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Abstract

Chiral metamaterials have attracted strong interest due to their versatile capabilities in spin-
dependent light manipulation. Benefiting from advancements in nanofabrication and mechanistic
understanding of chiroptical effects, chiral metamaterials have shown potential in a variety of
applications including circular polarizers, chiral sensors, and chiroptical detectors. Recently,
chiral metamaterials made by moiré stacking, superimposing two or more periodic patterns with
different lattice constants or relative spatial displacement, have shown promise for chiroptical
applications. The moiré chiral metamaterials (MCMs) take advantage of lattice-dependent
chirality, giving cost-effective fabrication, flexible tunability, and reconfigurability superior to
conventional chiral metamaterials. This feature article focuses on recent progress of MCMs. We
discuss optical mechanisms, structural design, fabrication, and applications of the MCMs. We

conclude with our perspectives on the future opportunities for the MCMs.
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1. Introduction
1.1 Chiroptical effects and applications

Chirality is a geometrical phenomenon describing two objects with mirror symmetry that cannot
be superimposed. The most commonly observed chirality is exhibited in human bodies, where
hands are mirrored images of each other. Therefore, chirality is also known as handedness. Chiral
molecules are usually termed as left-handed (LH) or right-handed (RH) enantiomers, depending
on their structural chirality. Although chirality has been scientifically defined by Lord Kelvin
more than a hundred years ago,' it has attracted increasing attention in recent decades due to the
discovery of dominant roles of chirality in nature. For example, chiral molecules are the building
blocks of life. Many biologically active molecules such as amino acids, drugs, sugars, and
enzymes exhibit chirality.”* The prevalence of one enantiomer over its mirror image has been
touted as a means to look for signs of life in interstellar exploration.*® In particular, the study of
chirality of amino acids in cometary and interstellar ice has given a deep understanding of the
origin of life on Earth.” Chirality also determines many biological properties of chiral molecules.
For example, fruit juices should contain only one enantiomer of amino acids, which are essential
to human nutrition.® The handedness of enantiomers of limonene also determines whether the
aroma is of orange or lemon. More importantly, cells use D-glucose rather than L-glucose as an

energy source, making L-glucose a low-calorie sweetener for patients with diabetes mellitus.

Chirality can induce interesting optical activities in chiral entities. The asymmetric interactions
between circularly polarized light (CPL) and materials with structural chirality can generate
chiroptical effects, including optical rotation dispersion (ORD) and circular dichroism (CD). Both
ORD and CD have been applied to characterize optical chirality of chiral entities: the former

describes the capability of chiral materials to rotate the polarization of incident light, while the
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latter describes the asymmetric extinction of LH and RH CPL passing through chiral materials.
Since the discovery of chiroptical responses in 1848,’ the significance of optical chirality has
been increasingly revealed. One hypothetical origin of the biomolecular homochirality on Earth
has been proposed to be astronomical sources of circularly polarized light.'” The asymmetric
photoreactions of biomolecules on Earth irradiated by circularly polarized ultraviolet light may
have led to enantiomeric excess in a racemic mixture of chiral entities.'" In addition, chiroptical
properties can be observed in many living creatures, which have developed adaptations to control
CPL through evolution. For example, Chrysina gloriosa, a species of iridescent green beetle, has
developed cell patterns on their exoskeletons that are structurally and optically analogous to a
cholesteric liquid crystal, leading to selective reflection of CPL.'? Helicoidal structures, which
transmit RH CPL but reflect LH CPL, can also be observed in decalcified crustacean cuticle."
The polarimetry of the circularly polarizing cuticle of scarab beetles has attracted strong interest
to understand the survival value provided by optical chirality of such components in many
creatures.'* ' Circularly polarized scattering has been observed in single dinoflagellates and
suspensions thereof, which can be applied to enhance image contrast in underwater imaging.'®
Besides alternating and utilizing the polarization of background light, biological objects can also
emit light with circular polarization. For example, both CD in extinction and circular polarization
in fluorescence have been observed in chlorophyll due to the chiral organization of chlorophyll
molecules, which influences the photosynthesis apparatus.'” Circular polarization is also observed

in bioluminescence of fireflies of Photuris spp.'®

Chiroptical responses of chiral materials have also played significant roles in an ever-increasing
number of applications. Optical chirality has proven to be an effective way to solve the difficulty
of detecting structural handedness of chiral molecules. Due to the same composition of atomic

elements and symmetric chemical bonds, enantiomers of many chiral molecules show
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indistinguishable physical and chemical properties, which are dependent on scalar interactions in
most cases. Vector-dependent or chirality-dependent interactions are therefore required to analyze
and even separate the enantiomers of chiral molecules. The asymmetric CPL absorption of chiral
molecules leads to opposite signs in CD or ORD spectra for enantiomers with different
handedness, therefore enabling the detection of their chirality.'”** Chiral molecules have been
enantioselectively distinguished by chirality-dependent binding of enantiomers to chiral agents.
Incident light with circular polarization can provide similar chirality-dependent “binding” to
molecular enantiomers, but without the demand for chemical binding agents. Such chiroptical
characterization and separation have been widely applied in such areas as chemistry, food

analysis, and drug development.” '

Growing knowledge of chiroptical responses has enabled the development of chiral films to
manipulate and use CPL for a wide range of applications. Hodgkinson et al. developed LH
titanium oxide chiral films with large optical activity using serial deposition technology.** Based
on a similar method, Wu et al. achieved a chiral titanium oxide coating with screw-like LH
nanostructures for chiral reflectors or filters which reflect LH light but transmit RH light with
near-unity efficiency.” Chiral filters based on the chirality of materials or nanostructures have
also been developed using such techniques as tandem thin film coating, Fabry-Perot chiral
cavities, and circular Bragg resonance.”*** The large circular birefringence of chiral films has
shown potential for more sophisticated light manipulation. For example, a chiral film on an
unpolarized light emitting diode has been effective in enhancing the CPL emission.” Combining

film chiral filters with imaging pixels has led to chiral detectors.™
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1.2 Chiral metamaterials

Although chiroptical materials and devices can be obtained by aggregation of chiral molecules or
controlled deposition of inorganic materials, these natural materials face challenges to meet the
requirements of emerging applications, which call for both strong chiroptical effects and ease of
on-chip integration. Most natural chiral molecules show chiroptical responses in ultraviolet (UV)
or deep-UV, limiting their applications in chiroptical devices that operate on visible and infrared
light.” In addition, the large scalar discrepancy between sizes of chiral molecules and
wavelengths of electromagnetic waves leads to weak interactions of light with the chiral
molecules. Therefore, the chiral birefringence of most natural chiral molecules is below 0.1%,
which is often not large enough for practical device.”” On the contrary, chiral films of inorganic
materials provide strong chiroptical responses with tunable working wavelengths from the visible
to near-infrared regime.” However, such films are usually very thick in order to achieve strong
optical chirality, which are too bulky for nanophotonic devices such as on-chip polarizers, light

sources, and detectors.

The rapid development of nanotechnology in recent decades has provided promising solutions to
novel chiral materials. Emerging nanophotonic effects such as surface plasmons and photonic
cavities have been used to induce strong interactions between incident light and individual
engineered nanoscale or microscale structures, which are known as meta-atoms.”*”’ In plasmonic
meta-atoms, the resonant oscillations of free electrons driven by incident light have enabled
extraordinary light manipulation capabilities, leading to slow light effects, sub-wavelength
electromagnetic field localization, and efficient optical heating.**** The dielectric counterparts of
plasmonic meta-atoms such as silicon particles can confine incident light and generate standing
waves by utilizing strong reflections at the interface between low-refractive-index environments

and high-refractive-index particles.*** The strong light confinement in dielectric cavities is
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usually attributed to Mie resonances.**’ Design and arrangement of meta-atoms as building
blocks in three-dimensional (3D) structures lead to optical metamaterials. Benefiting from the
collective optical resonances of meta-atoms, metamaterials have shown more sophisticated
capabilities for light manipulation with enhanced performances. For example, near-unity optical
absorption can be achieved by metamaterials with thickness smaller than 1/10 of wavelength of
incident light.**° The optical responses of metamaterials, including operation wavelength and
line-shape, can be precisely controlled by tuning the size, shape and arrangement of the meta-
atoms.”'* More importantly, the strongly enhanced light-matter interactions have enabled
metamaterials with novel optical properties that are not achievable in natural materials. For
example, negative refractive indices have been achieved in metamaterials with double-fishnet
structures, double-layer of hole arrays, and metal wire arrays.** >’ The extraordinary capabilities
of metamaterials in controlling the effective refractive index and light propagation have led to the
realization of optical cloaking.’® *® The arrangement of dielectric optical cavities into
metamaterials with face-centered cubic or hexagonal close-packed crystal structures has also led

to interesting photonic band structures.>” ®

Planar two-dimensional (2D) versions of metamaterials, which are arrays of meta-atoms on 2D
surfaces, are known as metasurfaces.” >’ Benefiting from the collective light-matter interactions
of meta-atoms in a 2D arrangement, ultrathin metasurfaces have shown extraordinary capabilities
for light manipulation for highly integrated photonic devices. For example, both plasmonic and
dielectric metasurfaces have been used as meta-lenses, which can break the limits of resolution
and numerical aperture in conventional optical lenses.’'** Well-engineered electromagnetic hot
spots and ultranarrow spectral line shapes of metasurfaces have also been achieved to enable

ultrasensitive biological or chemical sensing.*®” Moreover, multiple optical modes can be
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generated in a single metasurface to induce Fano resonances and strong coupling, which are

promising for sensing at the single-molecule level.®” ®*

Chiral metamaterials and metasurfaces with strong chiroptical responses are emerging. The
strongly enhanced light-matter interactions at meta-atoms leads to chiral metamaterials with
chiroptical responses that are several-orders-of-magnitude stronger than natural chiral materials.
For example, for conventional chiral materials such as crystalline quartz, fluorite films,
cholesteric liquid crystals, and chiral molecules, the typical values of optical chirality are smaller
than 0.5 °/um.” Such values have been increased to >40 °/um in plasmonic chiral
metamaterials.”’ The strongly enhanced chiroptical responses in chiral metamaterials have
enabled ultrathin chiroptical devices. For example, gold helix chiral metamaterials with % of the
light wavelength in thickness can achieve near-unity transmission of incident CPL with opposite
handedness while blocking CPL with the same handedness.”® Moreover, the development of
chiral metamaterials overcomes the wavelength limit in natural chiral molecules, which usually
respond to the UV regime. Utilizing meta-atoms with different resonant wavelengths as building
blocks, one can achieve chiral metamaterials for a wide range of wavelengths from UV to
infrared.”® """ Optical chirality in terahertz (THz) and gigahertz (GHz) regimes has also been
achieved using metals with microwave resonances.” ’* The development of chiral metamaterials
at different wavelength regimes has significantly expanded the capability to manipulate
electromagnetic waves with circular polarization. Optical devices such as chiral polarizers, chiral
photodetectors, and chiral meta-mirrors have been proposed and developed in recent years based
on chiral metamaterials.””’ Tomita and co-workers have recently observed coupling between
magnetic resonances and optical chirality in metamaterials, leading to strong optical
magnetochiral effects, which are promising for one-way mirrors and synthetic gauge fields for

electromagnetic wave.”™ ™ Besides far-field chiroptical responses, chiral metamaterials have
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enabled researchers to explore the strongly enhanced optical chirality in the near field, which is
known as a superchiral field.** With the strongly confined light and localized electromagnetic hot
spots, chiral metamaterials exhibit significantly enhanced chiral near fields, opening the pathway
to utilizing the superchiral fields for applications in enantiodiscrimination, synthesis and sorting

of chiral molecules.®*®*

1.3 Chirality in moiré configurations

The development of chiral metamaterials relies on the generation of structural chirality or the
breaking of spatial symmetry of light-matter interactions. A common strategy for chiral
metamaterials is to design structures resembling natural chiral molecules and to replace the atoms
with meta-atoms. For example, inspired by helical chirality in propellers and spiral molecules
such as perchlorotripheylamine and helicenebisquinone, researchers have developed plasmonic or
dielectric gammadions and spiral structures with strong chiroptical responses.*” Analogous to
coupled chiral molecules consisting of two or more achiral molecules, such as 2,2’-dimethoxy-
binaphthyl, chiral metamaterials with coupled crosses, rods, and split rings have been achieved.*”
% By stacking layers of chiral building blocks into 2D or 3D spiral structures, one can generate
supramolecular chirality.*” The helical structure of DNA molecules has also inspired the creation
of metamaterials based on chiral scaffolds, including helically assembled Au nanoparticles,
plasmonic gyroid networks, spiral thin films, and chiral nano-needles.”””* Optical chirality can
also be observed when spatial symmetry is broken by introducing oblique incident light onto an
achiral metasurface.” The chiral phenomenon without the existence of actual chiral entities is

known as pseudochirality.”
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Despite substantial progress in the past decade, chiral structures that break site-specific symmetry
face challenges in fabrication and tunability. Time-consuming and costly fabrication techniques
such as focused ion beam lithography, two-photon lithography, and electron beam lithography are
often needed to achieve nanoscale building blocks in chiral metamaterials, especially those
operating in the visible and infrared regimes. Such challenges have limited the applications of
chiral metamaterials. Metamaterials based on pseudochirality have the advantage of simplicity in
fabrication. However, the requirement for precisely controlled incident angles of light cannot be

satisfied in many applications.

An alternative strategy to create chiral metamaterials is to transfer chirality from the macroscale
to the nanoscale. This strategy is similar to supramolecular chirality but without the demand for
chiral building blocks. For example, achiral nanoscale optical resonators can be assembled into
macroscale structures that are twisted or rotated. The macroscale twist or rotation gives rise to
structural chirality at the nanoscale, which therefore generates chiroptical responses. Kim et al.
demonstrated reconfigurable chiroptical nanocomposites using this strategy.”” They grafted
achiral Au nanoparticles onto flexible elastic substrates to form uniform layers of plasmonic
composites. The elastic substrates were twisted to generate macroscale structural chirality, which
was transferred to the chirality in the nanoscale nanoparticle chains for a strong chiroptical
response. Advantages of the transfer of chirality from macroscale to nanoscale include flexible

tunability and potential for reconfigurability.

One of the most exciting directions for the control of nanoscale chiral features by macroscale
manipulation is via moiré stacking, which typically refers to the superimposition of two identical

or similar periodic lattices with translational or rotational displacement.”®*” Moiré stacking leads



Nanoscale Page 10 of 43

to visually fascinating moiré patterns, which have been widely used in applications such as
optical alignment, document counterfeiting, and shearing strain analysis.”"'* More details on

moiré phenomena and moiré patterns are available in previous publications.”® " '"!

Strong correlations between macroscale and nanoscale displacements can be obtained in moiré
stacking due to the invariability of superimposing lattices. In other words, the nanoscale features
can be predicted in structures generated by moiré stacking of two or more periodic lattices. Due
to the strong correlation between macroscale and nanoscale features, moiré patterns have shown
enormous value for developing optical metamaterials and metasurfaces. In recent years, a large
amount of moiré metamaterials and metasurfaces have been developed by arranging plasmonic or
photonic meta-atoms into moiré patterns, including plasmonic moiré superlattices, woodpile
photonic crystals, and moiré graphene metasurfaces.’® '**'* The control over nanoscale features
by macroscale manipulation in moiré stacking have made it possible to easily and precisely tune
optical properties of moiré metamaterials by controlling relative lattice constants or rotation
angles between two or more periodic arrays. Tunable moiré metamaterials and metasurfaces have
thus been achieved by introducing moiré patterns in 2D arrays of gold or graphene
nanostructures.” >* The periodic lattices also enable high-throughput fabrication of moiré
metamaterials and metasurfaces. For example, when the periodic lattices in superimposing layers
are patterned using nanoimprint lithography, the wafer-scale moiré metamaterials and

metasurfaces can be fabricated in a roll-to-roll manner.

Recently, moiré patterns have proved effective in transferring chirality from the macroscale to the
nanoscale.” ' 3D moiré stacking of two or more periodic lattices leads to prominent chiral

structures. Figures 1a-c illustrate moiré stacking of one-dimensional (1D) gratings, 2D square-

10
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lattice arrays, and 2D triangular-lattice arrays, respectively. Different colors are used to depict the
top (light) and bottom (dark) layers when viewed from above. An anticlockwise rotation of the
bottom layer with respect to the top layer leads to LH structures, as shown in the left panels in
Figures la-c, when the relative in-plane rotation angle (6) is between 0 and n/R. R is the
rotational symmetry of the lattices in superimposing layers, which is 2 for 1D gratings (Figures
1a), 4 for 2D square-lattice arrays (Figures 1b), and 6 for 2D triangular-lattice arrays (Figure
1¢).'” When the in-plane rotation of the bottom layer with respect to the top layer is -6, as shown
in the right 97panels in Figures 1a-c, moir¢ stacking leads to RH configurations. The schematics
in Figure 1 show that the shaded area and rotational symmetry are the same in LH and RH moiré
patterns. Therefore, when interacting with unpolarized or linearly polarized incident light,
metamaterials with the moiré configurations do not have handedness-dependent optical responses.
In these cases, the moiré configurations in Figure 1 have no structural chirality. In contrast, when
the incident light has circular polarization, handedness-dependent light-matter interactions
appear in the moiré metamaterials. In these cases, the moiré configurations in Figure 1 can be
treated as 3D structures with the distinguishable layers depicted by different colors, leading to

prominent structural chirality.

With tremendous progress in nanofabrication, periodic arrays of nanostructures like those in
Figure 1 have been successfully fabricated with nanoscale precision and high throughput.'*'%
These moiré chiral metamaterials (MCMs) have attracted growing interests for both study of
light-matter interactions at the nanoscale and engineering applications in various fields. In
particular, the ease of control of nanoscale features and thus optical chirality by macroscale

manipulation has made it possible to create reconfigurable chiral metamaterials by simply

reconstructing chiral stacking between superimposing layers.'"’

11
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Figure 1. Handedness in moiré patterns. Schematics of moiré configurations with an opposite
handedness formed by (a) 1D periodic grating, (b) 2D squared-lattices, and (c) 2D triangular-

lattices, respectively. 8 and —6 correspond to LH and RH structures, respectively.

In this Feature article, we review the recent progress in chiral metamaterials based on moiré

stacking. After an introduction to the basics of optical chirality in metamaterials, we describe the

physics of optical chirality and it tunability in moiré metamaterials. By comparing chiral

12
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metamaterials with different building blocks (i.e. particles, rods, and holes), we highlight that
MCMs based on broken lattice-dependent symmetry feature advantages over conventional chiral
metamaterials based on broken site-specific symmetry. Next, we discuss fabrication techniques
toward chiral metamaterials with a focus on advantages of moiré stacking over conventional
methods applied for chiral metamaterials that break site-specific symmetry. After that, we present
the current applications of MCMs. We conclude with our perspectives on the future opportunities

of MCMs.

2. Basics of optical chirality

When monochromatic electromagnetic radiation interacts with a molecule, it will become

polarized and induce both electrical dipole moment and magnetic dipole moments:*
p=aE—iGB, m= jyB-iGE, (1)

where & is the electric polarizability with the value of @ = @' + ia”’, ¥ is the magnetic
susceptibility with the value of ¥ = ' + iy", G is the isotropic mixed electric-magnetic dipole
polarizability with the value of G = G’ + iG", E and B are time-dependent electrical and magnetic
local field with the value of E(t) = +E,e =™ and B(t) = +B,e "¢, respectively. The time-
dependent absorption (A*) of right-handed circularly polarized (RCP, +) and left-handed
circularly polarized (LCP, -) incident light by the molecule can be obtained by:'*®

A* =(E-p+B-m)=2"|E]" +"[B]") + ¢"w Im(E" - B) )
The time-averaged electric and magnetic energy density are U, = % |I~'I|2and Uy = ﬁ |§|2,

respectively. Thus, the time-averaged rate of absorption is stated as:

Af = :—oa"a)(Ue +yU,) F Eiocc" 3)

13
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where y = g—” €,l,- The absorption difference between RCP and LCP incident light arises from

144

the second term 61 CG" of Equation (3). Here, the C in gi CG" is known as optical chirality, which

determines the asymmetry in excitation rates between different chiral molecules:

€ = — %% m|E" - B] @

By applying wlm[ﬁ* . ﬁ] = B E — E - B, the above equation can be expanded as:

C =

N =

[eoE-VxE+#iOB-v><B] (5)

The free space optical chirality for CPL is given by:

&€

CCiPL =% ;:) |E|? (6)

where c is the vacuum velocity of light. Thus, the relative local chirality enhancement is obtained

by the ratio of C* and €, , which is ¢ = ——
)

. Equation (6) indicates that the enhanced electric

fields at chiral metamaterials increase the chirality and its associated light absorption, scattering

and emission.

When CPL interacts with chiral metamaterials, the absorption difference between two circularly
polarized lights (i.e., CD signal) can be greatly enhanced. For a chiral molecule near a chiral
metamaterial, the molecule-metamaterial coupling will change the overall CD spectra.
Considering a coupled molecule-plasmonic nanoparticle (NP) complex without the strong

hybridization, one can split the enhanced CD signal into two parts:'”

CD = CDmolecules + CDplasmon (7)

14
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where CDpo1ecuies and CDpigsmon are from the molecule and the NP, respectively, which

contribute to two CD bands. For a molecular dipole, CD,pjecytes can be calculated as:''
8 r "
CDmotecutes = Eg 3V oWy m X Im[(P 'le) ' m21] (8)

where E,, is the magnitude of the local electrical field, I' is the broadening and shift of the
molecular resonance due to the interaction with the NP, w, is the frequency of the molecular
resonance, the matrix P represents the NP induced optical electric field change inside the
molecule, u,, and m,, are the electric and magnetic transition dipole moments of the molecule,

respectively. For a spherical plasmonic NP, CDpq5mon can be expressed as:

3&o |2 % Im [ﬂlzx'm21x+ﬂ12y'm21}‘/+ﬂ122'm21z] 9)
(2e5tenp) hw—hwo+il

_ 8 ajp 2 [
CDplasmon - Im(sNP)380R3 Eo €o

where eyp is the dielectric constant of the NP, ayp is the radius of the NP, R is the distance
between the NP and the molecule, u,,; and m,; represents the electric and magnetic transition
dipole moments of the molecule in i direction , respectively. As the NP-molecule distance
increases, the CD signal decreases due to the reduced molecule-NP coupling. For a complex with

n number of molecules and n number of NPs, the total CD is described as:
CD = Zzl:l CDmolecule,i + Z?:l CDplasmon,i (10)

For a general large-scale chiral structure, the quasi-static approximation is no longer applicable.
The long-range electromagnetic coupling method can be used to calculate the CD. In this case,
Maxwell’s equation and continuous model for chiral structures should be solved with position-

dependent dielectric function''"'*:

D, =¢€E, +i¢.B, (11)
By | .
H, =7+ ié.E, (12)

15
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where £(w, r) is position-dependent dielectric constant and &.(w, 1) is the parameter describing
the chiral property of the medium. This induces the effective refractive indices difference

between RCP(+) and LCP(-) due to the structural chirality of the metamaterials:

ny = e+ X (13)

The difference in the imaginary part of the above equation gives the phase change for RCP and
LCP light as they travel through the metamaterials, leading to a different extinction of RCP and

LCP light.

Chiral metamaterials are also capable of manipulating linearly polarized light, which is an equal
superposition of LCP and RCP light. Because RCP and LCP light have different refractive
indices in chiral metamaterial, linearly polarized light travels through chiral metamaterials with
its polarization rotated. Such phenomenon, which is known as optical rotatory dispersion (ORD),

1s characterized as:

9:&;%22 (14)

where d is the thickness of the metamaterial, 4, is the wavelength of light in vacuum, and », and

n. are the effective refractive indices of RCP and LCP light, respectively.

An alternative parameter called dissymmetry factor g can also be used to evaluate the chiroptical
response of the molecules, which is proportional to the absorption difference AT — A~ between

RCP(+) and LCP(-) light normalized to the total absorption:

At—-4A-
At+A~

g=2 (15)

16
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The contribution of the magnetic field is negligibly small in most cases. Therefore, the

dissymmetry factor can be simplified as:

c
9=eryy g (16)
where gcpr, = —4%,, is the dissymmetry factor in free space, C is the optical chirality, U, is time-

averaged electric energy density, G" is the imaginary part of isotropic mixed electric-magnetic
dipole polarizability. At the low electric energy density region, the magnetic energy cannot be
considered negligible. Therefore, the full expression of g with the inclusion of magnetic energy

density is:

cC
9= 9P ime (17)

where y = z—::eoyo, C is the optical chirality, U, and U}, are time-averaged electric and magnetic

energy density, respectively. This dimensionless factor ranges from -2 to +2, representing the
magnitudes of CD signals. For typical organic molecules, the g value is normally small (~ 10°
*).""® The dissymmetry value g can be enhanced by increasing the local optical chirality C, which
has been demonstrated almost 11-fold chiroptical enhancement using superchiral fields.* In
addition, g can also be increased by decreasing U, or decreasing the local electrical field
intensity.”” Thus, a key factor in enhancing near-field (i.e. local chirality) and far-field (i.e. CD
and ORD) chiroptical responses is large structural dissymmetry. In recent years, chiral
metamaterials with large dissymmetry have been developed by breaking site-specific symmetry

or lattice-dependent symmetry.

3. Optical chirality in chiral metamaterials and MCMs

17
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In this section, we firstly discuss optical chirality in chiral metamaterials consisting of building
blocks arranged in ways that break either site-specific symmetry or lattice-dependent symmetry.
We highlight the advantages of breaking the lattice-dependent symmetry in MCMs. Next, we
demonstrate tunable chiroptical coupling in MCMs. Finally, we discuss moiré chiral meta-films

made by stacking atomically thin graphene layers.

3.1 Round-shaped particles as building blocks

Single round-shaped particles are achiral structures. Maoz et al.''’ demonstrated that, when a
chiral molecule adsorbs onto an achiral silver NP, the NP surface plasmons can enhance the UV
CD signal of the molecule. However, a single NP has limited chiroptical enhancement.''''* By
engineering the NPs into pairs, split-gate structures or nanoshells, Govorov et al. claimed that the
optical coupling between the molecules and the engineered NP structures can amplify the natural
CD signal of molecules through plasmonic concentration and enhancement of the electromagnetic
fields at the small regions.'”” The coupling can also shift the CD signal of the molecules from the
UV to the visible region. Still, the lack of structural asymmetry in achiral plasmonic structures
has limited their chiroptical response. To further enhance chiroptical responses, multiple achiral
NPs arranged into chiral structures have been explored.''® "7 Banzer et al. studied a three-particle
system in a chiral geometry.'"® As shown in Figure 2a, this heterotrimer exhibits material-
composition asymmetry, leading to different absorption of RCP and LCP light. The asymmetric

absorption behavior can be visualized by the constructive or destructive interference of near-field

coupling within the trimers (Figure 2b).

18
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Figure 2. Round-shaped particles as building blocks. (a, b) Chiroptical response of a
heterotrimer of planar disks: (a) Circular dichroism of the trimer system. The inset is the
schematic of the disk trimer (blue is a silicon nanodisk; yellow is a gold nanodisk) under RCP
and LCP light irradiation; (b) Field distributions at the trimer under 520 nm LCP light irradiation;
(a, b) Reproduced with permission.'"® (¢, d) Chiroptical responses of 3D gold diastereomers of
nanodisks: (c) Simulated electric near-field distributions upon irradiation by LCP light for single-
and double-layer assemblies; (d) Scanning electron micrographs and CD spectra of six different
diastereomers; (c, d) Reproduced with permission.''? (e-h) Chiroptical response of a moiré-
stacked disk array: (¢) Schematic of the moiré array with the displacement vectors d(x, y); (f)
Visualized displacement field of the moiré pattern over a large area; (g) Transmission spectra of
LCP (blue) and RCP (red) light for different relative displacements; (h) Distributions of phase
(indicated by color) and normalized intensity (indicated by brightness) on the moiré array; (e-h)

Reproduced with permission.'*’

Hentschel et al. demonstrated that the chiroptical responses of planar chiral assembly of
nanodisks can be tuned by adding an NP on the top of the assembly, as shown in Figure 2¢.'"”
This extra NP leads to a substantial increase in structural chirality, significantly enhancing the

chiroptical responses and their tunability, as shown in Figure 2d.
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Unlike the chiral assemblies of NPs in Figures 2a-d that break site-specific symmetry, moiré
stacking leads to 3D structural chirality that breaks the lattice-dependent symmetry. For example,
Ohno et al. created a 3D chiral metamaterial via moiré stacking of two layers of periodic disk
arrays with lattice-dependent structural chirality. Strong optical chirality in such chiral
metamaterials has been observed.'”” To better visualize the structural chirality, the displacement
vector can be used to represent in-plane displacement from the center of a disk in the first layer to
the center of the nearest disk within the second layer (Figure 2¢,f). There is a strong circular
displacement trajectory around the twisting center, which shows a periodic array of topological
phase singularities. The relative displacement of the disk arrays alters the direction and magnitude
of local circular trajectory and shifts the transmission spectra (Figure 2g), and the chiroptical
response can also be characterized by the transmittance distribution at the resonant frequency.
The 2D mapping in Figure 2h depicts the relative phase and intensity of the transmitted LCP light
at a resonant frequency of 0.64 THz, where the topological singularities of the structure and the
phase singularities near the surface match well with each other. This is a good demonstration of
how the topological features of the moiré pattern are projected onto the electromagnetic field

through a chiral metamaterial.

3.2 Rods as building blocks

Typical rod-built structures include single rods, C-shaped, L-shaped, Z-shaped, and even more
complex rod arrangements.'*' Single rods and C-shaped rods are achiral structures due to their
mirror symmetries. Therefore, these two types of rod-built structures show no optical chirality.
However, the L- and Z-shaped rod assemblies are chiral (Figure 3a).'**"** The Z-shaped

assemblies can typically produce stronger optical rotation than the L-shaped structures because
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the additional short segment induces additional polarization (Figure 3b). For more complex chiral
assemblies of rods such as gammadions, strong chiroptical responses have been found.
Schaferling et al. showed that such a structure can produce >30-fold plasmonic enhancement of

the optical rotation, though still an order of magnitude lower than that obtained with the L or Z

rod assemblies.*
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Figure 3. Rod arrays as building blocks. (a, b) Optical response of planar chiral-patterned
dielectric metamolecules with an embedded achiral plasmonic nanostructure: (a) ORD spectra for
an array of RH (solid blue line) and LH (dashed red line) dielectric L structures on a substrate; (b)
Polarization rotation for L-, Z-, and C-shaped metamolecules with zero-degree polarization angle;
(a, b) Reproduced with permission.'*! (c) Optical chirality enhancement induced by the twisted C-
shaped structure under LCP light. (¢) Reproduced with permission.* (d) The effective refractive
index of the Au cross structure for RCP and LCP light. (d) Reproduced with permission.'> (e, f)
Optical chirality of twisted nanorod metamaterials: (¢) Scanning electron micrograph and the

corresponding illustration of a twisted nanorod system; (f) Experimentally measured transmission
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of the twisted metamaterial with RCP and LCP light, and its extracted CD; (e, f) Reproduced with

ol 75, 126
permission.””

(g, h) Optical chirality of 3D chiral photonic crystal: (g) Schematic of the 3D
chiral photonic crystal, along with calculated transmittance spectra (solid lines) and reflectance
spectra (dotted lines) for RCP (blue) and LCP (red) light; (h) PL spectra under LCP and RCP

excitation for the chiral photonic crystal containing QDs; (g, h) Reproduced with permission.'*’

In an example where achiral building blocks can be used to build a chiral structure, strong optical
chirality can be observed in bilayer C-shaped structures with site-specific twisting (Figure 3c).*
The chiroptical response of such structures can be tuned both by the relative angle of the twisted
C-shaped structures and the gap distance between two twisted-C structures.®” Zhou et al. also
demonstrated that bilayers of crossed wires can give giant CD with a negative refractive index
(Figure 3d).'” Here, the negative refractive index comes from the structural chirality rather than a
negative index of the materials themselves. Zhao et al. fabricated twisted nanorod chiral
metamaterials with a similar tunability based on the relative angle between anisotropic
structures.” '*® Further study of the number of layers showed that, for a bilayer twisted nanorod
arrays, one dominant response occurs due to the longitudinal surface plasmon resonance, while
multilayer twisted nanorod metamaterials give broader chiroptical responses (Figures 3e and 3f).
Here, the chiral mechanism can be analyzed through the dominant Floquet mode, which is
significantly different from other strong coupling-induced extrinsic chirality between the

neighboring pairs.

In comparison with site-specific symmetry breaking in rod-based chiral structures, lattice-
dependent symmetry breaking can be achieved by moiré stacking of rod arrays, giving unique
structural and chiroptical properties. Takahashi et al. demonstrated a semiconductor-based three-

dimensional moiré chiral photonic crystal with three layers rotated by 60° forming a single helical
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unit with a broad chiroptical response (Figure 3g)."** Two CD bands arising in these structures
were shown to come from two different helical structures. The most selective transmission
occurred at 1.3 pm, where the transmittance of RCP light was 85% and the transmittance of LCP
light was 15%. This response could be tuned to different wavelength regions by scaling the
crystal dimensions or changing the number of layers. These materials have potential for use as
active chiral emitters by doping the quantum dots (QDs): A theoretical study of spontaneous
emission from QDs embedded in 3D chiral photonic crystals demonstrated modulation of
circular polarized light in vacuum, where the extinction ratio can reach 8 over the entire visible

spectrum with only 390 nm total material thickness (Figure 3h).'*

Stacked metallic nanostrips also show chiroptical responses with lattice-dependent symmetry
breaking. Gao et al. fabricated two-layer gold gratings with strong chiroptical responses in the
visible range."’ The two predominant transmission dips correspond to the electric and magnetic
resonances with parallel and anti-parallel current flowing on the top and bottom Au strips,
respectively. Besides geometry-modulated CD spectra, chiroptical responses can also be tuned by
the direction of incident light. Yun et al. demonstrated that ultra-thin helically stacked Al
nanorods can provide non-resonant circular polarization of visible light."”' Whether a dielectric
photonic crystal or metallic nanostrips, the moiré stacking of multiple layers can lead to a higher
excitation ratio than typical resonance-based structure and can give broader bandwidths due to

collective surface plasmon effects.

3.3 Hole arrays as building blocks

It has been demonstrated that periodic nanohole arrays in metal films can have extraordinarily

large transmission resonance due to the SPP (surface plasmon polariton)-mediated transmission
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and dynamic diffraction effects."*> '** Maoz et al. took advantage of this to show the chiral
enhancement of nanohole arrays (Figure 4a).”* Periodic nanohole arrays are achiral structures
with normal incidence of light because the field pattern for two circular polarizations are exact
mirror images and their difference cancels out. However, once the incident angle is tilted even
slightly, a clear asymmetric CD response appears under two different circular polarizations
(Figure 4b). An elliptical nanohole array penetrating through a metal/dielectric/metal film can
also produce CD in the near infrared (NIR) region when the light is off-normal incidence."** With
the metal film at the backside as a reflector, the metal/dielectric/metal structure can greatly
enhance the CD absorption of the nanohole array under titled incident light. It also shows
multiple broad CD bands, which arise from the coupling of internal and external SPP modes of
different diffraction orders. To resolve the lack of CD response under normal-incident light,
Rodrigues et al. stacked two elliptical nanohole arrays with site-dependent symmetry breaking,
where the major axes of the ellipses were skewed by 22.5°, to achieve a linear chiroptical

response of 0.58 and a maximum optical rotation of 2.3 X 10° °/cm (Figures 4c and 4d).'*

Planar Achiral Hole Arrays Bilayer Twisted Ellipse Arrays
(b) I

-20° vs. 20°

_______

700 800 900 600 700 800 900
Wavelength (nm) Wavelength (nm)

Figure 4. Nanohole-based chiral metamaterials. (a, b) Chiroptical effects in planar achiral
nanohole: (a) Schematic of nanohole arrays; (b) Simulated CD spectra of nanohole arrays at
several tilt angles; (a, b) Reproduced with permission.”* (c, d) Stacked silver ellipses: (c) SEM

images of ellipses in two layers; (d) Simulated transmission spectra of different CPL of the arrays

24

Page 24 of 43



Page 25 of 43

Nanoscale

in (c); (c, d) Reproduced with permission."* (e-h) Chiroptical effects of MCMs: (¢) SEM images,
(f) measured and simulated CD spectra, and (g) schematic illustrations of MCMs; (h) Electron
current distributions in the top and bottom layers of the MCM under LCP and RCP excitation; (e,

f, g, h) Reproduced with permission.'®

Site-dependent nanohole-based chiral metamaterials require precise alignment between the
nanohole layers. We reported a new type of metamaterials called MCMs to eliminate the
requirement for precise alignment. Briefly, MCMSs can simply consist of two layers of identical
nanohole arrays with periodic lattices stacked with an interlayer rotation angle, leading to lattice-
dependent symmetry breaking.'” The relative rotation angle of the two nanohole layers can be
precisely tuned. Depending on the rotation angle, MCMs can be a RH or LH chiral structure, as
shown in Figure 4e, which results in opposite handedness of optical responses near the plasmon
resonance (Figures 4 f and 4g). To better understand the mechanism of chiroptical response, the
light-induced effective current in both layers are simulated to show the different propagation
directions under two polarizations (Figure 4h). The key feature of MCMs is the capability for
tuning nanoscale optical chirality through macroscale manipulation. In other words, precise
nanoscale lattice rotation of the MCMs can be achieved through macroscale mechanical rotation,

which simplifies large-scale fabrication.

3.4 Tunable chiroptical coupling in MCMs

Lattice-dependent symmetry breaking in moiré chiral stacking has enabled exciting opportunities
in achieving novel chiral metamaterials. One example is the utilization of propagating modes in
plasmonic nanohole arrays and their coupling for tunable chiroptical activity. We demonstrated
tunable and strong chiroptical coupling in MCMs by stacking two layers of identical Au nanohole
arrays with a tunable dielectric spacer layer (Figure 5a).” The near-field coupling between the top

and bottom layer not only dynamically tunes the spectral shift but can also increase the magnitude
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of the CD response (Figure 5b). The strongest optical chirality happens with an in-plane rotation
angle of -15°/15° and a spacer thickness of ~25 nm. Modeling reveals that the tunability of
MCMs arises mainly from gap surface plasmons (GSPs). However, the overall the spectral shape
depends on near-field coupling between GSPs and SPPs, which leads to significant spatial
differences in electrical hot-spot distribution under RCP and LCP light irradiation. As shown in
Figure 5c, the large number of strong electrical hot spots in the spacer layer of 15° MCM
indicates that strong GSPs are excited at a wavelength of 700 nm under RCP light. However,
electrical hot spots are reduced in the spacer layer at a wavelength of 775 nm under RCP light.
The polarization-dependent and spacer-dependent near-field coupling between GSPs and SPPs

has led to strongly enhanced chiroptical responses that are tunable over 350 nm in wavelength.

RCP
=700 nm

1000

600 800
Wavelength (nm)
800 800

RCP
A=775nm A

Figure 5. Tunable MCMs. (a) Schematic of RH (top panel) and LH (bottom panel) MCMs with
relative in-plane rotation angles of 15° and —15°, respectively, along with cross-sectional view of
the MCMs. (b) Simulated CD spectra of RH (top panel) and LH (bottom panel) MCMs as a
function of spacer thickness. (c) Cross-sectional view of simulated electric intensity |E[* at 700

nm and 775 nm under RCP. Reproduced with permission.*’

3.5 Moiré chiral meta-films of atomically thin materials

Moiré¢ chiral stacking has further led to the development of tunable chiral meta-films based
on atomically thin materials such as graphene, which is desirable for highly flexible and ultra-

compact devices. Kim et al. reported a moiré stacking approach to achieving atomically thin
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chiral meta-films as shown in Figure 6a."*® The chiral properties come from the large in-plane
magnetic moment from graphene’s interlayer optical transition. The incident light can introduce
optical absorption for both achiral and chiral structures with a dynamic current (Figure 6b).
However, a magnetic dipole moment can only be generated along with current in twisted
graphene chiral materials while it disappears in achiral graphene. The coupling between the
magnetic field of the light and the induced magnetic dipole moment in chiral materials can
generate an additional chiral optical absorption, which leads to the absorption difference between
two types of circular-polarized light (Figures 6¢ and 6d). Graphene-based tunable chiral meta-
films can also be extended to other atomically thin materials such as transition metal

dichalcogenides, allowing realization of wversatile atomically thin chiral optical devices.

(a) (b)

(c) (d) ' ey 65

Figure 6. Tunable moiré chiral meta-films based on atomically thin materials. (a). Schematic
of the chiral stacking process for generating LH and RH twisted bilayer graphene films. (b) CD
spectra measured from a pair of chiral twisted bilayer graphene films. (¢) An electric dipole u is
excited both in achiral (left panel) and chiral (right panel) materials. Only a magnetic moment m
is excited in chiral (right panel) materials. (d) Different from single-layer graphene (left panel),

interlayer optical transitions in moiré bilayer graphene can generate excited states delocalized
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across both layers, which can host a helical current with an in-plane magnetic moment (right

panel). Reproduced with permission.'*®

4. Fabrication techniques

Optical chiral materials consisting of different types of building blocks can be fabricated by
various methods, including bottom-up, top-down and hybrid approaches. For small chiral
structures such as nanoparticle-based chiral materials, precise manipulation tools such as atomic
force microscopy are used to assembly the nanoparticles into the desired chiral geometry.''™ *"
¥ Methods such as DNA self-assembly can also be used to construct various types of chiral
structures.'”’ Here the DNA is predesigned as a chiral template with several vacant binding sites.
By adding the plasmonic nanoparticles, DNA facilitates the binding of nanoparticle to these
vacancies to form a chiral metamolecule. The chiroptical properties of the metamolecules can
be actively controlled through modulating the dynamics of the DNA. As an example, Mastroianni
et al. used DNA origami bundles to arrange attachment sites of 10 nm AuNPs into RH and LH

chiral structures.'* As shown in Figure 7a, the overall size of metamolecules can be as small as

30 nm, which is hard to achieve for traditional direct writing techniques.

28



Page 29 of 43

Nanoscale

Directed Assembly by Chiral Scaffolds == — Site-specific Chiral Patterning =
(a) (b) i
IIR"
@
. Ay, w—p
{LL ] .
. \
L)- R L
PN\
20 nm
Moiré Chiral Stacking

() a NSLonCu RIE & Deposit Au Remove sphere Etch Cu
Au bottom iayer on giass  Stack top iayer Remove PMMA

& Coat PMMA
PMMA
- IR Au holes
Cu substrate

Figure 7. Fabrication of chiral metamaterials with nanoscale features. (a) Left- and right-

handed nanohelices are formed by gold nanoparticles that are attached to the surface of DNA
origami bundles. Reproduced with permission.'* (b) Fabrication procedure of gold helix photonic
metamaterials. Reproduced with permission.” (c) Fabrication procedure of MCMs. Reproduced

with permission.'”

To fabricate arrays of chiral structures with site-specific symmetry breaking in a top-down way,
techniques such as electron-beam lithography, focused ion-beam-induced deposition and direct
laser writing with multi-step alignments have been used. As an example, Gansel et al. fabricated
gold helices using direct laser writing (Figure 7b).”° Here, the polymer templates are first made
via direct laser writing, and gold is then filled in the polymer templates by electrochemical
deposition. In another large-area and low-cost chiral structure fabrication, Frank et al. showed

that hole-mask lithography with tilted angle evaporation can fabricate chiral gold nanostructures
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over centimeters square.” The handedness of the spiral-like chiral structures can be dynamically

tuned by the rotation direction of the sample holder during the evaporation.

In contrast to costly and time-consuming fabrication of chiral metamaterials based on the site-
specific symmetry breaking, moiré stacking has reduced the constraints in fabrication and
tunability. We have proposed a low-cost chiral structure fabrication procedure through moiré
chiral stacking of plasmonic nanohole arrays fabricated by self-assembly of colloidal particles.'®
This fabrication includes two major processes, as shown in Figure 7¢. Specifically, in the first
process, Au nanohole arrays are created on a Cu substrate through traditional nanosphere
lithography, followed by removal of the nanospheres and spin-coating a layer of PMMA. The Cu
substrate is then selectively etched away and the floating thin film consists of the Au nanohole
arrays and PMMA sacrificial layer. In the second process, nanosphere lithography is used to
create Au nanohole arrays on a glass substrate. The two Au nanohole arrays from process 1 and
process 2 are stacked together, leading to the MCMs with the two layers of Au nanohole arrays in
contact. By tuning the evaporation or etching angle in nanosphere lithography, it is possible to
achieve a variety of structures such as rings, stars, wires, and triangles.'*> The moiré stacking is
broadly applicable to a variety of materials, including metal, dielectric, organic, and atomically

thin materials.'*

Another substantial advantage in fabrication of chiral metamaterials based on moiré stacking is
the versatility in choosing functional materials as dielectric spacers. We have made use of this
flexibility to achieve active chiral metamaterial with dynamic tunability by including silk fibroin
as the dielectric spacer (Figure 8a).®” The Au nanohole arrays were fabricated through a process

similar to process 1 in Figure 7c. In process 2, instead of stacking the floating Au array on the Au
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bottom layer on the glass substrate, we spin-coated silk fibroin onto the bottom layer. The Au
nanohole array layer from process 1 was then transferred onto the silk spacer to form an MCM
with a silk interlayer. Active silk-MCMs were demonstrated by dynamically tuning the spacer
thickness of the MCMs through silk expansion and shrinkage, which is controlled by the polarity

of the solvents, as shown in Figure 8b.

(a) (b)
NSL on Cu RIE & DepositAu  'ymove sphere Etch Cu
& —
i Substrate
Pfo 1 — — — Metamaterial ﬂ
Au holes on glass Spin coat silk Crosslinking Stack top layer Remove PMMA 'Lof,"',;"“‘,,',m {High polarity)

ERe < ISO2%

et d d  d 4

Figure 8. Fabrication of active MCMs. (a) Fabrication of active silk-MCMs. (b) A schematic of
active silk-MCMs in response to solvents of low and high polarity. Reproduced with

permission.”

Moiré stacking has also enabled controllable and tunable chiral meta-films at the wafer scale. As
an initial demonstration, Kim et al. demonstrated the precise control of chiroptical responses of
graphene chiral meta-films by tuning the interlayer angle of two spatially uniform graphene
layers."*® The fabrication process is shown in Figure 9. Multilayer moiré graphene can also be
achieved by repeating the above procedure for multiple times. Benefiting from the macroscale to
nanoscale chirality transfer in moiré chiral stacking, centimeter-scale spatially uniform chiral

meta-films with precisely controllable structural and optical chirality have been achieved.
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Figure 9. Fabrication of bilayer moiré chiral meta-films with precisely controllable chirality.

The graphene was grown on a Cu sacrificial layer. The thermal release tape was attached onto the

graphene surface. After selectively etching away the Cu layer, the thermal release tape with
graphene was transferred to a SiO,/Si substrate. The offset angle of bilayer moiré graphene was
controlled by the relative angle between the edges of the two thermal release tapes. Reproduced

with permission.'*®

5. Applications

A variety of applications based on MCMs have been demonstrated and proposed in recent years.

As examples, we discuss the uses of MCMs in sensors and reconfigurable devices.

5.1 Biomedical sensors

It has been demonstrated that superchiral fields at chiral metamaterials can largely enhance the
enantioselective excitation of chiral molecules.'** '** Plasmonic chiral metasurfaces have been
applied to detect structural chirality of biological molecules such as concanavalin A, bovine
serum albumin, and shikimate kinase at picogram quantities.* '** '** Such a strategy provides a
label-free and ultrasensitive method to discriminate between enantiomers, which has significant
implications in drug safety and medical applications. Nowadays, more than 55% of the current

. . . . . . 146
drugs, including commonly used ones like ibuprofen and ofloxacin, are chiral substances.
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Although they share the same chemical makeup, most enantiomers of chiral drugs have large
differences in biomedical activities, including metabolism, toxicology, and pharmacology. In
many cases, including the infamous thalidomide example, the safe and pharmacologically-active
chiral drugs have “evil twins” that are harmful to human body. In 2015, 19 out of the 20 new
chiral drugs approved by the US Food and Drug Administration have been required to be
enantiomerically pure.'*’ However, due to the weak intrinsic chiroptical responses of drug
molecules, chiral sensing often requires tedious sample preparation, large amounts of sample, and

long measurement times, hindering the drug development.

Recently, we have demonstrated that the strong superchiral fields in MCMs can be applied for
surface-enhanced enantiodiscrimination of chiral drug molecules.'” The sensing was based on
plasmon-enhanced polarimetry, which detects the structural chirality of molecules by comparing
the difference in spectral shift of plasmonic chiral metamaterials upon the adsorption of LH or
RH molecules. The adsorption of molecules on the surface of MCMs induced spectral shifts of
CD peak/dip (AA) due to changes in the dielectric environment (Figure 10a). The value of A\ was
dependent on the relative chirality between the MCMs and the adsorbed molecules, where chiral
molecules caused asymmetric spectral shifts of LH (AA;) and RH (AAg) MCMs. The asymmetry
in spectral shift (AAL) can be used to characterize the chirality of the bound molecules. We
observed a significant AAA in LH and RH MCMs caused by the adsorption of concanavalin A,
where achiral molecules had a negligible effect (Figure 10a). We have further applied the MCMs
to detect the stereochemistry of small drug molecules (Figure 10b). The enhanced and localized
superchiral fields enabled the enantioselective discrimination of a therapeutic chiral drug “R-
thalidomide” from its toxic enantiomer, “L-thalidomide”, as demonstrated by the opposite signs

n AAA.
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Figure 10. Applications of MCMs. (a, b) Enantiodiscrimination of chiral molecules based on
MCMs: (a) CD spectra of the LH (blue) and RH (red) MCMs with (solid) and without (dashed)
the adsorption of Concanavalin A (ConA); (b) asymmetric spectral shift (AAL) induced by R-
thalidomide and L-thalidomide. (a, b) Reproduced with permission.'® (c-¢) Ultrasensitive
detection of water contaminants in isopropyl alcohol (IPA) based on silk-MCMs: (c¢) CD spectra
of a silk-MCM exposed to water-IPA mixtures with different concentrations of water; (d) (Top
panel) Normalized CD spectra around the wavelength of Ay as indicated by a dashed square in (c);
(Bottom panel) Normalized |CD| " spectra around the wavelength of A, as indicated by a dashed
square in (¢); (e) Spectral shifts of Ay and A, with the inclusion of water in IPA with different
concentrations. The spectral shift of a state-of-the-art refractive index sensor with sensitivity of
1500 nm/refractive index units (RIU) is shown for comparison. (c-¢) Reproduced with
permission.”” The high sensitivity and figure of merit of silk-MCM in detecting solvent
contaminants are promising in oil industry, chemistry, and high-precision machinery, where high-

polarity contaminants such as water should be eliminated to avoid degradation of devices.*’
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5.2 Chemical sensors

The bipolar signatures in CD spectra offer an effective way to reduce the spectral linewidth,
leading to a high figure of merit when applying chiral plasmonic structures for refractive index
sensing.'*® As an example, we have demonstrated ultrasensitive detection of solvent
contamination using MCMs with silk fibroin as dielectric spacer.” The volume of silk fibroin is
highly sensitive to the polarity of the surrounding medium. Therefore, a small increase in the
solvent polarity can lead to substantial expansion in the spacer thickness and thus a large spectral
shift in the CD spectrum of the MCM. As an initial demonstration, we have applied the silk-
MCMs to detect trace amounts of water in isopropyl alcohol (IPA), where 0.1% of water in IPA
led to an obvious spectral shift in the CD spectra of the silk-MCM, resulting in a sensitivity of ~1
x 10° nm/RIU (Figures 10c-¢). The bipolar shape of the CD spectrum further enables quantitative
analyses of the water impurity by the normalization of the |CD["' spectrum around the wavelength
of the zero-crossing point in the CD spectrum, as denoted by A, in Figure 10c. The ultrasensitive
detection of methanol in hexane has also been demonstrated in a similar way with a sensitivity of

0.02% (v/v) (i.e. 200 ppm) and even below.

5.3 Reconfigurable devices

Reconfigurable metamaterials and devices can improve the optical tunability and operating
bandwidth for enhanced applications.'*” "> The reconfigurability in optical chirality has shown
potential in a variety of applications, including information storage, communication, and
display.*® The MCM:s enable the reconfigurable devices based on the change of the structural
chirality in a precisely controllable way. Han et al. demonstrated a rotationally reconfigurable

metamaterial based on moiré stacking of periodic metallic discs with square-lattice arrays, where
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reversible binding between the two layers allowed tunable moiré patterns.'”’” Benefiting from the
predictable features by the interlayer rotation in moiré patterns, both the number and amplitude of
resonance bands can be precisely tuned and reconfigured, leading to tunable filters and

modulators.

6. Summary and Perspectives

The transfer of chirality from macroscale to nanoscale through moiré stacking is promising to
create chiral metamaterials from a variety of building blocks. The versatile tuning of moiré
patterns and structural chirality arises from the variable numbers of superimposing layers and
interlayer displacements. The spacer layers in the MCMs further enable the strong chiroptical
coupling and response with flexible tunability for the enhanced applications. For example, by
using suitable dielectric spacers in the MCMs that can change volumes in response to targeted
analytes, one can achieve the sensors for various molecular detection. Ultrasensitive heat or light
detectors can also be developed by using thermo- or light-responsive polymers as the spacer

layers.

MCMs are highly compatible with the large-scale nanomanufacturing techniques. For example,
we are applying roll-to-roll nanoimprint lithography to achieve large-scale high-throughput
fabrication of the MCMs. With their cost-effective large-scale fabrication, strong chiroptical

responses and high reconfigurability, MCMs will find a wider range of applications in various

fields.
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So far, most of the reported MCMs have been two-layer structures. The effects of increasing
numbers of superimposing layers on the chiroptical properties remain to be investigated. To move
forward, one would expect to observe new phenomena from the MCMs where chiral features or
nonperiodic lattices were included in the individual layers. Nonlinear chiroptical effects in
MCMs have yet to be explored. The study of nonlinear effects such as second and third harmonic
generation, chiral-dependent two-photon optical processes, and magneto-chiroptics in the MCMs

would lead to exciting new physics and applications.
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With their highly tunable chiroptical responses in combination with cost-effective and scalable
fabrication, chiral metamaterials via moiré stacking are promising for a wide range of

applications.



