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chiral plasmonic nanoparticles and their 
self-assembled structures as colloidal sus-
pensions.[6–9] Recently, beyond noble metal 
plasmonics, solid-state layered nanoma-
terials that are rotationally aligned with a 
defined twist angle are becoming increas-
ingly investigated (Figure 1). Among these 
are twisted 2D van der Waals (vdW) mate-
rials,[10–12] twisted single-crystal slabs,[13,14] 
twisted aligned nanowire thin films,[15–18] 
and twisted metasurfaces with periodic 
subunits[19–21] (Figure 2). These chiral 
stacked materials possessing geometric 
handedness and optical chirality can be 
seen as truncated and minimalistic ver-
sions of supramolecular liquid crystals in 
the chiral nematic phase or of 3D chiral 
photonic crystals.[22–24] Compared to their 
bulk or multiple-layer counterparts, the 
fabrication becomes greatly simplified 
for bilayer or few-layer chiral metama-
terials, enabling precise control over the 
interlayer twist angle to manipulate light–
matter interactions. Ultrathin chiral meta-

materials and metasurfaces with tunable optical and chiroptical 
responses are thus an active field for study.

Twisting achiral layered nanostructures in parallel planes 
enables engineering of the extrinsic chirality and related optical 
performance. Specifically, the twist angle from counterclock-
wise rotation of an upper layer with respect to the beneath one 
is defined to be positive, θ > 0°, leading to a left-handed stacking 
geometry.[10,18] Accordingly, negative twist angle from clockwise 
rotation gives rise to the right-handed counterpart. Accurate 
control over the interlayer rotation angle offers flexible manipu-
lation of properties, especially optical activity, of twisted layered 
systems of a wide variety of monolayer constituents and dimen-
sions. A well-studied system is twisted bilayer graphene (TBG), 
catalyzing the research on twisted stacked nanostructures over 
the past few years, especially as many intriguing properties 
of magic-angle graphene are uncovered.[28–30] The twist angle 
dependencies of phonon dispersion,[31] optical absorption and 
reflection,[32,33] circular dichroism (CD) and birefringence,[10,34] 
second harmonic generation (SHG),[35] and photoresponse[36,37] 
of TBG have been extensively explored in the past few years. 
Similar realizations have been reported for twisted nanostruc-
tures of other 2D materials such as transition metal dichalco-
genides,[38,39] graphitic carbon nitride,[40] and hexagonal boron 
nitride (hBN),[41] as well as non-2D systems like polymeric 
thin films or patterned plasmonic nanohole arrays.[42,43] There-
fore, there exists fertile ground for chiral metasurface design 

Artificial chiral nanostructures have been subjected to extensive research for 
their unique chiroptical activities. Planarized chiral films of ultrathin thick-
nesses are in particular demand for easy on-chip integration and improved 
energy efficiency as polarization-sensitive metadevices. Recently, controlled 
twisted stacking of two or more layers of nanomaterials, such as 2D van 
der Waals materials, ultrathin films, or traditional metasurfaces, at an angle 
has emerged as a general strategy to introduce optical chirality into achiral 
solid-state systems. This method endows new degrees of freedom, e.g., the 
interlayer twist angle, to flexibly engineer and tune the chiroptical responses 
without having to change the material or the design, thus greatly facilitating 
the development of multifunctional metamaterials. In this review, recent 
exciting progress in planar chiral metasurfaces are summarized and dis-
cussed from the viewpoints of building blocks, fabrication methods, as well 
as circular dichroism and modulation thereof in twisted stacked nanostruc-
tures. The review further highlights the ever-growing portfolio of applications 
of these chiral metasurfaces, including polarization conversion, information 
encryption, chiral sensing, and as an engineering platform for hybrid metade-
vices. Finally, forward-looking prospects are provided.

 

1. Introduction

A chiral object, by definition, has a nonsuperimposable mirror 
image of itself. From the spiraling gastropod shells to the 
left-handed bias of the universe, chirality is of universal sig-
nificance across both length-scales and disciplines.[1] Signifi-
cantly, chirality bears technological implications; for instance, 
chiral nanomaterials have found many applications in chiral 
sensing, enantioselective catalysis and polarization-sensitive 
optics owing to the differential interactions with left circularly 
polarized (LCP) and right circularly polarized (RCP) light.[2–5] 
Therefore, many efforts have been devoted to studying and 
engineering chiral nanomaterials, with a particular focus on 
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by utilizing different classes of materials, thus enriching 
both intrinsic materials properties and extrinsic designable 
device performance. Owing to the structure characteristics at 
nanoscale (Figure 2), they represent promising ultrathin chiral 
materials for use as or in highly compact optical devices.[20]

Herein, we discuss ultrathin chiral nanostructures fabri-
cated by twisted stacking, focusing on their CD responses and 
relevant applications. Section  2 provides an overview of 2D 
materials, aligned nanowire thin films, and some traditional 
metasurfaces that have been used as monolayer constituents. 

Examples of the fabrication strategies of their twisted stacked 
structures and the associated practical challenges are intro-
duced. Section  3 briefly recounts the fundamentals of light–
chiral matter interactions and the current understanding on 
the emergence of CD by means of twisted layered stacking of 
achiral materials. The optical performance of these chiral meta-
surfaces is quantitatively compared. A multitude of methods 
used for tuning the CD signals are also critically reviewed. We 
then discuss in detail the latest studies on the optical and chi-
roptical applications of twisted double-layer and few-layer meta-
materials in Section  4. Finally, we conclude by offering some 
perspectives on the future research directions of chiral meta-
materials. This review is of interest to a broad readership who 
works in fields such as metamaterials engineering, chiral optics 
and photonics, and chiral sensing.

2. Materials Systems and Chiral Stacked 
Structures
2.1. 2D Chiral Thin Films

2D materials possess a large active surface area and low dimen-
sionality, the latter of which is highly desired for use as ultra-
compact and lightweight optical/electronic devices. Twistronics 
that simultaneously leverages twisted stacking and the electronic 
properties of 2D vdW materials have been envisioned as an 
emerging electronic technology.[44] Similarly, one can combine 
twisted stacking and optical/photonic properties of 2D struc-
tures to attain novel twist optics.[10,11,45] Kim et al. were the first 
to fabricate cm-scale chiral atomically thin films of graphene.[10] 
Monolayer graphene is intrinsically achiral. Through manually 
twisting two layers of graphene with respect to each other by a 
specific angle, the resultant bilayers with a thickness of 0.69 nm 
were imparted a geometric handedness following the direction of 
rotation (i.e., being clockwise or counterclockwise), subsequently 
displaying optical chirality. The middle panel of Figure 3a exem-
plifies a left-handed TBG. Apart from semimetallic graphene, 
other 2D materials with sub-nanometer thicknesses would also 
be used as monolayers in twisted vdW materials, such as insu-
lating hBN (with bandgap Eg ∼ 5.9 eV), semiconducting transi-
tion metal dichalcogenides (Eg  ∼ 1.0–2.5  eV), metallic MXene, 
magnetic chromium trihalides CrX3 (X = F, Cl, Br), and high-
temperature superconducting oxides, though most chiral 
stacked structures are not yet experimentally investigated.[46–48] 
These 2D materials cover a selective spectral range from the UV 
to IR,[49] which is of particular relevance for photodetection,[50–53] 
making the chirally stacked structures potential candidates as 
detectors for circularly polarized light.

Currently, chiral twisted 2D materials are obtained by 
direct growth via chemical vapor deposition (CVD) or by arti-
ficial twisting of monolayers that are either CVD-grown or 
mechanically exfoliated. Accessing a wide range of twist angles 
in directly grown twisted 2D materials is fundamentally chal-
lenging because the interlayer rotation angle affects the ener-
getics of bilayer or multilayer structure. Taking TBG, e.g., 
Bernal stacking with a zero twist angle is the most thermo-
dynamically stable, as is the case for graphene layers in 
natural graphite.[54] In many CVD-grown bilayer graphene, 
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Figure 1. Growing research interests in chiral optical metamaterials and 
twisted stacked nanostructures. Publication data from Web of Science.

Figure 2. Ultrathin planarized chiral metamaterials in twisted bilayer 
geometry. 2D atomically thin films: twisted bilayer graphene and twisted 
bilayer graphene nanoribbon arrays. Reproduced with permission.[25] 
Copyright 2020, American Chemical Society. Aligned nanowire thin 
films: scheme and electron micrograph of a bilayer gold nanowire film. 
Reproduced with permission.[15] Copyright 2017, Wiley-VCH. Traditional 
metasurfaces: twisted bilayer rosettes. Reproduced with permission.[26] 
Copyright 2006, American Physical Society. Twisted bilayer plasmonic 
nanohole array. Reproduced with permission.[18] Copyright 2017, Wiley-
VCH. Anisotropic crystalline slabs: twisted hexagonal boron nitride crystal 
slabs. Reproduced with permission.[13] Copyright 2021, American Chemical 
Society. Twisted bilayer alpha-phase molybdenum trioxide (α-MoO3) crys-
tals. Reproduced with permission.[27] Copyright 2020, Springer Nature.
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a 30°-incommensurate quasi-crystalline structure is also 
observed, where the 30°-TBG is stabilized by the growth sub-
strate such as Cu(111).[55] Any other twist angles are energeti-
cally unfavorable, thereby making them intrinsically difficult 
to obtain via growth.[56,57] To circumvent this, Sun and col-
leagues proposed a heterosite nucleation strategy by exploiting 
gas flow perturbation to momentarily drive the system out of 
equilibrium (Figure 3a).[58] A large variety of twist angles were 
accessed using this strategy, with the fraction of twist angles 

from 0° to 30° being as high as 88%. Similar attempts were 
made in the direct CVD growth of twisted double layers of other 
2D materials, such as molybdenum disulfide (MoS2) or tung-
sten disulfide (WS2), yet it remains a hurdle to achieve a broad 
distribution of twist angles (Figure  3b).[59,60] Additionally, the 
average lateral sizes of as-prepared 2D vdW domains are rela-
tively small due to the uncontrolled spatial proximity between 
the nucleation sites. The grown TBG islands have a lateral size 
of ≈10  µm and that of twisted WS2 bilayers is even smaller. 

Adv. Mater. 2023, 35, 2206141

Figure 3. Preparation of chiral stacked 2D vdW materials. a) Direct CVD growth of TBG using a heterosite nucleation strategy and the corresponding 
twist angle distribution. Reproduced under terms of the CC-BY license.[58] Copyright 2021, The Authors, published by Springer Nature. b) CVD of twisted 
WS2 homobilayers: scheme of CVD setup and optical micrographs of as-grown twisted WS2. Reproduced with permission.[60] Copyright 2015, Wiley-
VCH. c) Water-assisted transfer for twisted stacking of MoS2, with photographs of sub-cm2-scale twisted bilayers and trilayers of MoS2 on a Si/SiO2 
substrate. Adapted under terms of the CC-BY license.[61] Copyright 2021, The Authors, published by Springer Nature. d) Scheme of folding-induced 
rotational displacement. Corresponding optical micrograph and selected area electron diffractogram of a 27°-twisted double bilayer MoS2. Adapted 
with permission.[62] Copyright 2022, Wiley-VCH.
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These limitations notwithstanding, CVD-grown twisted bilayers 
are highly desired since there are no interfacial contaminants 
introduced and a clean chiral interface is maintained, which is 
paramount to device performance.

Artificial twisting or stacking of monolayers is an alternative 
means much favored by researchers. Cai and Yu provided an 
excellent review on the fabrication of TBG by manual assembly 
of graphene monolayers,[63] and the strategies discussed within 
could be extended to prepare any arbitrary chiral 2D vdW struc-
tures with a desired layer number by adopting appropriate 
transfer methods. Here, we highlight a few methods that have 
been used to construct twisted layered 2D structures with a 
chiral stacking configuration. First, using a custom-built rota-
tional alignment machine, it is possible to rotate the bottom 2D 
layer by a designed twist angle followed by transfer of the top 
monolayer. Such manual twisting allows for customizable twist 
angles compared to CVD growth, and the precision of the twist 
angle is determined by the rotational alignment transfer pro-
tocol used. For instance, wet transfer of vdW materials in an 
optical microscope-based alignment transfer machine is able 
to achieve a twist angle accuracy of less than 1°.[64,65] Using 
this method, Lan and colleagues prepared chiral stacked WS2 
bilayers with positive and negative rotation angles, which dis-
played distinct valley-polarized photoluminescence spectra as 
well as strong excitonic magneto-chiral anisotropy.[66] By con-
trast, direct bonding in a high vacuum guided by reflection 
high-energy electron diffraction has a higher uncertainty of 
rotational alignment of ≈4°.[67] Of note, large-area samples may 
be prepared through “tear-and-stack” since the maximal lateral 
size, defined to be the area of the overlapped region, is only 
limited by the monolayer sample quality and the transfer pro-
cedure. Figure 3c exemplifies the twisted layered vdW sample 
in near cm2 size. Besides twisting the monolayers after growth, 
Liu’s group showed the possibility of prerotating the under-
lying copper CVD growth substrate.[68] Using a Cu/TBG/Cu 
sandwich structure, they successfully grew centimeter-sized 
TBG films with arbitrary twist angles with an angular precision 
of <1°. Second, inspired by origami, researchers attempted to 
fold 2D materials using an atomic force microscopy or a scan-
ning tunneling microscope to achieve edge-defined rotation 
angles.[63,69] Zhang et al. reported a paraffin-assisted folding 
strategy on nontwisted MoS2 single-, bi-, or trilayers. This 
strategy was used to successfully prepare a twisted bilayer, 
twisted double bilayer, and twisted double trilayer MoS2 system, 
respectively, each having only one chiral interface (Figure 3d). 
For other naturally layered vdW materials, a high-shear exfolia-
tion method could be adopted to fabricate twisted nanosheets 
in a robust fashion.[48] Tan et al. prepared twisted V2C MXene 
nanosheets with a sub-micron lateral dimension and small 
twist angles of 2°–8° by putting nontwisted multilayer MXene 
samples into a high-shear rotor laboratory mixer.[48] Although 
the twist angle control was not discussed in detail in this study, 
it was said that ensuring a high-shear laminar flow was key to 
enabling interlayer sliding for small-twist-angle layered MXene. 
It is reasonably anticipated that oppositely chiral forms of lay-
ered MXene would be prepared using this approach by simply 
reversing the direction of shear flow.

Overall, despite recent progresses, the preparation of high-
quality (i.e., large-area and single-crystal) chiral stacked 2D vdW 

materials remains a hurdle.[70] A twisted vdW structure requires 
single-crystal monolayers for meaningful assignment of twist 
angles since the angle is based on the rotational misalignment 
between lattice registries. In realistic samples, pure monocrys-
tallinity is rarely obtained owing to preparation-induced defects, 
leading to twist angle inhomogeneity and lattice strains.[70,71] 
Selected area electron diffraction can only measure the local 
twist angle confined to the inverse nanometer scale. To vali-
date the homogeneity of twist angles and thus of 2D chiral 
metasurfaces more globally, two methods capable of map-
ping the spatial distribution of twist angles at the micron scale 
have been proposed: i) using a combination of Raman spec-
troscopic and low-energy electron diffraction imaging,[72] and 
ii) employing a nanoscale scanning superconducting quantum 
interference device, also known as nano-SQUID.[73] In addition, 
optical chirality is primarily characterized using commercial 
CD spectrometers that operate with a beam size that exceeds 
tens of microns. Obtaining large-area twisted 2D vdW materials 
for CD measurements and, more importantly, practical applica-
tions are thus an ongoing challenge. Last but not least, realizing 
specific stacking orders requires Angstrom precision in atomic 
lattice alignment, remaining unfeasible at the current stage. 
One specific scenario is the stacking-dependent chiroptics of 
twisted bilayer hBN. Like graphene, hBN adopts a hexagonal 
lattice structure with two atoms per unit cell. Yet hBN has two 
different atoms occupying the unit cell, resulting in a broken 
sublattice symmetry. This feature leads to two families of chiral 
twisted structures with different atomic registries for bilayer 
hBN: heteropolar stacking where boron and nitrogen atoms 
sit on top of each other prior to chiral twisting, and homopolar 
stacking where atoms of the same polarity are aligned prior to 
chiral twisting.[12] Depending on the exact stacking configu-
ration of hBN, its highest CD intensity differs by almost an 
order of magnitude according to theoretical calculations.[12] By 
analogy, it is expected that twisted transition metal dichalcoge-
nides and twisted MXenes will also exhibit stacking-dependent 
chirality. Much experimental work is needed in this area.

2.2. Directionally Aligned Nanorod-, Nanowire-, 
or Nanofiber-Based Chiral Thin Films

Thin films of highly oriented nano-objects, such as 1D inor-
ganic nanowires and polymeric nanofibers, can as well be uti-
lized as layered materials to fabricate chiral metasurfaces. Here, 
nanorods or nanowires instead of single atoms serve as the 
building blocks. A well-investigated class of this type of chiral 
twisted nanostructures is chiral photonic crystals with a mul-
tilayered configuration, and some natural examples and their 
engineered counterparts have been reviewed elsewhere.[74,75] In 
what follows, only recent examples of ultrathin chiral bilayer or 
few-layer geometries are discussed.

Langmuir–Schaeffer assembly,[15,76] grazing incidence 
spraying,[17,77] gravity-assisted alignment,[42] and template-
assisted colloidal assembly[16] have been employed to prepare 
monolayers in chiral twisted metamaterials. In particular, due 
to the well-established synthesis protocols for plasmonic nano-
structures and plasmon-enhanced light–matter interactions, 
numerous recent works have investigated chiral plasmonic 

Adv. Mater. 2023, 35, 2206141

 15214095, 2023, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202206141 by N
anjing U

niversity, W
iley O

nline L
ibrary on [21/03/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



© 2022 Wiley-VCH GmbH2206141 (5 of 25)

www.advmat.dewww.advancedsciencenews.com

metasurfaces based on orientationally aligned gold or silver 
nanorods or nanowires.[15–17,77] By dispersing colloidal inor-
ganic nanowires in a Langmuir trough followed by direc-
tional compressing, a highly oriented thin film with a defined 
monolayer thickness might be obtained (Figure 4a).[15,76] The 
same approach enjoys wide applicability to different inorganic 
nanostructures including ultrathin nanowires of W18O49 and 
NiMoO4⋅xH2O, and even acts as a template to guide the direc-
tional assembly of larger-diameter Au nanorods (AuNRs).[15] 
Another method for controlling the directional alignment of 
high-aspect-ratio nano-objects is grazing incidence spraying, 
also known as glancing angle deposition (Figure  4b). In this 
approach, dilute suspensions of plasmonic inorganic nano-
wires or polymeric nanofibrils are sprayed onto a substrate at 
an off-normal angle, leading to high in-plane anisotropy of as-
deposited thin film in centimeter size.[78] When using Ag nano-
wires (AgNWs) as the building block, the 2D nematic order para-
meter S that quantifies the degree of orientation order reached 
a value of 0.79.[77] Furthermore, near-unity order parameter, 
i.e., nearly perfect alignment, was realizable by optimizing the 
deposition setup and spraying parameters.[79] Following a layer-
by-layer concept, relatively large-area twisted Bouligand nano-
structures were prepared. Beyond plasmonic nanostructures, 
polymeric nanofibers also align into monolayers for chiral 

stacking. Gravitational forces were leveraged to align polydia-
cetylene fibers during topological solid-state polymerization.[42] 
The excellent alignment in nanofibrils and microscale fibers 
was ascertained using atomic force microscopy and polar-
ized optical microscopy, respectively. Lastly, nanowires self-
assembled from nanoparticles are alternative candidates. One 
example was template-assisted colloidal assembly of Au nano-
particles (AuNPs) into 1D chain arrays (Figure  4c). The tem-
plate, most often being polydimethylsiloxane, was then twisted 
manually during transfer for chiral stacking. This strategy can 
be further extended to encompass other monolayer designs, not 
just 1D arrays, to fabricate chiral metasurfaces with more com-
plex patterns and exceptional chiroptics.[80]

For directionally aligned nanowire thin films, the monolayer 
thickness ranges from the nanometer to the micrometer scale, 
which is tuned by altering the constituent nanorod or nanowire 
dimensions or alternatively by changing the fabrication param-
eters (such as the spraying time in glancing angle deposition or 
the concentration of monomer precursors during drop-casting). 
The twist angle control over the alignment layers is carried out 
either during the transfer-assisted assembly or after formation 
of nanowire arrays, such as in the case of layer-by-layer depo-
sition. Compared to 2D materials, assembling thin films from 
aligned nanorods or nanowires for chiral metamaterials proves 

Adv. Mater. 2023, 35, 2206141

Figure 4. Chiral twisted nanostructures based on aligned nanorods, nanowires, or nanofibers. a) Langmuir–Schaeffer deposition and transfer process 
for nanowire-based multilayered chiral structures. Adapted with permission.[76] Copyright 2019, Wiley-VCH. b) Scheme of grazing incidence spraying 
for aligned nanowires. SEM images showing two enantiomers of AgNW-based chiral bilayer thin films. Reproduced with permission.[77] Copyright 
2021, American Chemical Society. c) Template-assisted self-assembly of nanoparticles using a typical polydimethylsiloxane template. Reproduced with 
permission.[81] Copyright 2014, American Chemical Society. Corresponding chirally stacked metasurfaces. Adapted with permission.[16] Copyright 2021, 
Springer Nature.
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significantly more forgiving. A nanowire-based thin-film mon-
olayer may be described by a spatially averaged vector pointing 
in the direction of alignment in the quasi-2D plane. The inter-
layer twist angle is determined from the macroscopic rota-
tional alignment between the directional vectors of each layer 
rather than between precise atomic registries. The emergence 
of chiroptical signals in such chiral stacked bilayers or multi-
layers does not require perfect alignment between nanowires 
in a given monolayer. The orientational alignment is quantified 
using the order parameter given by

S iϕ= −2cos 12  (1)

where the brackets denote the statistical mean and ϕi is the 
angle between the axis of the ith nano-object and the average 
orientation vector. Importantly, the calculation of the order 
parameter can be automated in an image-based analysis such 
as using the OrientationJ plug- in,[82,83] and a statistically sig-
nificant number of optical or electron micrographs are needed. 
From the materials’ point of view, the nanowire or nanofiber 
building blocks are not necessarily single-crystalline, and a uni-
form size dispersity of the nano-objects is also not obligatory for 
chiroptical activities. Lastly, as the materials portfolio for chiral 
thin films continues to expand, alignment methods that have 
been used to prepare oriented nanorod- or nanowire-based thin 
films may also be employed. These include but are not limited 
to Langmuir–Blodgett assembly,[84] direct writing,[85] capillary-
assisted alignment,[86] microfluidic-assisted alignment,[87] and 
nanocombing.[88]

2.3. Chiral Metasurfaces based on Subwavelength 
Structural Motifs

Metasurfaces containing artificial subwavelength periodic 
motifs have attracted much attention in the optics and pho-
tonics research community for the past two decades.[89,90] Ini-
tially proposed as negative refraction materials,[91] metasurfaces 
and metamaterials soon became a versatile toolkit for engi-
neering electromagnetic waves and their propagation and rev-
olutionized the field of transformation optics.[92] Even though 
many works have incorporated symmetry-breaking elements to 
introduce chirality into monolayer metasurfaces, the tunability 
of their chiral optical performance remains rather limited.[22,93] 
Twisted stacking of traditional monolayer metasurfaces thus 
affords an alternative strategy to introduce extrinsic chirality 
into the system while offering additional degrees of freedom, 
such as by the twist angle or interlayer separation distance, 
in optical control.[94,95] The idea is the same as that in Sec-
tions 2.1 and 2.2: rotationally aligning two metasurface layers at 
an angle induces configurational handedness, thus imparting 
or enhancing polarization-sensitive optical properties to the 
materials. Yet, by contrast with either 2D vdW materials or 
aligned nanowire thin films, having traditional metasurfaces 
as the constituent monolayers lends greater control over their 
optical performance, given the large design parameter space for 
metamaterials.

Generally speaking, a metasurface is composed of periodi-
cally repeated structural subunits, with individual elements 

known as the meta-atoms. Changing the shape or configura-
tion of the meta-atom resonators and/or the spacing between 
adjacent elements alters the coupling between them.[96,97] For 
metallic metamaterials, this coupling is effectively described 
by the plasmon hybridization model.[98] Numerous designs 
of the meta-atoms have been put forward (Figure 5). Letter 
shapes that are either centrosymmetric (such as capital I)[99,100]  
or symmetry-breaking (such as capital L or lower-case b)[94] 
appear to be a common design theme in fabricating meta-
surfaces. Other shapes could be as simple as nanocylin-
ders,[19,20] nanocuboids,[101] split rings,[102,103] and crosses,[104] 
or as complex as gammadions,[95,105] rosettes,[26] and tris-
kelia.[106] In a bilayer or few-layer geometry, decreasing the 
interlayer separation distance between meta-atoms increases 
the interantenna coupling. Translational and rotational dis-
placements between layers are also efficient for actively 
changing the near-field interactions in an identical metamate-
rial design.

Using inverted shapes or nanoapertures as the elemen-
tary units is another design strategy to pattern metasurfaces, 
and the nanohole arrays arguably are most well-studied. Wu 
and Zheng used colloidal lithography, also called nanosphere 
lithography, followed by transfer-assisted stacking to prepare 
chiral thin films of periodic Au nanohole arrays.[18] While this 
method allows the hole diameter and the lattice periodicity to 
be changed easily, the 2D hexagonal lattice structure cannot be 
modified due to face-centered cubic packing of nanospheres, 
limiting further designability of nanohole arrays. The aperture 
geometry like circular, triangular, or symmetry-breaking holes 
is an additional design parameter whose variety only becomes 
accessible by advanced nanofabrication techniques; for instance, 
shadow sphere lithography introduces chirality into nano-
holes through slanted deposition from various incidences.[107] 
Noteworthily, electron beam lithography (EBL) and UV photo-
lithography possess significant versatility in preparing designer 
metasurfaces. In combination with suitable deposition and lift-
off protocols, these two nanofabrication techniques produce 
high-quality patterns like periodic nanoantennae or nanoaper-
tures with an exceptional spatial resolution.[108] To fabricate the 
layered metasurfaces, an overlay EBL approach stands out as a 
popular choice (Figure 6). Specifically, a dielectric material is 
used to submerge the bottom metasurface and acts as struc-
tural support for the deposition and development of the sub-
sequent layer, and so on.[19,101,109–111] The interlayer spacer and 
its thickness is accordingly adjusted to tune the chiral-optical 
properties of metamaterial. Very recently, Cen et al. fabricated a 
suspended bilayer chiral metasurface with extraordinary chirop-
tical performance following single-step EBL exposure.[112] The 
top and bottom layers were self-aligned, hence eliminating the 
need for additional lithographic alignment and planarization 
processes. Besides EBL, other direct writing lithographic tech-
niques may also be employed, though some limitations exist. 
For example, focused ion beam lithography suffers from beam 
damage such as ion implantation that alters the surface prop-
erties of metamaterial, whereas laser interference lithography 
proves inadequate for preparing aperiodic metasurfaces. Addi-
tional comparative advantages and disadvantages of common 
lithographic techniques have been comprehensively reviewed 
by Su et al.[113]

Adv. Mater. 2023, 35, 2206141
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2.4. Other Miscellaneous Materials Systems

Some other materials systems have been examined to serve as 
monolayer constituents in planar chiral metamaterials, e.g., 
biaxial crystalline slabs and unconventional nanopatterned 
metasurfaces. Recent studies show that monocrystalline slabs 
with intrinsic in-plane optical anisotropy such as α-MoO3 
or hBN can be stacked in a chiral configuration to elicit or 
enhance optical chirality.[13,14,41] Altering the slab thicknesses 

during monolayer preparation helps tune the optical perfor-
mance of chiral stacked structure. The chiral twisting strategy 
also allows novel optical phenomena, beyond CD, to emerge 
at the twisted interface. For instance, Lee et al. recently dem-
onstrated how the cathodoluminescence of double multilayer 
hBN changed continuously with the interlayer twist angle and 
was further modulated by changing the crystalline slab thick-
nesses.[13] In addition, high-precision nanofabrication tech-
nique provides unique capabilities to pattern 2D materials or 

Adv. Mater. 2023, 35, 2206141

Figure 5. Periodic structural motifs in constituent monolayers for chiral twisted metasurfaces. a) Chiral metamaterials comprising periodically 
repeating I-shaped units. Reproduced under terms of the CC-BY license.[99] Copyright 2022, The Authors, published by Optical Society of America. 
b) Chiral metamaterial based on Π-shaped split ring resonators. Reproduced with permission.[103] Copyright 2018, American Chemical Society. c) Chiral 
metamaterial based on twisted rosettes. Reproduced with permission.[26] Copyright 2006, American Physical Society. d) Chiral metamaterial based on 
twisted Ag arcs. Reproduced with permission.[110] Copyright 2014, American Chemical Society. e) Chiral trilayer metasurface of circular split ring resona-
tors as meta-atoms. Reproduced with permission.[102] Copyright 2019, Wiley-VCH. f) Chiral bilayer photonic crystal slabs and the corresponding Moiré 
pattern. Reproduced with permission.[43] Copyright 2022, American Chemical Society.

Figure 6. Simplified scheme of overlay EBL for fabricating chiral layered metasurfaces. Step 1: Substrate preparation. Step 2: EBL development of the 
bottom layer of the metasurface. Step 3: Deposition of the housing medium followed by planarization. Step 4: EBL development of the top layer. Step 
5: Second deposition of the same housing medium. Adapted with permission.[101] Copyright 2020, American Chemical Society.
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thin films into desired geometries for complex monolayer 
designs. One example is graphene nanoribbon (GNR) array 
that could be prepared from a precursory sheet of single-crystal 
monolayer graphene via EBL patterning. Numerical simulation 
showed that twisted bilayer GNR arrays would produce a giant 
CD response[114] and act as a hyperbolic Moiré metasurface 
capable of photonic dispersion engineering.[25] Nevertheless, 
similar to many chiral 2D thin films, the experimental realiza-
tion of twisted bilayer GNR arrays remains challenging.

3. Induced Circular Dichroism of Chiral Twisted 
Metasurfaces
3.1. Basics of Light–Chiral Matter Interactions

In a chiral metamaterial that is considered a continuous bi-
isotropic chiroptical medium, there is coupling between the 
electric and magnetic fields of the incident light wave.[26] The 
constitutive relations that describe the light–chiral matter inter-
actions are given by[2]

µ
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where D
��

  = electric displacement field, B
��

  = magnetic induction 
field, ε = ε0εr = permittivity of material, µ = µ0µr = permeability,  
χ = the dimensionless magneto-electric parameter, and κ = κ  ′ + iκ  ′′ =  
dimensionless complex chirality index quantifying the cross-
coupling between the electric field E

��
 and magnetic field H

���
 

passing through the medium. Since D
��

 and E
��

 are parity-odd 
whereas B

��
 and H

���
 are parity-even, the chirality index κ relating 

these two physical quantities is also parity-odd, thereby con-
tributing to optical chirality.[115] Also pertinent to this are the 
refractive indices of the chiral medium for RCP and LCP light, 
given by

µn ε κ= ±± r r
 (3)

It is noted that materials properties like permittivity should 
be represented by tensors rather than a constant or scalar to 
fully parameterize the anisotropy of material. In the para-
meter space, most materials can be broadly categorized per 
their values of permittivity and permeability being positive or 
negative, and some traditional metamaterials have been engi-
neered to realize unnatural optical activities where ε and µ are 
simultaneously negative.[116] The permittivity and permeability 
of most materials are well-documented in the literatures, and 
their frequency- or wavelength-dependencies are generally 
described by considering a classical damped oscillation model. 
As for the artificial subwavelength metamaterials, effective 
medium descriptors can be either experimentally measured 
or numerically simulated.[104,117,118] In particular, the Ω-particle 
model has been employed to explain the electromagnetic reso-
nances in twisted bilayer crosses or gammadions.[119,120] Cor-
responding expressions for the effective chirality indices κ are 
also analytically derived using this model. The transmission-
line theory applies especially well to metasurfaces based on 
plasmonic nanoantennae.[121,122] The electromagnetic waves at 

the dielectric-chiral medium interface for a chiral slab of finite 
thickness were studied by Bassiri et al.[123] A similar treatment 
for atomically thin chiral double-layers and their far-field chiral 
optics was provided by Zhang et al., detailing the interplay 
between electric, magnetic, and chiral surface conductivities.[11]

In this review, we are mainly interested in the emergence of 
CD response in a chiral stacked structure at normal incidence, 
which arises from the differential absorption or attenuation of 
RCP and LCP light passing through it. Therefore, by definition, 
optical CD is given by

A A A�= ∆ = − +CD  (4)

where A± represents the absorbance of RCP and LCP light, 
respectively, and CD takes on dimensionless values from −1 
to +1 in this regard. The difference in absorption of LCP or 
RCP light is characterized by a difference in the amplitude of 
the transmitted electromagnetic waves, which gives rise to a 
polarization ellipse illustrating the relative phase between the 
two orthogonal polarization components of the electric field. 
This polarization ellipse evolves through the chiral medium in 
the direction of light propagation, and upon exiting the chiral 
medium, the transmitted light wave becomes elliptically polar-
ized, defined by an ellipticity angle Ψ in units of degrees (°). 
Readers are referred to an excellent review by Collins et al. for a 
clear visualization of this polarization ellipse and a more elabo-
rate discussion on this topic.[2] This ellipticity parameter is typi-
cally measured by laboratory CD spectrometers in an indirect 
fashion and is given by[2,120]

I I

I I
Ψ =

−
+







+ −

+ −
arctan  (5)

where I± is the intensity of the transmitted RCP or LCP light, 
respectively, although there exist other expressions or defi-
nitions of the ellipticity angle.[2,16,19,20] Often times, when 
converted to radians, Ψ ≪ 1, it can be shown that, under small-
angle approximation

k dκΨ ≈ ′′0
 (6)

where k0 = magnitude of the wavevector and d = thickness of the 
chiral thin film.[120] It should be noted that CD and ellipticity are 
distinct concepts; nevertheless, the field has favored the term 
“circular dichroism” to encompass both meanings, leading to 
both dimensionless CD values that are true CD as well as CD 
values in units of degrees that are in reality ellipticity angles. 
For convenience and to attract a broader audience, we will con-
cede and refer to both as CD where appropriate. CD or ellip-
ticity in a chiral metasurface can be calculated numerically such 
as using ab initio density functional theory,[10] finite element 
method,[101,124] finite-difference time domain method,[16,18,125,126] 
and transfer matrix method (including Mueller matrices).[14,15,77] 
When light with a linear polarization passes through the chiral 
metasurface, the induced chiroptical response is quantified 
by the optical rotatory dispersion (ORD), which relates to CD 
through the Kramers–Kronig relation.

Another intrinsic property key to describing the interac-
tion of electromagnetic waves with a subwavelength chiral 

Adv. Mater. 2023, 35, 2206141
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metamaterial is the superchiral field, also termed “optical chi-
rality.”[127] The superchiral field that measures the local chiral 
density of an electromagnetic field becomes enhanced and con-
centrated in close proximity to the chiral nanostructure com-
pared to the original incident LCP or RCP light. The optical 
chirality is mathematically defined as[2,115]

2

1

2 2
Im0 *

C E E
µ

H H E H
�� �� �� ��� �� ��� �� ���ε ωε( ) ( )= ⋅ ∇ × + ⋅ ∇ × = − ⋅   (7)

where the asterisk denotes the complex conjugate of a field. 
Such superchiral fields have been theoretically investigated and 
experimentally observed in a number of disparate materials 
systems including plasmon cavities, all-dielectric metasurfaces, 
and nanohole arrays.[16,18,107,128–131]

3.2. Emergence of CD from Twisted Stacking of Achiral 
Monolayers

The requirement for the emergence of optical chirality lies in 
the chirality index κ. Indeed, Section  3.1 highlights how CD 
measured as an ellipticity angle directly relates to the imaginary 
part of κ. Stacking monolayer materials in a twisted fashion 
introduces geometrical or structural handedness, whereby in 
a bilayer configuration rotating the top layer counterclockwise 
would produce a left-handed enantiomer, and right-handed if 
clockwise. The two enantiomers, linked by mirror symmetry, 
would then possess different chirality indices κ such that oppo-
site chiroptical responses like CD signals are observed. This 
is similarly seen in colloidal suspensions of mutually twisted 
AuNR dimers behaving as chiral meta-molecules.[132] Phenom-
enologically speaking, the optical chirality originates from the 
presence of a chiral twisted interface. This could explain i) why 
twisted bilayers with opposite rotation angles produce oppo-
site CD responses, and ii) why a twisted trilayer nanostructure 
where the two interlayer twist angles are equal in magnitude 
but opposite in sign generates a net zero CD.[10]

Section  2 illustrates a library of originally achiral materials 
systems that have been used to fabricate chiral twisted bilayer 
or few-layer nanostructures: including 2D vdW materials, 
aligned nanowire thin films, and dielectric or plasmonic meta-
surfaces. While the existence of CD signals across different 
materials systems may be justified using the geometrical chi-
rality argument, the observed CD responses in terms of mag-
nitude, peak position, and bandwidth need to be rationalized 
on case-by-case basis. For example, the optical chirality in both 
TBG and hBN is explained by the surface-current-induced in-
plane magnetic moment that is associated with the interlayer 
optical transitions (Figure 7).[10,12,45,133] In particular, the CD 
peak position of TBG aligns well with the energy interval of the 
newly emerged van Hove singularities in the hybridized density 
of states due to interlayer coupling.[10,33,134] Importantly, these 
energies are away in position from the main absorption peak at 
270  nm owing to π-orbital electronic transitions in monolayer 
graphene or graphite materials, highlighting the fact that the 
origin of CD peaks in chiral 2D systems deserves a close and 
tailored examination such as by looking at the corresponding 
electronic density of states of the twisted layer.[12] The spectral 

engineering of chiral response of twisted plasmonic metamate-
rials, on the other hand, is relatively straightforward. In the case 
of the twisted bilayer Au nanohole arrays by Wu and Zheng,[18]  
the CD peak position was aligned with the spectral position 
of the transmission valley that was characteristic of surface 
plasmon polariton resonance mode.[18,135]

Table 1 summarizes the CD responses of some chiral met-
amaterials in a bilayer geometry reported in the literature, 
without incorporating any interlayer medium. This table is 
roughly arranged in the order of increasing spectral wavelength 
where either broadband or multiband CD response is observed. 
Notably, the obtained CD signals/peaks are seen in a wide 
range of electromagnetic spectral regions from UV to visible 
and mid-IR. So far, the majority of research efforts have been 
devoted to engineering functional chiral nanostructures with 
CD in the visible regime,[8,76] which are also easily accessed 
by chiral bilayer metasurfaces. Most biomolecules such as 
amino acids or proteins only display weak chiroptical signals 
in the UV. Using calculations, Ochoa and Asenjo-Garcia dem-
onstrated that twisted bilayer hBN present CD signals in the 
UV region (Figure 7e).[12] As for the IR regime, chiral materials 
exhibiting enhanced CD in the mid-IR, which has implications 
for bioimaging, remain scarce.[136–138] Numerical simulation 
indicated that both twisted bilayers of 1D arrays of GNRs as 
well as those of α-MoO3 slabs could be engineered to produce 
giant mid-IR CD signals.[14,114] Overall, the CD of chiral meta-
surfaces reported in the literatures could be as high as >10° or 
as low as a few mdeg, spanning over nearly four orders of mag-
nitudes (Figure 8).

Besides CD, both the g-factor and thickness-normalized ellip-
ticity are common metrics to quantify the optical performance 
of planarized chiral nanostructures. The dimensionless g-factor 
or dissymmetry factor measures the chiroptical anisotropy of a 
material at a given wavelength and is defined as[17,77]

1
2

in mdeg

32982
g

A

A

A A

A A A
�

�( )
= ∆ = −

+
=

Ψ+

+

 (8)

The g-factor of a material is its CD normalized to the absorb-
ance under linearly polarized light as illustrated by Equation (8). 
For reference, chiral amino acids or proteins have a g-factor 
that usually falls within the range from 10−4 to 10−3. Some engi-
neered chiral plasmonic nanostructures either as layer-by-layer 
assemblies or as cellulose-templated nanocomposites achieve 
much a higher g-factor value of 0.1–0.2, albeit still far from the 
absolute maximal g-factor of 2.[140–142] Ultrathin chiral metasur-
faces with many degrees of design freedom can be built to dis-
play exceptionally high g-factor. Probst et al. investigated the chi-
roptics of plasmonic bilayer metasurfaces based on self-assem-
bled AuNP chain arrays and found that the g-factor reached 0.71 
at 1250  nm.[16] Even more impressively, Wu et al. used spray-
induced aligned AgNWs to fabricate 45°-twisted bilayers with a 
polyelectrolyte interlayer, and the resultant thin film obtained a 
maximum g-factor of 1.6 in the near-infrared when the interlayer 
thickness was meticulously tuned to 200 nm.[17] Thickness-nor-
malized ellipticity in units of deg µm−1 is particularly useful for 
characterizing chiral thin films. This is because CD magnitude 
can be engineered by simply increasing the thickness of the 
metasurface for enhanced absorbance; by normalizing against 

Adv. Mater. 2023, 35, 2206141

 15214095, 2023, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202206141 by N
anjing U

niversity, W
iley O

nline L
ibrary on [21/03/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



© 2022 Wiley-VCH GmbH2206141 (10 of 25)

www.advmat.dewww.advancedsciencenews.com

its thickness, we arrive at a more design-specific metric useful 
for performance optimization. Figure 8 summarizes thickness-
normalized ellipticity along with the absolute magnitude of 
ellipticity signals achieved in some chiral twisted metasurfaces. 
Depending on the monolayer materials and metasurface design, 
the thickness-normalized ellipticity ranges from 0.8  deg µm−1 
for aligned W18O19 nanowire-based thin films to 109  deg µm−1 
for twisted AuNR metasurfaces, spanning over two orders of 
magnitude. For reference, organic thin films of mono- or disac-
charides have thickness-normalized ellipticity of only ≈10−2 in 
the deep UV.[143] In particular, we note that chiral stacking tra-
ditional metasurfaces with periodic inclusions while embed-
ding them in a dielectric medium can obtain ultrahigh values of 
both the CD magnitude and the thickness-normalized ellipticity. 
Exceptionally, an extremely high thickness-normalized ellipticity 
of ≈1000 deg µm−1 was recorded in a chiral organic monolayer 
thin film of prolinol-derived squaraine, accompanied by a 
thickness-independent g-factor of 0.75.[144] Considering antenna-
based designer metasurfaces, recent studies have demonstrated 
the possibility of realizing near-perfect CD response mediated 
by bound states in the continuum, whereby at a given resonant 
wavelength the absorption of light of a specific polarization 
state is maximized.[145,146] Lessons learned on tailoring chiral 
resonance coupling could well be applied to twisted stacked 

metasurfaces.[147] As the research on ultrathin chiral meta-
surfaces is at its inchoate stage, there is still much room for 
improvement, either experimentally or theoretically, in maxi-
mizing performance metrics such as CD, thickness-normalized 
ellipticity, and the dissymmetry factor.

The chiral stacked metasurfaces are highly attractive for 
optical investigations. Twisted stacking of achiral (or even 
intrinsically chiral) monolayers could open doors for a myriad 
of chiroptical applications that target specific wavelengths of 
operation. Of note, a machine learning framework has been 
successfully developed to design chiral twisted metasurfaces 
with ultrahigh CD response at a predefined wavelength.[103] 
Using 2D vdW materials or subwavelength metasurfaces as the 
monolayers further enables the engineering of exotic optical 
phenomena not found in bulk counterparts.[92,148] The mate-
rials systems listed in Table 1 merely constitute a fraction of all 
known materials and employ very simple designs. For example, 
the CD response of a twisted bilayer metasurface likely depends 
on the building blocks in the monolayer, such as the diameter 
and length of nanowires or the size of plasmonic nanoparticles 
used in templated metasurface. Therefore, there exist endless 
possibilities to engineer the optical chirality of ultrathin chiral 
metamaterials from both materials selection and design points 
of view.

Adv. Mater. 2023, 35, 2206141

Figure 7. Origin of CD response in chiral twisted 2D bilayers. a) Chiral stacking in twisted bilayer graphene and the corresponding hybridized Dirac 
cones showing the interlayer optical transitions with opposite polarities. b) Scheme illustrating the generation of a dynamic surface current in achiral 
and chiral materials when light excites an electric dipole. In the chiral medium, current counterflows adopt a solenoid-like shape in response to the 
polarization of the incident field. This then engenders an in-plane magnetic dipole moment. c) CD spectra of chiral stacked bilayer graphene and achiral 
monolayer graphene. Reproduced with permission.[10] Copyright 2016, Springer Nature. d) Twisted bilayer hBN and generation of surface currents. 
e) Lattice structure of twisted bilayer hBN with homopolar stacking prior to twisting and the corresponding g-factor spectra for the two enantiomers. 
Adapted with permission.[12] Copyright 2020, American Physical Society.
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3.3. Tunability of CD Signals in Chiral Twisted Metasurfaces

Besides changing the monolayer material or metamaterial 
design, various means have been developed to tune the CD 
response in terms of their sign, magnitude, spectral position, 
and spectral shape. These are summarized in Figure 9 and 
discussed in detail below.

A key degree of freedom in engineering chiroptical 
responses of flat metasurfaces is the interlayer twist angle, 
which may be precisely controlled thanks to advances in mate-
rials synthesis and nanofabrication. An untwisted double-
layer metasurface is achiral, displaying zero CD across the 
entire electromagnetic spectrum, provided that there are no 
symmetry-breaking elements in the monolayers. When such a 
bilayer becomes twisted, the structural chirality is transferred 
into optical chirality with the same handedness, where the sign 
of the CD signal is reversed when reversing the twisting direc-
tion (Figure 9a). Rotational periodicity is another key factor in 
determining the twist-angle-dependency of chiroptical proper-
ties. If the constituent monolayer has an n-fold symmetry, the 
CD or g-factor of twisted bilayer structure experiences a rota-
tional periodicity of 360°/n. For chiral bilayer thin films based 
on aligned nanowires or nanorod dimers whose building blocks 
have a twofold symmetry, the untwisted (0° or 180°) bilayer and 
the 90°-twisted bilayer display zero CD. As a result, the CD 
extremum is expected to occur when the interlayer twist angle 
is at ±45°, as corroborated by a few examples.[15,16,19] For others, 
the rotational periodicity is only applicable to the spectral shape 
or peak position rather than the magnitude of CD achieved.[18] 
Figure 9a shows the twist-angle-dependency of CD in chiral 2D 
bilayers of graphene, with the CD signals originating from the 
interlayer optical transitions in TBG. A rotational periodicity 

of 60° in TBG with a sixfold symmetry is ascertained.[10] For 
specific metasurface designs, the interlayer twist angle enables 
spectral wavelength tuning of the CD signal, as seen in nano-
hole arrays.[18]

Another strategy to tune the CD signal in chiral twisted 
metasurfaces is by changing the number of monolayers. In 
one aspect, increasing the layer number results in enhanced 
absorbance and therefore CD intensity. This is logically sim-
ilar to the concentration-dependency of CD response for solu-
tions of amino acids[149] or colloidal suspensions of plasmonic 
nanoparticles. Nevertheless, modifications to the CD spectral 
shape do not follow a definite trend when increasing the layer 
number while keeping the twist angle unchanged. For twisted 
rosettes, the spectral shape undergoes numerous changes;[150] 
whereas for twisted aligned Au nanowire thin films, the broad-
band CD signal is retained across the visible-near IR region 
investigated, and the maximal CD is enhanced but soon satu-
rates upon further increasing the layer number (Figure 9b).[15] 
Moreover, when using a tri- or multilayer stacking configura-
tion, changing two or multiple twist angles allows us to pro-
gram CD spectra with increased complexity.[10]

It has been recognized in some material systems that the 
characteristics of the first or top layer in direct contact with 

Adv. Mater. 2023, 35, 2206141

Table 1. Examples of twisted homobilayer structures and their CD 
responses.

Constituent monolayer 
materials and 
references

Bilayer  
thicknesses

Operational 
wavelengths 
investigated

Highest CD 
or ellipticity 

(corresponding 
spectral position)

Graphene[10] <1 nm 250–620 nm ±4.3 mdeg
(340 nm)

hBN[12] <1 nm 300–460 nm ±0.17%
(375 nm)

Polydiacetylene film[42] 300 nm 300–700 nm ±10.6°
(660 nm)

Aligned AuNW-based 
thin film[15]

180 nm 300–900 nm ±2.0°
(900 nm)

Au nanoholes 
array[18,139]

70 nm 600−1000 nm ±530 mdeg
(700 nm)

AuNP dimer chain 
array[16]

200 nm 500−1500 nm ±11.3°
(1240 nm)

Aligned AgNW-based 
thin film[17]

100 nm 250–2000 nm ±3.7°
(380 nm)

Graphene nanoribbon 
array[114]

<1 nm 12−16 µm ±4.9°
(13.8 µm)

α-MoO3 crystal slab[14] 3300 nm 10–22 µm ±89%
(14.4 µm)

Figure 8. Comparison of CD responses of ultrathin chiral metamaterials 
in a twisted bilayer or trilayer geometry. Chiral bilayers with no interlayer 
media are in open squares, chiral bilayers with dielectric interlayers are 
in closed circles, and chiral trilayer systems are represented by crosses. 
Only data from the best-performing designs are included.
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Figure 9. Tunable CD signals in planar chiral twisted metasurfaces at normal incidence. a) By changing the twist angle: CD spectra of twisted bilayer 
graphene. Adapted with permission.[10] Copyright 2016, Springer Nature. b) By changing the layer number: CD spectra of twisted thin films of aligned Au 
nanowires with a fixed common interlayer twist angle of ±15°. Reproduced with permission.[15] Copyright 2017, Wiley-VCH. c) By changing the thickness 
of one or more layers. Scheme of twisted bilayer α-MoO3 with top and bottom slab thicknesses of d1 and d2, respectively. Reproduced with permission.[27] 
Copyright 2020, Springer Nature. Heatmap showing the CD signal of 70°-twisted bilayer α-MoO3 at a wavelength of 14.4 µm. Reproduced with permission.[14] 
Copyright 2021, IOP Publishing. d) By switching the stacking order in a twisted heterobilayer system: CD spectra of differently stacked layers of aligned poly-
diacetylene thin film in red and blue phases. Reproduced with permission.[42] Copyright 2022, Wiley-VCH. e) By adding a dielectric interlayer and changing 
its thickness. Scheme and CD heatmap of a −15°-twisted bilayer Au nanohole arrays with a fibroin interlayer. Adapted with permission.[139] Copyright 2018, 
American Chemical Society. f) By introducing mechanical strain into elastic film structure: applying a compressive force normal to the stacking plane of 
a −45°-twisted bilayer of AuNP dimer chain arrays in a polydimethylsiloxane template. Reproduced with permission.[16] Copyright 2021, Springer Nature.
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the impinging light play an important role in determining the 
chiroptical activity of flat chiral metasurface. First, changing 
the monolayer thicknesses in a twisted bilayer (or effectively 
double multilayer) tunes the observed CD. Taking twisted α-
MoO3 slabs, e.g., when the thicknesses of the two anisotropic 
layers were varied continuously from 0 to 5  µm, the highest 
CD signals were achieved when the top and bottom layers are 
0.6 and 2.7  µm in thicknesses for several twist angles inves-
tigated (Figure  9c).[14] Simply reversing the top and bottom 
layers would have an effect on the CD response as well. Poly-
diacetylene is a responsive polymer that undergoes a chro-
matic transition upon environmental change such as heating, 
thus resulting in two distinct phases known as the blue phase 
and the red phase. Twisted stacking of aligned polydiacetylene 
nanofibril thin films, therefore, makes possible the tunable and 
potentially switchable CD spectra. As shown in Figure 9d, the 
two heterobilayer stacking configurations produced distinct 
CD spectra. Importantly, the authors established that the CD 
spectra of red–blue heterobilayer resembled those of blue–blue 
homobilayer; similarly, the CD spectra of blue–red heterobi-
layer resembled those of red–red homobilayer.[42] This study 
brings forth key insights into the role of the top layer in a chiral 
bilayer metasurface.

Since the origin of optical chirality stems from the twisted 
structural configuration, inserting a relatively thin dielectric 
interlayer does not negate the optical chirality of the metasur-
face. Changing the interlayer separation distance effectively 
modulates the coupling between the layers in a chiral meta-
surface—whether it is the metal-dielectric-metal near-field 
coupling in a plasmonic metasurface or near-field coupling 
between dielectric resonators in an all-dielectric metasurface. 
For periodic arrays of Au nanoholes, the twisted bilayer can 
support surface plasmon polaritons on its surface.[18] When a 
dielectric medium is inserted between the layers, internal sur-
face plasmon polaritons or gas surface plasmons are generated 
in the interlayer region and enables near-field coupling between 
layers (Figure 9e).[139] This greatly enhances the CD signal from 
0.2° in a bare homobilayer to 6° when a 30 nm dielectric is in 
place, corresponding to a nearly 30 times improvement. Sim-
ilar enhancements were observed when comparing the bilayer 
metasurface with and without a dielectric spacer, with examples 
seen in Figure 8. For multiple twisted metasurfaces, numerical 
simulations confirmed that the electric, magnetic, and super-
chiral fields were concentrated and preferentially localized at 
the chiral interface or in the interlayer region.[16,18,139,150] The 
thickness of the interlayer dielectric also affects the chiroptical 
signal, which has been demonstrated for metasurfaces of 
graphene nanoribbon arrays,[114,151] aligned plasmonic nano-
wires,[17] nanohole arrays,[139] nanoantenna arrays,[124] and single 
triskelion element.[106] Another consideration is that the inter-
layer spacing can be engineered to match the helical feature of 
the circularly polarized incidence in order to modulate light–
chiral matter interactions.[152]

Last, for certain mechanically flexible metasurfaces, strain 
engineering allows reversible modulation of the CD spectra. 
A successful demonstration is shown in Figure  9f for a soft-
template chiral plasmonic metasurface.[16] The mechanism of 
mechano-tunability is based on the nanoparticle reconfigura-
tion within the metasurface when the bilayer is bent to varied 

degrees. While this strategy is fairly novel for chiral twisted 
metasurfaces, programming CD response through mechanical 
strain has been reported for similar chiroptical nanocompos-
ites.[140] Contrariwise, when investigating the effect of strain 
on twisted aligned nanofibril thin films on a flexible polyvinyl 
alcohol strip, Xie et al. found that there was minimal effect 
of the bending strain on both absorption and CD characteris-
tics, which hints at durable performance in strain-sensitive 
applications.[42]

While this review has focused on the optical chirality of 
twisted metasurfaces at normal incidence, shining light at an 
oblique angle might influence the measured chiroptics. For 
chiral 2D TBG or twisted bilayer α-MoO3 crystalline slabs, their 
CD spectral responses have been found to remain relatively 
invariant with changing angles of incidence.[10,14] However, 
achiral single-layer plasmonic nanohole arrays as well as meta-
surfaces with split ring apertures have shown pseudo-CD sig-
nals when light is obliquely illuminated onto the arrays.[9,153,154] 
Hence, a twisted layered structure of these materials at oblique 
incidence would possess optical chirality of two different ori-
gins, generating an overall enhanced CD response. This super-
imposition was recently demonstrated by Lai and colleagues in 
a 90°-twisted bilayer metasurface comprising split ring reso-
nator arrays (Figure 10).[21]

To briefly sum up, ultrathin chiral metasurfaces fabricated 
from twisted stacking possess programmable chiral optical 
activities at normal incidence. Spectral features including the 
sign, magnitude, and spectral position of CD could be modu-
lated by changing the interlayer twist angle, interlayer spacing, 
layer number, and so on. The flexible programmability is overall 
enabled by the additional degrees of freedom in comparison 
with traditional chiral metamaterials. Furthermore, most of the 
strategies for tuning CD as discussed above are broadly appli-
cable to a large selection of materials systems, taking, e.g., the 
interlayer spacing that influences the coupling strength like 
electronic coupling of twisted 2D bilayers or near-field effects of 
plasmonic metasurfaces. Certain metasurface designs display 
real-time CD tunability by exploiting strain-induced reconfigura-
tion, which is generally impossible for other artificial materials. 
Using obliquely incident light, the secondary extrinsic chirality 
could enhance the CD signal from the chiral metasurface, and 
thus the angle of incidence of light adds to an already-complex 
parameter space for tuning chiroptical performance. Future 
research is desired to investigate the interplay between the two 
forms of CD responses and to exploit this for advanced light 
manipulation. What is more, despite the diversity of the strate-
gies, most have only been explored for a few disparate designs 
or systems. Fundamental insights and an overarching theoret-
ical framework of the tunability of CD responses are still prereq-
uisites for on-demand design of ultrathin chiral metasurfaces.

4. Chiroptical Applications of Chiral Twisted 
Metasurfaces
4.1. Polarization Rotators and Circular Polarizers

Optical technologies have laid the foundation for the Infor-
mation Age. Despite numerous engineering feats such as 

Adv. Mater. 2023, 35, 2206141
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the developments of optical fibers and ultrafast lasers, there 
is still an ultimate need to devise optical devices with control 
over the polarization, phase, and amplitude of electromagnetic 
waves. For instance, a twisted trilayer metasurface of split ring 
resonators was reported to be capable of independent control 
of polarization, phase, and amplitude.[102] A successful dem-
onstration of the multiplex beam wavefront shaping was also 
delineated. Recently, Overvig et al. put forward a Fano-based 

twisted stacked metasurface leveraging quasi-bound states in 
the continuum capable of tailored phase control while encoding 
arbitrary polarization states.[147] For pure polarization control, 
which is important for telecommunication or optical data 
storage applications,[155–157] mechanical rotating devices such 
as waveplates are commonly used. Optical metadevices based 
on microelectromechanical systems have also been proposed 
for active polarization control.[158] Nevertheless, much simpler 
designs that offer fabrication-related advantages are found in 
chiral stacked metasurfaces. Herein, chiral metasurfaces in 
nanoscale dimension for the control of linearly polarized and 
circularly polarized electromagnetic incidences are discussed, 
respectively.

When linearly polarized light is shone onto a polariza-
tion rotator, the polarization axis of the incidence is rotated, 
a phenomenon characterized by ORD. Figure 11a shows the 
design and chiroptical performance of a 22.5°-twisted bilayer 
plasmonic hole array as a polarization rotator.[152] With a total 
device thickness of 110 nm, the average maximum optical rota-
tion coefficient, also called thickness-normalized optical activity, 
was determined to be 2 × 106 deg mm−1. Similar but opposite 
chiroptical responses were recorded for the other enantiomer. 
Moreover, increasing the optical power of the incident beam 
allowed modification of the polarization control, either ORD 
or CD, in the chiral metasurface, i.e., the chiral metasurface 
exhibited tunable optical nonlinearity. The nonlinear optical 
rotation coefficient was ≈180 cm−1 W−1, which was orders of 
magnitude higher compared to commercially used materials 
such as lithium iodate (LiIO3) crystals.[152] Additionally, twisted 
arcs as plasmonic nanoantennae were designed for polarization 
conversion of linearly polarized light in the near-IR regime.[110] 
Compared to plasmonic chiral metasurfaces, all-dielectric meta-
surfaces that enjoy significantly lower dissipative losses are 
more attractive as optical metadevices. Tanaka et al. designed 
a silicon-based all-dielectric chiral metasurface with a max-
imum optical rotation coefficient of ≈2.7 × 105  deg mm−1.[101] 
Despite high optical rotation activities, the discussed chiral 
metasurfaces have a limited range of operational wavelengths, 
remaining to be further extended in order to achieve broadband 
wireless communications.[159]

Broadband circular polarization was realized in a twisted 
AuNR-array metasurface.[20] As expected, the optical perfor-
mance of this chiral metasurface was tunable by changing the 
twist angle, the interlayer spacer thickness, or the layer number 
(Figure  11b). The authors also ascertained that the robustness 
of the broadband design was retained across the different meta-
surfaces, and the transmission characteristics were invariant 
even when laterally displacing one of the layers, suggesting 
the minimal effects of potential misalignment errors.[20] Simi-
larly, twisted stacked Al nanogratings also presented broadband 
CD, with an extinction ratio as high as 8, in the visible-near-IR 
range.[160] Although comparable performances were recorded 
for the two metasurface designs, the latter might be more 
attractive. First, from a fabrication standpoint, nanograting can 
be facilely prepared using nanoimprint lithography, whereas the 
nanorod arrays require more precise lithographic patterning. 
Second, Al is one of the elements that are directly mined with 
high global production,[161] representing a more economic and 
sustainable alternative to precious metals like Au.

Adv. Mater. 2023, 35, 2206141

Figure 10. Enhanced CD in chiral metamaterials under oblique illumina-
tion. a) Design of 90°-twisted bilayer metasurface of split ring resonators 
separated by F4B PCB. b) CD of metasurface at normal incidence. c) CD 
of metasurface at oblique incidence of various angles. Reproduced under 
terms of the CC-BY license.[21] Copyright 2020, The Authors, published by 
Optical Society of America.
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4.2. Polarization-Sensitive Optical Devices

Chiral metasurfaces possess absorption or transmission spectra 
that are sensitive to the polarization state of incident light. In its 
simplest form, the asymmetric transmission behavior may be 
utilized to construct optical filters that block light of a specific 
frequency or wavelength in a polarization-dependent manner. 
This property has been demonstrated in chiral metasurfaces 
comprised of twisted nanorod dimer arrays,[125,162] twisted semi-
circle arrays,[124] or twisted circular disk arrays.[163] Notably, for 
the AuNR-based chiral metamirror, the optical absorption spec-
trum under RCP light remains relatively unchanged regardless 
of the angle of incident light, suggesting the robust perfor-
mance of the device for real-life applications as optical filters.[162] 

On the other hand, for polarization-independent optical filters, 
ultra-narrowband filters with a notch filter line shape can be 
achieved in a bilayer photonic slab, where the frequency to be 
filtered is tuned by simply changing the twist angle.[43]

In the visible region, the differential transmission of LCP 
and RCP light might be exploited to enable color displays or 
color prints for data encryption. Xie et al. fabricated twisted 
homo- and heterobilayers of polydiacetylene thin films in the 
blue and red phases as flexible color display units.[42] Based 
on the stacking configuration, each bilayer unit operated as a 
switch for the prime colors red, green, and blue in a one-to-one 
correspondence according to the polarization state of incident 
light (Figure 12a). Albeit a simple design, the polymeric chiral 
metasurface already covered ≈51% of the maximum possible 

Adv. Mater. 2023, 35, 2206141

Figure 11. Chiral metasurfaces for polarization discrimination and control. a) Chiral metasurfaces based on 22.5°-twisted bilayer elliptical Ag hole 
arrays. The two enantiomers are labeled A and B. Corresponding ORD, measured as the polarization rotation angle, and CD spectra in the linear 
regime. Reproduced under terms of the CC-BY license.[152] Copyright 2017, The Authors, published by Springer Nature. b) Broadband circular polar-
izers based on 60°-twisted layered AuNR arrays with layer numbers 2, 3, and 4, respectively. Stacking scheme, electron micrograph, and corresponding 
polarization-sensitive transmission profiles. Adapted under terms of the CC-BY license.[20] Copyright 2012, The Authors, published by Springer Nature.
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gamut (Figure  12b), equal to ≈80% of the capacity achiev-
able by a typical sRGB color space. Compared to traditional 
color displays such as those based on liquid crystals, there 
are numerous potential advantages if current metasurfaces 
are further optimized. First, traditional liquid crystal displays 
rely on the physical alignment of molecules under an external 
field, a process that is known to suffer from slow responsivity 
at low operating temperature. The chiral metasurface design, 
in general, does not have this limitation. Second, different 
colors would be obtained without sacrificing much brightness 
of the output, which may be further improved by engineering 
the transmission characteristics of chiral metasurface. Most 
importantly, the polymeric chiral metasurface can be depos-
ited onto a flexible substrate, acting as flexible color display 
units.[42]

Data security through optical information encryption or 
optical counterfeiting measures is another active research 
topic in chiral metamaterials. One example is CD spectroscopy 
coding.[76] However, this approach requires a spectral readout, 
and a large library of datasets may be needed for meaningful 
interpretation. Direct visual readout based on colors or images 
thus represents a simpler and more appealing alternative. 
Figure 12c shows how a bilayer stacking of twisted Al arcs gen-
erates distinct colors under LCP and RCP irradiations. Using 
these units as pixels, researchers were able to construct color 
prints with optical images that were only discerned for a spe-
cific polarization state of light beam (Figure  12d). Circularly 
polarized luminescence of materials-specific chiral bilayers 
also enables similar optical encryptions.[42] A recent study 
using metasurfaces based on periodically repeated clusters 

Adv. Mater. 2023, 35, 2206141

Figure 12. Chiral metasurfaces for color displays and encrypted color prints. a,b) Flexible multiplex color display based on 45°-twisted bilayers of 
polydiacetylene thin films. a) Selective color filtering performance of metasurface for LCP and RCP incident light. b) Corresponding color space chro-
maticity diagram showing the gamut of twisted metasurface. Reproduced with permission.[42] Copyright 2022, Wiley-VCH. c,d) Counterfeiting color 
prints. c) Transmission spectra of LCP and RCP light through a twisted Al arc-based bilayer structure at different angular orientations. d) Chiral color 
prints showing two different encoded images under LCP and RCP light, respectively. Reproduced with permission.[126] Copyright 2019, Royal Society 
of Chemistry.
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of meta-atoms reported the vectorial holographic encryption 
of data in a dual-band manner covering the UV and visible 
region.[109]

4.3. Chemical and Biological Sensing

Chiral nanostructures with a large chiroptical response have 
long been sought for enantiodiscrimination of chiral com-
pounds. One technologically relevant area is the quality con-
trol of medications, and their enantiomeric purity is of vital 
importance for achieving the intended pharmacological out-
come.[164–166] In pharmaceutical companies, optical polarim-
etry presented by CD is commonly used. Chiral metasurfaces 
that amplify light–matter interactions are able to improve the 
signal-to-noise ratio and decrease the detection limit for small 
molecule enantiomers. Most studies rely on a shift in the CD 
spectral peaks or dips, i.e., ∆λ, when comparing the chirop-
tical signals of chiral metasurface with and without the ana-
lytes. This far-field spectral shift is believed to originate from 
the near-field interactions between small molecules and chiral 
substrate.[19,167]

Using the twisted bilayers of plasmonic nanohole arrays, 
researchers successfully detected the drug molecule thalido-
mide adsorbed onto the metasurface and differentiated the 
two enantiomeric forms, where (S)-thalidomide was suppos-
edly teratogenic in nature.[18] The same metasurface platform 
was also used for clinical diagnosis of diseases, for which the 
associated biomarkers had a distinct chiral signature—in this 
case, L- versus D-glucose—in a label-free manner. A detection 
accuracy of 84% was obtained for clinical urine samples from 
diabetic patients with an ultralow sample volume requirement 
(10 µL).[168] Specifically, a microbubble technique was employed 
to induce prompt accumulation of L- or D-glucose onto the 
metasurface for rapid testing. To implement rapid and con-
tinual screening, a microfluidic or nanofluidic device geometry 
is desired. By incorporating a flow setup on top of a plas-
monic nanorod-based chiral metasurface, solutions or suspen-
sions containing chiral species were continuously monitored 
(Figure 13a).[19] The authors considered the ensemble of chiral 
molecules sitting on the top of plasmonic chiral metamaterial 
and derived an expression for the total CD response. Following 
removal of the background signal, CD response of the chiral 
analytes was detected with high sensitivity up to zeptomole 
(10−21 mol) level.[19]

Twisted bilayer metasurfaces have been shown to possess 
concentrated superchiral fields at the chiral interface according 
to field simulations,[16,18] whereas they localize at the surface on 
the incidence side for similar monolayer nanostructures.[130] 
These near-fields amplify the optical signal of small molecules, 
thus helping achieve their detection with high sensitivity. Using 
this information, researchers deposited biomolecules such 
as proteins in the interlayer region prior to twisted stacking, 
whereby ultrasensitive biosensing of proteins is realized 
(Figure 13b).[16] For practical exploitation of the superchiral field 
between the twisted layers, microfluidic channels can be incor-
porated into the interlayer dielectric for flow-cell-based analysis.

The deployment of stimuli-responsive materials pro-
vides an ingenious route for chiral metasurface designs for 

broad-spectrum environmental sensing applications beyond 
chirality sensing. For example, fibroin silk undergoes micro-
structural alterations with noticeable swelling or shrinkage 
behaviors when immersed in different solvents. When used as 
an interlayer spacer, such alternations, which affect the inter-
layer spacing as well as the intrinsic optical properties of the 
interlayer medium, were reflected in the change in CD spectra. 
The stimuli-specific response enables the detection of trace 
concentrations of solvent impurities. Figure 13c illustrates how 
the solvent polarity modulated the interlayer properties, leading 
to CD spectral change that was used for detecting water resi-
dues in isopropyl alcohol.[139] Similarly, methanol impurities as 
low as 0.02% in hexane were also discerned.[139]

Besides CD spectra, reflection responses have been also 
exploited for sensing applications. Using a twisted bilayer meta-
surface with I-shaped inclusions, Zhang et al. leveraged the 
change in the reflection signals from circular polarization spec-
troscopy to monitor the thermal denaturation of proteins at ter-
ahertz frequencies.[99] Different trends in the reflection spectral 
change were detected for three different common proteins at 
varying degrees of denaturation. This study showed the poten-
tial applicability of this metadevice for terahertz protein quality 
control in the biotechnology or food industries.

Overall, compared to other chiral nanostructures such as 
chiral Au nanoparticle suspensions, chiral stacked thin films 
possess numerous advantages in sensing applications. First, it 
is easy to deposit the analyte onto the planar metasurface. The 
chemicals to be analyzed can be deposited via simple drop-
casting, whereas thorough mixing with nanostructures in a 
confined vial is needed for colloidal-based chiral sensors. The 
use of a microfluidic flow cell further helps automate the pro-
cess for industrial implementation of chiral metasurface pola-
rimetric devices. Second, the analytes might be either solution-
based or solid-states (e.g., in powder form), whereas analytes in 
powder form must be dissolved into the specific solvent using 
the colloidal-based chiral sensors. Third, as an immobilized 
metasurface optical device, if there is no or negligible interlayer 
entrapment of analytes, chiral metasurfaces enjoy high reus-
ability as a sensing platform. Actually, the chiral metasurface 
with a flexible polydimethylsiloxane substrate by Probst et al. 
permitted rotational reconfigurability and deformability for set-
ting-specific sensing applications.[16]

4.4. Toward Hybrid Metadevices

Apart from the direct application as optical or opto-sensing 
devices, a chiral metasurface has been become a versatile plat-
form to construct hybrid metadevices. Quantum valleytronics, 
first introduced in 2007, has attracted much attention for its 
potential use in information encodement and processing.[169] 
Local valleys in the electronic band structure of a semicon-
ductor possess distinctly identifiable energies or momenta, 
and their manipulation has direct implications for electronic 
logic in quantum computing.[170] In a study from 2019, a semi-
conducting WSe2 monolayer was inserted into the interlayer 
region of a plasmonic chiral metasurface, whereby the inter-
action of valley excitons and the superchiral field in optical 
cavities was exploited to modulate the valley dynamics of the 
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2D monolayer.[171] Shown in Figure 14a, the metadevice has 
the WSe2 monolayer placed above a dielectric spacer and alto-
gether sandwiched between two layers of nanohole arrays 
stacked at an angle. The total device thickness is <130  nm, 
corresponding to around one-sixth of the operational wave-
length. When the metasurface is achirally stacked, either as an 
untwisted or 30°-twisted bilayer, there is no difference between 
the polarization-resolved photoluminescence spectra. In con-
trast, for the two enantiomeric stacking configurations, there 
is distinct valley-polarized emission with its sign determined 
by the handedness of the metasurface owing to the chiral Pur-
cell effect (Figure  14b). Such hybridization of valley dynamics 

and optical cavities with enhanced electromagnetic near-fields 
(Figure  14c) offers a convenient approach to engineer the 
optics of 2D excitonic nanostructures and more generally val-
leytronic devices under ambient condition. Although similar 
chiral near-fields have been exploited for this purpose,[172,173] 
the twisted bilayer stacking geometry enabled additional tun-
ability of the spectral position of circular polarization emission 
by either changing the twist angle of plasmonic metasurface 
or by increasing the dielectric spacer thickness. There are 
also additional advantages of this design principle. First, 
sandwiching 2D monolayer in the chiral metasurface effec-
tively shields the emission medium, offering environmental 

Figure 13. Chiral metasurfaces for chemical and biological sensing. a) High-sensitivity detection of chiral metabolites in a flow-cell setup using twisted 
bilayer AuNR arrays. Processed CD spectra for analytes upon removal of background metamaterial CD signals. Adapted under terms of the CC-BY 
license.[19] Copyright 2017, The Authors, published by Springer Nature. b) Enhanced chiral sensing of protein bovine serum albumin (BSA) in the 
interlayer region of a chiral bilayer plasmonic film. Reproduced with permission.[16] Copyright 2021, Springer Nature. c) Environmental sensing using a 
nanohole-array-based chiral metasurface with a fibroin interlayer. CD spectra showing reversible chiroptical signals when exposing the silk-metamaterial 
to water and isopropyl alcohol (IPA) alternatively for three cycles. Reproduced with permission.[139] Copyright 2018, American Chemical Society.
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protection against parasitic surface contaminants. As a proof 
of concept, the WSe2-plasmonic chiral metasurface hybrid 
was shown to display nearly reversible ON/OFF switching of 
the valley-polarized emission in water and in air under cyclic 
experiments.[171] Second, previous methods for controlling the 
valley-polarized emission of a single layer of transition metal 
dichalcogenide include the application of an electrical bias and 
optical pumping;[174,175] however, both approaches rely on car-
rier injection to create disproportionate valley populations. The 
employment of chiral metasurfaces proposed by Wu et al. is 
solely based on chiral-selective light–matter interactions. Third, 
it is a straightforward approach by comparison and does not 
require cumbersome device fabrication or specialized optical 
equipment.

5. Outlook

Ultrathin chiral metastructures are gaining ground at a rapid 
pace; nevertheless, the research on chiral twisted metasurfaces 
is still in its infancy. Here, we offer the perspectives on the 

future research directions in these subwavelength nanostruc-
tures from three different aspects—materials and design, fun-
damental properties and emergent phenomena, and advanced 
applications—and discuss their broad impacts.

5.1. Materials and Metasurface Design

Chirality, though prevalent in nature, has mostly been made 
tunable with engineered constructs. Twisted chiral stacking 
of nanostructures offers one promising way of switching and 
modulating the optical chirality. However, current chiral meta-
surfaces in the literatures are focused on a limited selection of 
nanomaterials systems, some of which are not yet experimen-
tally realized. Expanding the materials toolkit will not only help 
identify high-performance metasurfaces and greatly accelerate 
their translation toward practical applications, but also afford a 
viable platform for discovering novel helicity-selective effects. 
Looking at 2D materials, their ultrathin dimensions mean 
that the quantum mechanical nature of the quasi-particles like 
electrons and polaritons become more relevant in light–matter 
interactions, leading to ultraconfined optical fields.[176] More-
over, while there is an explosion of studies on twisted bilayers 
of graphene and transition metal dichalcogenides in recent 
years, other low-dimensional nanostructures with intrinsically 
high absorptivity such as MXene[177] and perovskite[178] deserve 
to be investigated, for instance, to attain ultrahigh thickness-
normalized ellipticity. We also envision new research on the 
twist engineering of these emergent 2D materials upon chiral 
stacking. Nevertheless, the key challenge for twisted stacked 2D 
thin films lies in the preparation of large-area, single-crystalline 
monolayers and, for patterned 2D materials, advanced nanofab-
rication with suitable transfer methodologies.

Manipulating the nanoscale structures has profound impli-
cations in tailoring light–matter interactions, as seen in the 
significant strides made for antenna-based metasurfaces. Most 
chiral stacked nanomaterials discussed employ simple achiral 
monolayers, and some lack nanoscale resonant structures. 
Intrinsically chiral nanostructures[8]—such as those coated 
with chiral ligands or possessing chiral morphologies—can 
be used as constituent components to further engineer light–
matter interactions at the nanoscale. They can self-assemble 
into superlattices that act as a monolayer, and the resultant 
twisted stacked metasurfaces are expected to possess hierar-
chical and multiscale chirality from the nanoscale to the mes-
oscale, endowing tunable chiroptics via changing single-unit 
chirality in the metasurface. Depending on the direction of 
incidence, orientationally anisotropic CD responses would 
be observed using this approach. From a fabrication point of 
view, self-assembly being an energy-efficient process compared 
to lithography-intensive fabrication is desirable for preparing 
metasurfaces, though additional work is needed to address the 
scalability problem.[179]

Regardless of the materials system, the predictable design 
of chiral optics and photonics remains a challenge in the field. 
Although some inverse design approaches exist,[103,180] it is 
difficult to establish tangible, intuitive correlations between 
structure/design and chiral optical activity, especially consid-
ering the multidimensional parameter space for the chiral 

Figure 14. Modulation of excitonic dynamics in 2D monolayer using a 
plasmonic chiral metasurface. a) Hybrid metadevice: scheme of WSe2 
valley dynamics modulation and metadevice geometry. b) SEM images 
showing top view and corresponding polarization-resolved photolumi-
nescence spectra of the hybrid metamaterials with different interlayer 
twist angles. Scale bars = 300  nm. c) Corresponding simulated super-
chiral fields at the plane of the 2D monolayer. Scale bars = 1 µm. Repro-
duced with permission.[171] Copyright 2019, Wiley-VCH.
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metasurfaces. To tackle this, machine learning emerges as an 
alternative method for accelerating parameter optimization. 
Using two bidirectional neural networks, it is possible to create 
high-performance chiral metasurfaces with predesignated reso-
nant frequency and bandwidth.[103] Depending on the number 
of input performance metrics, machine learning methods 
could produce multiple sets of possible design parameters, 
endowing flexibility in fabricating chiral metasurfaces for real-
world applications.

5.2. Fundamental Properties and Emergent Phenomena at the 
Chiral Twisted Interface

In addition to steady-state optical chirality, twist-dependent 
and chiral-selective properties of ultrathin layered nanostruc-
tures are awaiting full exploration. First, there are limited 
fundamental insights on superchiral fields that concentrate at 
the interlayer region of a chiral bilayer metasurface. Despite 
extensive numerical simulation of this near-field effect and its 
exploitation for sensing applications, the tunability and spatial 
distribution for multilayer chiral structures are largely unex-
plored. Our understanding of this superchiral field is also 
mostly limited to the linear regime. Second, twisted stacked 
metasurfaces composed of graphene nanoribbons or α-MoO3 
slabs display photonic dispersions that are modulated via the 
interlayer twist angle.[25,27,181] At the “photonic magic angle,” 
broadband field canalizations are realized where the polariton-
coupled dispersions become essentially flat. These Moiré-ena-
bled twist-photonics and -polaritonics could find applications 
in nanoimaging and radiative energy control. As many hyper-
bolic metamaterials have been found,[182] they might be used 
to explore such photonic topological transitions in other fre-
quency ranges, which is of significance for fundamental sci-
ence and advanced applications. Third, optical nonlinearities 
have only been briefly studied in chiral metasurfaces and 
deserve more in-depth investigations.[4,152,183–185] Nonlinear 
optics are pivotal for lasing technologies, optical computing 
and processing, and ultrafast switches;[186] and new possibili-
ties for quantum nanophotonics could unfold by leveraging 
nonlinear optical processes. Valev and colleagues designed sub-
wavelength chiral metasurface with large SHG CD (>0.5),[187] 
which may prove useful for establishing optical autocorrelation 
for measuring ultrashort chiral laser pulses. Ultrathin chiral 
metasurfaces with their planarized geometry and controllable 
chiroptics could act as integrated all-optical processing systems 
with high polarization sensitivity. Finally, twisted stacking 
has enabled the field of 2D twistronics to emerge, leading to 
twist angle-dependent properties beyond optical activity. Chiral 
stacked 2D materials possess exotic Moiré optics and novel 
electronic properties, whereby opposite stacking configurations 
of an identical 2D system may possess distinct topological and 
transport behaviors.[188,189] When two atomically thin periodic 
lattices are superimposed on top of each other, Moiré patterns 
with uniquely tunable potential landscapes emerge. Due to 
programmable electron localization that gives rise to artificial 
atoms, these Moiré 2D materials have been used as quantum 
simulators to probe quantum mechanical phenomena elusive 
to conventional materials.[28,189] Understanding the relevance 

and importance of stacking chirality on these twisted 2D mate-
rials will provide key insights into phenomenon such as chi-
rality-induced spin selectivity, magneto-chiral anisotropy and 
quantum transport.

5.3. Advanced Applications of Ultrathin Chiral Metasurfaces

As already discussed extensively in this review, there are 
numerous application areas for chiral twisted metasurfaces 
with subwavelength thicknesses, including light polariza-
tion control, metasurface-enhanced chiral spectroscopies, and 
optical encryption. Below we list out some potential advanced 
optical applications and future areas for exploration. First, 
current chiral twisted metasurfaces have shown some poten-
tial of optical information processing in the visible range, yet 
the bandwidth of the CD response is not always designable. A 
recent study demonstrated that optical skyrmions displaying 
sharp, multiresonant, and equidistant eigenmodes were 
observed in an ultrathin mirror-symmetry-breaking metas-
tructure.[190] Such resonant operable modes would be useful 
for high-precision optical processing across a wide frequency 
range. Second, the innovation on material and design certainly 
benefits the use of ultrathin chiral metasurfaces as planarized 
metadevices with multiple functionalities. For example, chiral 
TBG enjoys high electrical conductivity[191,192] and twist-angle-
tunable electrochemical signatures[193] in addition to optical 
chirality. By simultaneously leveraging twist-engineered elec-
tronic and optical properties, chiral twisted 2D materials may 
soon find applications in polarization-based electro-optical 
metadevices. Lastly, stimuli-responsiveness in ultrathin chiral 
metasurfaces could provide multiple application opportunities. 
Devices used for space exploration, for instance, require ultra-
compactness for storage and stimuli-responsiveness in order to 
be deployed remotely in outer space in an on-demand fashion. 
It is certainly possible to construct reconfigurable and stimuli-
responsive chiral metasurfaces using inspirations from origami 
and kirigami.[194–196] The designed out-of-plane actuation would 
provide an extra degree of freedom for optical chirality control.

6. Conclusions

This review has surveyed the state-of-the-art studies on 
ultrathin chiral metasurfaces fabricated by rotationally aligning 
two or more layers of thin-film nanomaterials at an angle. 
Recent advances in materials systems and designs, fabrica-
tion methods, circular dichroic responses, and relevant appli-
cations have been discussed. Specifically, 2D vdW monolayers, 
nanowire-based thin films, antenna-based metasurfaces, and 
single-crystalline slabs have been stacked with an interlayer 
rotation to prepare chiral metasurfaces with subwavelength 
thicknesses. The induced chiral signature originates from 
the spatial twisting of the layers with a defined handedness 
to break mirror symmetry. For a given materials system, its 
chiral-optical signals are programmable via a variety of external 
means such as by changing the interlayer twist angle, adding a 
dielectric spacer, or modulating its thickness. Their ultrahigh 
chiroptical performance, as quantified by ellipticity and g-factor, 
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makes chiral twisted metasurfaces excellent candidates for use 
as circular polarizers, optical counterfeiting devices, metaholo-
grams, color display units, and chiral sensing platforms. Their 
unique advantages compared to other metasurface devices and/
or chiral nanostructures are also enumerated. On top of their 
direct application as optical devices, the potential of chiral 
twisted metasurface as a powerful platform for engineering 
the photodynamics of low-dimensional materials has been 
recently demonstrated. Even though rapid progresses have 
been made, we believe there is still plenty of room for improve-
ment as well as new discoveries. Enhancements of the chirop-
tical performance like the CD magnitude could be made on 
current chiral metasurfaces. Additionally, these designs suffer 
from poor inverse designability, since it is not straightforward 
to correlate structure/design to chiroptical performance met-
rics including the operational wavelengths. Machine learning 
approaches are attractive in this regard, but an overarching 
theoretical framework of the design–property relationships in 
chiral metasurfaces is also needed. Beyond simple chiroptics, 
twisted stacking of ultrathin nanostructures provides a pow-
erful platform for the discovery of novel optical and perhaps 
spin-selective phenomena with twist angle dependencies. With 
new advances in materials synthesis and nanofabrication strate-
gies, future research on ultrathin chiral metasurfaces will open 
doors to new chiral nanostructure designs for use in diverse 
scenarios including ultrasensitive sensing and diagnostics, 
polarization-sensitive photonics and optoelectronics, and as pla-
narized multifunctional metadevices.
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