at
circular-polarization. Microw. Opt. Technol. Lett. 2020, 62, 3922-3927. [CrossRef]

Mun, J.; Kim, M.; Yang, Y.; Badloe, T.; Ni, J.; Chen, Y.; Qiu, C.-W,; Rho, ]J. Electromagnetic chirality: From fundamentals to
nontraditional chiroptical phenomena. Light Sci. Appl. 2020, 9, 139. [CrossRef] [PubMed]

Yang, Y.; Kim, M.; Mun, J.; Rho, J. Ultra-Sharp Circular Dichroism Induced by Twisted Layered C4 Oligomers. Adv. Theory Simul.
2020, 3, 1900229. [CrossRef]

Lee, H.-E.; Kim, RM.; Ahn, H.-Y,; Lee, Y.Y,; Byun, G.H.; Im, SSW.; Mun, J.; Rho, ].; Nam, K.T. Cysteine-encoded chirality evolution
in plasmonic rhombic dodecahedral gold nanoparticles. Nat. Commun. 2020, 11, 263. [CrossRef]


http://doi.org/10.1515/nanoph-2020-0440
http://doi.org/10.1039/D0NR05624C
http://doi.org/10.1021/acsami.1c03427
http://doi.org/10.1109/TAP.2015.2496115
http://doi.org/10.1364/OPTICA.2.000376
http://doi.org/10.1038/s41598-018-27876-2
http://doi.org/10.1039/C8RA08073A
http://doi.org/10.1002/adom.201700600
http://doi.org/10.1038/s41565-020-00787-y
http://doi.org/10.1038/s41565-021-00895-3
http://doi.org/10.1002/mop.32825
http://doi.org/10.1109/ACCESS.2020.3013698
http://doi.org/10.1016/j.jmmm.2019.165551
http://doi.org/10.1155/2021/6658819
http://doi.org/10.1002/mop.29328
http://doi.org/10.1002/mop.32722
http://doi.org/10.1155/2020/6653095
http://doi.org/10.1007/s10762-020-00753-8
http://doi.org/10.1109/LAWP.2020.3010865
http://doi.org/10.1109/ACCESS.2020.3032826
http://doi.org/10.1002/mop.32529
http://doi.org/10.1038/s41377-020-00367-8
http://www.ncbi.nlm.nih.gov/pubmed/32922765
http://doi.org/10.1002/adts.201900229
http://doi.org/10.1038/s41467-019-14117-x

Sensors 2021, 21, 4381 20 of 22

60.

61.

62.

63.

64.

65.

66.

67.
68.
69.
70.

71.

72.

73.

74.

75.

76.
77.

78.

79.
80.

81.

82.

83.

84.

85.

86.

87.

88.

Lee, H.-E.; Ahn, H.-Y.; Mun, J.; Lee, Y.Y;; Kim, M.; Cho, N.H.; Chang, K.; Kim, W.S.; Rho, J.; Nam, K.T. Amino-acid- and
peptide-directed synthesis of chiral plasmonic gold nanoparticles. Nature 2018, 556, 360-365. [CrossRef]

Mun, J.; Rho, J. Importance of higher-order multipole transitions on chiral nearfield interactions. Nanophotonics 2019, 8,
941-948. [CrossRef]

Zhang, S.; Zhou, J.; Park, Y.-S.; Rho, J.; Singh, R.; Nam, S.; Azad, A.K.; Chen, H.-T,; Yin, X; Taylor, A.].; et al. Photoinduced
handedness switching in terahertz chiral metamolecules. Nat. Commun. 2012, 3, 942. [CrossRef] [PubMed]

Cui, Y;; Kang, L.; Lan, S.; Rodrigues, S.; Cai, W. Giant Chiral Optical Response from a Twisted-Arc Metamaterial. Nano Lett. 2014,
14, 1021-1025. [CrossRef] [PubMed]

Wang, Z.; Jing, L.; Yao, K; Yang, Y.; Zheng, B.; Soukoulis, C.M.; Chen, H.; Liu, Y. Origami-Based Reconfigurable Metamaterials
for Tunable Chirality. Adv. Mater. 2017, 29, 1700412. [CrossRef]

Yuan, Y.; Zhang, K.; Ratni, B.; Song, Q.; Ding, X.; Wu, Q.; Burokur, S.N.; Genevet, P. Independent phase modulation for
quadruplex polarization channels enabled by chirality-assisted geometric-phase metasurfaces. Nat. Commun. 2020, 11, 4186.
[CrossRef] [PubMed]

Yang, Y;; Kim, Y.; Gwak, J.; So, S.; Mun, J.; Kim, M.; Jeong, H.; Kim, I.; Badloe, T.; Rho, J. Realization of Artificial Chirality in
Micro-/Nano-Scale Three-Dimensional Plasmonic Structures. Chirality Magn. Magn. Sep. Phenom. Jt. Eff. Metamater. Struct. 2021,
138, 241-263.

Barron, L.D. Molecular Light Scattering and Optical Activity, 2nd ed.; Cambridge University Press: Cambridge, UK, 2004.

Purdie, N. Circular Dichroism and the Conformational Analysis of Biomolecules. J. Am. Chem. Soc. 1996, 118, 12871. [CrossRef]
Yoo, S.; Park, Q.-H. Metamaterials and chiral sensing: A review of fundamentals and applications. Nanophotonics 2019, 8,
249-261. [CrossRef]

Plum, E.; Liu, X.-X.; Fedotov, V.A.; Chen, Y.; Tsai, D.P.; Zheludev, N.I. Metamaterials: Optical Activity without Chirality. Phys. Rev.
Lett. 2009, 102, 113902. [CrossRef]

Hendry, E.; Carpy, T.; Johnston, J.; Popland, M.; Mikhaylovskiy, R.V.; Lapthorn, A.J.; Kelly, S.M.; Barron, L.D.; Gadegaard, N.;
Kadodwala, M. Ultrasensitive detection and characterization of biomolecules using superchiral fields. Nat. Nanotechnol. 2010, 5,
783-787. [CrossRef]

De Leon, I.; Horton, M.].; Schulz, S.A.; Upham, J.; Banzer, P; Boyd, R.W. Strong, spectrally-tunable chirality in diffractive
metasurfaces. Sci. Rep. 2015, 5, 13034. [CrossRef]

Hopkins, B.; Poddubny, A.N.; Miroshnichenko, A.E.; Kivshar, Y.S. Circular dichroism induced by Fano resonances in planar
chiral oligomers. Laser Photonics Rev 2016, 10, 137-146. [CrossRef]

Mao, L.; Liu, K.; Zhang, S.; Cao, T. Extrinsically 2D-Chiral Metamirror in Near-Infrared Region. ACS Photonics 2020, 7,
375-383. [CrossRef]

Bai, B.; Svirko, Y,; Turunen, J.; Vallius, T. Optical activity in planar chiral metamaterials: Theoretical study. Phy. Rev. A 2007, 76,
023811. [CrossRef]

Plum, E. Extrinsic chirality: Tunable optically active reflectors and perfect absorbers. Appl. Phys. Lett. 2016, 108, 241905. [CrossRef]
Yang, S.; Liu, Z.; Yang, H,; Jin, A.; Zhang, S.; Li, ].; Gu, C. Intrinsic Chirality and Multispectral Spin-Selective Transmission in
Folded Eta-Shaped Metamaterials. Adv. Opt. Mater. 2020, 8, 1901448. [CrossRef]

Zhao, R; Zhou, ].; Koschny, T.; Economou, E.; Soukoulis, C. Repulsive Casimir force in chiral metamaterials. Phys. Rev. Lett. 2009,
103, 103602. [CrossRef] [PubMed]

Wang, H.; Zhang, X. Unusual spin Hall effect of a light beam in chiral metamaterials. Phy. Rev. A 2011, 83, 053820. [CrossRef]
Naeem, T.; Rana, A.S.; Zubair, M.; Tauqeer, T.; Mehmood, M.Q. Breaking planar symmetries by a single layered metasurface for
realizing unique on-chip chiroptical effects. Opt. Mater. Express 2020, 10, 3342-3352. [CrossRef]

Tischler, N.; Krenn, M.; Fickler, R.; Vidal, X.; Zeilinger, A.; Molina-Terriza, G. Quantum optical rotatory dispersion. Sci. Adv. 2016,
2,e1601306. [CrossRef]

Yin, X.; Schéferling, M.; Metzger, B.; Giessen, H. Interpreting chiral nanophotonic spectra: The plasmonic Born—-Kuhn model.
Nano Lett. 2013, 13, 6238-6243. [CrossRef] [PubMed]

Ma, W,; Kuang, H.; Xu, L.; Ding, L.; Xu, C.; Wang, L.; Kotov, N.A. Attomolar DNA detection with chiral nanorod assemblies. Nat.
Commun. 2013, 4, 1-8. [CrossRef] [PubMed]

Zhu, Y,; Xu, L.; Ma, W,; Xu, Z.; Kuang, H.; Wang, L.; Xu, C. A one-step homogeneous plasmonic circular dichroism detection of
aqueous mercury ions using nucleic acid functionalized gold nanorods. Chem. Comm. 2012, 48, 11889-11891. [CrossRef]
Solomon, M.L.; Hu, J.; Lawrence, M.; Garcia-Etxarri, A.; Dionne, J.A. Enantiospecific optical enhancement of chiral sensing and
separation with dielectric metasurfaces. ACS Photonics 2018, 6, 43-49. [CrossRef]

Ranjbar, B.; Gill, P. Circular dichroism techniques: Biomolecular and nanostructural analyses-a review. Chem. Biol. Drug Des.
2009, 74, 101-120. [CrossRef]

Maoz, B.M.; van der Weegen, R.; Fan, Z.; Govorov, A.O.; Ellestad, G.; Berova, N.; Meijer, E.; Markovich, G. Plasmonic chiroptical
response of silver nanoparticles interacting with chiral supramolecular assemblies. J. Am. Chem. Soc. J. Am. Chem. Soc. 2012, 134,
17807-17813. [CrossRef] [PubMed]

Yin, S.; Ji, W,; Xiao, D.; Li, Y.; Li, K,; Yin, Z,; Jiang, S.; Shao, L.; Luo, D.; Liu, Y.J. Intrinsically or extrinsically reconfigurable chirality
in plasmonic chiral metasurfaces. Opt. Commun. 2019, 448, 10-14. [CrossRef]


http://doi.org/10.1038/s41586-018-0034-1
http://doi.org/10.1515/nanoph-2019-0046
http://doi.org/10.1038/ncomms1908
http://www.ncbi.nlm.nih.gov/pubmed/22781755
http://doi.org/10.1021/nl404572u
http://www.ncbi.nlm.nih.gov/pubmed/24422639
http://doi.org/10.1002/adma.201700412
http://doi.org/10.1038/s41467-020-17773-6
http://www.ncbi.nlm.nih.gov/pubmed/32826879
http://doi.org/10.1021/ja965689f
http://doi.org/10.1515/nanoph-2018-0167
http://doi.org/10.1103/PhysRevLett.102.113902
http://doi.org/10.1038/nnano.2010.209
http://doi.org/10.1038/srep13034
http://doi.org/10.1002/lpor.201500222
http://doi.org/10.1021/acsphotonics.9b01211
http://doi.org/10.1103/PhysRevA.76.023811
http://doi.org/10.1063/1.4954033
http://doi.org/10.1002/adom.201901448
http://doi.org/10.1103/PhysRevLett.103.103602
http://www.ncbi.nlm.nih.gov/pubmed/19792309
http://doi.org/10.1103/PhysRevA.83.053820
http://doi.org/10.1364/OME.411113
http://doi.org/10.1126/sciadv.1601306
http://doi.org/10.1021/nl403705k
http://www.ncbi.nlm.nih.gov/pubmed/24219560
http://doi.org/10.1038/ncomms3689
http://www.ncbi.nlm.nih.gov/pubmed/24162144
http://doi.org/10.1039/c2cc36559f
http://doi.org/10.1021/acsphotonics.8b01365
http://doi.org/10.1111/j.1747-0285.2009.00847.x
http://doi.org/10.1021/ja309016k
http://www.ncbi.nlm.nih.gov/pubmed/23039182
http://doi.org/10.1016/j.optcom.2019.05.006

Sensors 2021, 21, 4381 21 of 22

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

Wang, C; Li, Z,; Pan, R.; Liu, W.; Cheng, H.; Li, J.; Zhou, W.; Tian, J.; Chen, S. Giant Intrinsic Chirality in Curled Metasurfaces.
ACS Photonics 2020, 7, 3415-3422. [CrossRef]

Wang, Z.; Wang, Y.; Adamo, G.; Teh, B.H.; Wu, Q.Y.S,; Teng, J.; Sun, H. A Novel Chiral Metasurface with Controllable Circular
Dichroism Induced by Coupling Localized and Propagating Modes. Adv. Opt. Mater. 2016, 4, 883-888. [CrossRef]

Wang, Z.; Teh, B.H.; Wang, Y.; Adamo, G.; Teng, J.; Sun, H. Enhancing circular dichroism by super chiral hot spots from a chiral
metasurface with apexes. Appl. Phys. Lett. 2017, 110, 221108. [CrossRef]

Zhu, A.Y.; Chen, W.T,; Zaidi, A.; Huang, Y.-W.; Khorasaninejad, M.; Sanjeev, V.; Qiu, C.-W.; Capasso, F. Giant intrinsic chiro-optical
activity in planar dielectric nanostructures. Light Sci. Appl. 2018, 7, 17158. [CrossRef]

Gorkunov, M.V; Rogov, O.Y,; Kondratov, A.V.; Artemov, V.V,; Gainutdinov, R.V.; Ezhov, A.A. Chiral visible light metasurface
patterned in monocrystalline silicon by focused ion beam. Sci. Rep. 2018, 8, 11623. [CrossRef] [PubMed]

Cao, T.; Wei, C.-W.; Li, Y. Dual-band strong extrinsic 2D chirality in a highly symmetric metal-dielectric-metal achiral metasurface.
Opt. Mater. Express 2016, 6, 303-311. [CrossRef]

Papakostas, A.; Potts, A.; Bagnall, D.M.; Prosvirnin, S.L.; Coles, H.]J.; Zheludev, N.I. Optical Manifestations of Planar Chirality.
Phys. Rev. Lett. 2003, 90, 107404. [CrossRef] [PubMed]

Maoz, B.M.; Ben Moshe, A.; Vestler, D.; Bar-Elli, O.; Markovich, G. Chiroptical Effects in Planar Achiral Plasmonic Oriented
Nanohole Arrays. Nano Lett. 2012, 12, 2357-2361. [CrossRef]

Petronijevic, E.; Sandoval, E.M.; Ramezani, M.; Ordéiiez-Romero, C.L.; Noguez, C.; Bovino, FA.; Sibilia, C.; Pirruccio, G. Extended
Chiro-optical Near-Field Response of Achiral Plasmonic Lattices. J. Phys. Chem. C 2019, 123, 23620-23627. [CrossRef]

Ullah, H.; Qu, Y.; Wang, T.; Wang, Y.; Jing, Z.; Zhang, Z. Tunable chiroptical response of chiral system composed of a nanorod
coupled with a nanosurface. Appl. Surf. Sci. 2019, 467468, 684—690. [CrossRef]

Montelongo, Y.; Tenorio-Pearl, J.O.; Williams, C.; Zhang, S.; Milne, W.I.; Wilkinson, T.D. Plasmonic nanoparticle scattering for
color holograms. Proc. Natl. Acad. Sci. USA 2014, 111, 12679-12683. [CrossRef] [PubMed]

Montelongo, Y.; Tenorio-Pearl, J.O.; Milne, W.I.; Wilkinson, T.D. Polarization Switchable Diffraction Based on Subwavelength
Plasmonic Nanoantennas. Nano Lett. 2014, 14, 294-298. [CrossRef]

Chen, W.T.; Yang, K.-Y,; Wang, C.-M.; Huang, Y.-W.; Sun, G.; Chiang, I.D.; Liao, C.Y,; Hsu, W.-L.; Lin, H.T,; Sun, S.; et al.
High-Efficiency Broadband Meta-Hologram with Polarization-Controlled Dual Images. Nano Lett. 2014, 14, 225-230. [CrossRef]
Khorasaninejad, M.; Ambrosio, A.; Kanhaiya, P.; Capasso, F. Broadband and chiral binary dielectric meta-holograms. Sci. Adv.
2016, 2, €1501258. [CrossRef] [PubMed]

Balthasar Mueller, ].P.; Rubin, N.A.; Devlin, R.C.; Groever, B.; Capasso, F. Metasurface Polarization Optics: Independent Phase
Control of Arbitrary Orthogonal States of Polarization. Phys. Rev. Lett. 2017, 118, 113901. [CrossRef]

Chen, Y.; Yang, X.; Gao, J. Spin-controlled wavefront shaping with plasmonic chiral geometric metasurfaces. Light Sci. Appl. 2018,
7, 84. [CrossRef]

Ma, Z.; Li, Y;; Li, Y,; Gong, Y.; Maier, S.A.; Hong, M. All-dielectric planar chiral metasurface with gradient geometric phase. Opt.
Express 2018, 26, 6067-6078. [CrossRef] [PubMed]

Fan, Q.; Liu, M.; Zhang, C.; Zhu, W.; Wang, Y.; Lin, P; Yan, F.; Chen, L.; Lezec, H.J.; Lu, Y,; et al. Independent Amplitude Control
of Arbitrary Orthogonal States of Polarization via Dielectric Metasurfaces. Phys. Rev. Lett. 2020, 125, 267402. [CrossRef]

Rana, A.S.; Kim, I.; Ansari, M.A.; Anwar, M.S.; Saleem, M.; Taugeer, T.; Danner, A.; Zubair, M.; Mehmood, M.Q.; Rho, J. Planar
Achiral Metasurfaces-Induced Anomalous Chiroptical Effect of Optical Spin Isolation. ACS Appl. Mater. Interfaces 2020, 12,
48899-48909. [CrossRef] [PubMed]

Khalig, H.S.; Kim, I.; Kim, ]J.; Oh, D.K.; Zubair, M.; Riaz, K.; Mehmood, M.Q.; Rho, J. Manifesting Simultaneous Optical Spin
Conservation and Spin Isolation in Diatomic Metasurfaces. Adv. Opt. Mater. 2021, 9, 2002002. [CrossRef]

Chen, C.; Gao, S.; Song, W.; Li, H.; Zhu, S.-N.; Li, T. Metasurfaces with Planar Chiral Meta-Atoms for Spin Light Manipulation.
Nano Lett. 2021, 21, 1815-1821. [CrossRef]

Kim, I; Ansari, M.A.; Mehmood, M.Q.; Kim, W.-S.; Jang, J.; Zubair, M.; Kim, Y.-K.; Rho, J. Stimuli-Responsive Dynamic
Metaholographic Displays with Designer Liquid Crystal Modulators. Adv. Mater. 2020, 32, 2004664. [CrossRef]
Khorasaninejad, M.; Chen, W.T.; Zhu, A.Y.; Oh, J.; Devlin, R.C.; Rousso, D.; Capasso, F. Multispectral Chiral Imaging with a
Metalens. Nano Lett. 2016, 16, 4595-4600. [CrossRef]

Groever, B.; Rubin, N.A.; Mueller, J.P.B.; Devlin, R.C.; Capasso, F. High-efficiency chiral meta-lens. Sci. Rep. 2018,
8, 7240. [CrossRef]

He, C.; Sun, T.; Guo, J.; Cao, M; Xia, J.; Hu, J.; Yan, Y.; Wang, C. Chiral Metalens of Circular Polarization Dichroism with Helical
Surface Arrays in Mid-Infrared Region. Adv. Opt. Mater. 2019, 7, 1901129. [CrossRef]

Solomon, M.L,; Saleh, A.A.; Poulikakos, L.V.; Abendroth, ].M.; Tadesse, L.F.; Dionne, ].A. Nanophotonic Platforms for Chiral
Sensing and Separation. Acc. Chem. Res. 2020, 53, 588-598. [CrossRef] [PubMed]

Zhang, S.; Wong, C.L.; Zeng, S.; Bi, R.; Tai, K.; Dholakia, K.; Olivo, M. Metasurfaces for biomedical applications: Imaging and
sensing from a nanophotonics perspective. Nanophotonics 2020, 10, 259-293. [CrossRef]

Zhao, Y.; Askarpour, A.N.; Sun, L.; Shi, J.; Li, X.; Alt, A. Chirality detection of enantiomers using twisted optical metamaterials.
Nat. Commun. 2017, 8, 1-8. [CrossRef]

Hu, J.; Lawrence, M.; Dionne, J.A. High quality factor dielectric metasurfaces for ultraviolet circular dichroism spectroscopy. ACS
Photonics 2019, 7, 36-42. [CrossRef]


http://doi.org/10.1021/acsphotonics.0c01230
http://doi.org/10.1002/adom.201600063
http://doi.org/10.1063/1.4984920
http://doi.org/10.1038/lsa.2017.158
http://doi.org/10.1038/s41598-018-29977-4
http://www.ncbi.nlm.nih.gov/pubmed/30072737
http://doi.org/10.1364/OME.6.000303
http://doi.org/10.1103/PhysRevLett.90.107404
http://www.ncbi.nlm.nih.gov/pubmed/12689032
http://doi.org/10.1021/nl300316f
http://doi.org/10.1021/acs.jpcc.9b06556
http://doi.org/10.1016/j.apsusc.2018.10.198
http://doi.org/10.1073/pnas.1405262111
http://www.ncbi.nlm.nih.gov/pubmed/25122675
http://doi.org/10.1021/nl4039967
http://doi.org/10.1021/nl403811d
http://doi.org/10.1126/sciadv.1501258
http://www.ncbi.nlm.nih.gov/pubmed/27386518
http://doi.org/10.1103/PhysRevLett.118.113901
http://doi.org/10.1038/s41377-018-0086-x
http://doi.org/10.1364/OE.26.006067
http://www.ncbi.nlm.nih.gov/pubmed/29529802
http://doi.org/10.1103/PhysRevLett.125.267402
http://doi.org/10.1021/acsami.0c10006
http://www.ncbi.nlm.nih.gov/pubmed/32981321
http://doi.org/10.1002/adom.202002002
http://doi.org/10.1021/acs.nanolett.0c04902
http://doi.org/10.1002/adma.202004664
http://doi.org/10.1021/acs.nanolett.6b01897
http://doi.org/10.1038/s41598-018-25675-3
http://doi.org/10.1002/adom.201901129
http://doi.org/10.1021/acs.accounts.9b00460
http://www.ncbi.nlm.nih.gov/pubmed/31913015
http://doi.org/10.1515/nanoph-2020-0373
http://doi.org/10.1038/ncomms14180
http://doi.org/10.1021/acsphotonics.9b01352

Sensors 2021, 21, 4381 22 of 22

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

Garcia-Guirado, J.; Svedendahl, M.; Puigdollers, J.; Quidant, R. Enhanced chiral sensing with dielectric nanoresonators. Nano Lett.
2019, 20, 585-591. [CrossRef] [PubMed]

Garcia-Guirado, J.; Svedendahl, M.; Puigdollers, J.; Quidant, R. Enantiomer-selective molecular sensing using racemic nanoplas-
monic arrays. Nano Lett. 2018, 18, 6279-6285. [CrossRef]

Li, Z.; Zhu, Y,; Hao, Y,; Gao, M.; Lu, M,; Stein, A.; Park, A.-H.A; Hone, ].C.; Lin, Q.; Yu, N. Hybrid Metasurface-Based Mid-Infrared
Biosensor for Simultaneous Quantification and Identification of Monolayer Protein. ACS Photonics 2019, 6, 501-509. [CrossRef]
Xu, W; Xie, L.; Zhu, J.; Tang, L.; Singh, R.; Wang, C.; Ma, Y.; Chen, H.T; Ying, Y. Terahertz biosensing with a graphene-metamateiral
heterostructure platform. Carbon 2019, 141, 247-252. [CrossRef]

Rodrigo, D.; Tittl, A.; Ait-Bouziad, N.; John-Herpin, A.; Limaj, O.; Kelly, C.; Yoo, D.; Wittenberg, N.J.; Oh, S.H.; Lashuel, H.A_; et al.
Resolving molecule-specific information in dynamic lipid membrane processes with multi-resonant infrared metasurfaces. Nat.
Commun. 2018, 9, 2160. [CrossRef]

Wang, Y,; Ali, M.A.; Chow, EKK.C,; Dong, L.; Lu, M. An optofluidic metasurface for lateral flow-through detection of breast cancer
biomarker. Biosens. Bioelectron. 2018, 107, 224-229. [CrossRef] [PubMed]

Zhang, C; Liang, L.; Ding, L.; Jin, B.; Hou, Y;; Li, C.; Jiang, L.; Liu, W.; Hu, W.; Lu, Y,; et al. Label-free measurements on cell
apoptosis using a terahertz metamaterial-based biosensor. Appl. Phys. Lett. 2016, 108, 241105. [CrossRef]

Ahmed, R.; Ozen, M.O.; Karaaslan, M.G.; Prator, C.A.; Thanh, C.; Kumar, S.; Torres, L.; Iyer, N.; Munter, S.; Southern, S.; et al.
Tunable Fano-Resonant Metasurfaces on a Disposable Plastic-Template for Multimodal and Multiplex Biosensing. Adv. Mat. 2020,
32,1907160. [CrossRef] [PubMed]

Ni, J.; Liu, S;; Hu, G.; Hu, Y;; Lao, Z; Li, J.; Zhang, Q.; Wu, D.; Dong, S.; Chu, J.; et al. Giant Helical Dichroism of Single Chiral
Nanostructures with Photonic Orbital Angular Momentum. ACS Nano 2021, 15, 2893-2900. [CrossRef]

Lee, D.K,; Kang, ] H.; Kwon, J.; Lee, ].S.; Lee, S.; Woo, D.H.; Kim, ].H.; Song, C.S.; Park, Q.H.; Seo, M. Nano metamaterials for
ultrasensitive Terahertz biosensing. Sci. Rep. 2017, 7, 8146. [CrossRef] [PubMed]

Ahmadivand, A.; Gerislioglu, B.; Ahuja, R.; Mishra, Y.K. Terahertz plasmonics: The rise of toroidal metadevices towards
immunobiosensings. Mater. Today 2020, 32, 108-130. [CrossRef]

Singh, H.J.; Ghosh, A. Large and Tunable Chiro-Optical Response with All Dielectric Helical Nanomaterials. ACS Photonics 2018,
5,1977-1985. [CrossRef]

Ahmadivand, A.; Semmlinger, M.; Dong, L.; Gerislioglu, B.; Nordlander, P.; Halas, N.J. Toroidal Dipole-Enhanced Third Harmonic
Generation of Deep Ultraviolet Light Using Plasmonic Meta-atoms. Nano Lett. 2019, 19, 605-611. [CrossRef] [PubMed]
Bonacina, L.; Brevet, PF; Finazzi, M.; Celebrano, M. Harmonic generation at the nanoscale. J. Appl. Phys. 2020,
127,230901. [CrossRef]


http://doi.org/10.1021/acs.nanolett.9b04334
http://www.ncbi.nlm.nih.gov/pubmed/31851826
http://doi.org/10.1021/acs.nanolett.8b02433
http://doi.org/10.1021/acsphotonics.8b01470
http://doi.org/10.1016/j.carbon.2018.09.050
http://doi.org/10.1038/s41467-018-04594-x
http://doi.org/10.1016/j.bios.2018.02.038
http://www.ncbi.nlm.nih.gov/pubmed/29475186
http://doi.org/10.1063/1.4954015
http://doi.org/10.1002/adma.201907160
http://www.ncbi.nlm.nih.gov/pubmed/32201997
http://doi.org/10.1021/acsnano.0c08941
http://doi.org/10.1038/s41598-017-08508-7
http://www.ncbi.nlm.nih.gov/pubmed/28811551
http://doi.org/10.1016/j.mattod.2019.08.002
http://doi.org/10.1021/acsphotonics.7b01455
http://doi.org/10.1021/acs.nanolett.8b04798
http://www.ncbi.nlm.nih.gov/pubmed/30575385
http://doi.org/10.1063/5.0006093

	Introduction 
	Fundamentals of Chiroptical Metasurfaces 
	Types of Chiroptical Metasurfaces 
	Intrinsic Chiral Metasurfaces 
	Extrinsic Chiral Metasurfaces 

	Applications of Chiral Metasurfaces 
	Metaholograms 
	Metalenses 
	Bio-Sensing and Detection 

	Conclusions 
	References

