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Abstract Recent advancements in nano- and micro-fabrication technology have
allowed the realization of artificial structured materials with strong electromag-
netic chirality, far-exceeding natural chiral materials. This chapter categorizes the
fabrication methods for realizing chiral structures based on the feature sizes, which
closely relates to the operating wavelengths. Conventional top-down and bottom-up
approaches are discussed along with their respective advantages and disadvantages,
and the recently developed unconventional fabrication methods are also provided.
Additionally, the chiral responses of the fabricated structures are briefly introduced.
This chapter will contribute to the understanding of possible chiral structure designs
and help to develop further fabrication methods for improving chiroptical activity.

10.1 Introduction

Achiral object cannot be superimposed onto itsmirror image by only translations and
rotations. In general, a chiral object and its mirror image (enantiomer) have iden-
tical physical characteristics such as mass, so they cannot be distinguished easily
[1]. However, they may interact differently with other chiral objects; this feature
has significant implications in pharmaceutics and synthetic chemistry, because a
chiral molecule and its enantiomer have different chemical properties. Such chiral
objects interact enantioselectively with circularly-polarized light, i.e., the chiral
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objects interact differently with left-circularly-polarized (LCP) and right-circularly-
polarized (RCP) light. Their absorption difference under LCP and RCP incidences
is circular dichroism (CD), and the polarization rotation of light interacting with the
chiral objects is optical rotatory dispersion. However, naturally occurring materials
have intrinsically weak chiroptical responses, or circular birefringence, due to the
large mismatch between the wavelength and the sizes of chiral molecules. This weak
response hinders application of chiroptical properties.

Recent advances in artificial chirality in structured materials suggest a possibility
of generating materials that have strong chiroptical properties that far exceed those
found in natural materials, and chiral effects have been observed universally across
different length scales. According to the antenna theory [2], the resonant wavelength
of a single antenna is comparable to its geometric feature size. This principle also
applies to chiral effects; the working wavelength of the chiral effects becomes gener-
ally similar to the geometric feature size of the chiral antenna. Therefore, chiral
antennas that operate at wavelengths of micrometers or longer are relatively easy to
fabricate. This principle applies because the optical properties ofmetals at longwave-
lengths are well represented as conductor (metallic) [3]. However, the optical prop-
erties of metals near the plasma frequency become strongly dispersive and deviate
from those of a perfect conductor. Due to this feature, metallic antennas become
lossy at wavelengths near the visible regime. With these points in mind, fabrication
methods should be considered with regards to the desired working wavelength and
the properties of the material.

Recently, subwavelength metallic particles have been actively investigated for
surface-enhanced Raman scattering [4], photothermal effects [5], and optical
antennas [6] due to their strong near-field enhancement and scattering effects, which
originate from localized surface plasmon resonance (LSPR) coming the collective
oscillations of electrons and photons trapped on the surface of the small particles
[7]. When the particle size is much smaller than the wavelength, the LSPR can
be predicted using the quasistatic theory. Therefore, the metallic antennas near the
visible regime are distinguished from those at longer wavelengths as plasmonic
antennas. The wavelength scaling principle above does not apply to plasmonic
antennas [3], and subwavelength (~10 nm) chiral plasmonic nanoparticles (NPs)
have strong chiral effects in the visible spectrum. In addition, the LSPR wavelength
can be further redshifted without increasing the particle size by using high refractive
index core and plasmonic shell [8, 9].

In this chapter, we discuss a few fabrication methods of chiral structures and their
applications. Sections are divided according to the structure size, because it deter-
mines working wavelengths and the fabrication methods, and applications strongly
depend on the working wavelengths.
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10.2 Chirality at the Micrometer-Scale or Higher:
Top-Down Approach

This chapter will introduce chiral plasmonic structures and their realization in
micrometer-scale or beyond by using top-down fabrication. Artificial microscale
structures generally interact with electromagnetic (EM) waves of 1μm or more. The
wavelength range (λ > 1.0 μm) includes infrared and microwave regions; they can
be utilized for thermal detectors, light detection and ranging (LiDAR) devices, short-
range wireless communication antenna, and spectroscopy.With these applications in
mind, chiral plasmonic structures have been demonstrated from 1 μm size structures
to millimeter-scale chiral ones. In this subchapter, their fabrication methods will be
categorized by scales of artificial structures sizes; brief descriptions of chiroptical
phenomena will be added.

10.2.1 Direct Laser Writing

A fewmicrometer-scale chiral structures (e.g. helical structures) have been fabricated
using direct laser writing (DLW). This method can yield structures that have high
aspect ratio, and that demonstrate a multi-pitch helix (Fig. 10.1a–c). These structures
exhibit different chiroptical properties depending on how their helicities are designed.
For example, two-pitch helical structures have been investigated as metamaterials to
induce broadband, strong CD (Fig. 10.1a) [10]. In the wavelength range 3 ≤ λ ≤ 6.5
μm, chiral structures interact only with EM waves that have the same handedness of
polarization.

The corresponding structures are fabricated (Fig. 10.1d) by combining DLW and
electroplating with a positive-tone photoresist (PR). First, a substrate coated with

Fig. 10.1 SEM images and schematic of fabricationmethods with direct laser writing. This method
can fabricate a multi-pitch gold helixes, b tapered helixes and c handedness-converted helical
structures. d The illustration shows fabrication process of gold helixes by combining direct laser
writing and electroplating process. A positive photoresist is spun onto a substrate. And then, patterns
are exposed by direct laserwriting.Vacancies are filledwith goldwith electroplating.Gold structures
are finally fabricated with removing the residual photoresist. (a) and (d) from [10], (b) from [11],
(c) from [12]
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thin indium-tin-oxide (ITO) is prepared, and then a positive-tone PR is spin-coated
on it. The ITO has electrical conductivity, which is required to allow use of the
electroplating processes. Second, the positive-tone PR is polymerized using focused
photons, and the exposed spot is removed after the development process. Third,
electrochemical deposition is conducted to grow gold structures in the voids in the
polymer.Gold is a typicalmaterial for chiral plasmonics due to its high conductivity to
enable electron oscillations, and to its resistance to corrosion. Finally, the remaining
PR is removed using oxygen plasma etching to leave sophisticated gold structures.

The main strength of DLW is that three-dimensional printing induced by multi-
photon polymerization yields the highest degree of design freedom [13, 14]. DLW
can fabricate various helical structures, which have different chiroptical activi-
ties depending on the helical parameters and design. For example, tapered helical
structures [11] increase extinction ratio and broaden bandwidth simultaneously.
Handedness-converted helical structures achieve spin-conversion efficiency within
the frequency range of 50−90 THz (6 ≥ λ ≥ 3.33 μm) (Fig. 1d) [12]. However,
DLW has the disadvantage of limited resolution, so the wavelength band in which it
works has a lower limit. The method is also slow, so it cannot be used practically to
pattern large areas.

10.2.2 Buckling Process Using Focused Ion Beam

Thin-filmbuckling process enables curved surfaceswith sizes of tens ofmicrometers;
the curvature enables three-dimensional chiral structures. This thin-film-buckling
method includes cutting and foldingflat objects. Some three-dimensional chiral struc-
tures have gigantic chiral phenomena, compared to two-dimensional chiral structures
[15]. Furthermore, this buckling process does not require stacking and aligning,
which are necessary steps in multi-layer fabrications. The residual stress can be
induced by various stimuli, including temperature, mechanical forces, and capillary
forces [16–19]. In this subchapter, we will consider focused ion beam (FIB)-induced
buckling which is a recently emerging method.

Residual induced compressive forces have been evaluated as methods to create
chiral structures and strengthen their chiroptical responses [20]. One method to
generate residual stress in a surface of thin film is to use FIB to implant ions. This
technique requires only a single step, and has both high accuracy and high resolu-
tion, so the method can fabricate desirable chiral structures. For example [15], one
chiral structure that had a strengthened chiroptical response (Fig. 10.2a); to generate
plasmonic responses, the authors used a gold thin film in which residual stress was
imposed by global ion beam irradiation (Fig. 10.2b). Curvatures of the structures can
be modulated by controlling the dose intensity during irradiation, so chiral structures
can be shaped with quite high accuracy (Fig. 10.2c).

Compared to two-dimensional structures, buckled chiral techniques enable versa-
tile geometries. Chirality is derived from the difference in interaction depending
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Fig. 10.2 Understanding of buckled structures fabricated by focused ion beam, a The rosette
arrays are fabricated with buckling process with focused ion beam. Two different handedness can
be fabricated,bAglobal radiation buckle a thin films.Right image shows a pre-buckled structure. the
left-one shows post-bucked structures, c A film are buckled by global radiation, d measured chiral
reponses of bucked structures, e The buckling process dramatically increase an optical rotation.
(a–e) from [15]

Fig. 10.3 Artificial chiral structures using photolithography and electroplating. a SEM image
shows fabricated 3D chiral structures, b A unit-cell is consist of four-chiral structures and they are
composed of four differentmaterials, c SEM image shows a rotating arrangement of chiral structures
by consisting unit-cell. The rotating arrangement induces chiral responses, d Schematic shows a
fabrication process for chiral structures, e-f Handedness switch can be described by LC-circuit
interpretation. (a–f) from [21]

on the spin-states of the circularly-polarized light and can be expanded to three-
dimensional twisted structures. The different optical response is related to the elec-
tromagnetic coupling, which can be enhanced by three-dimensional structures [22].
Figure 10.2a, b show twisted chiral structures fabricated using a FIB, achieving a
strong chiral response from three-dimensional structures using the residual stress
of films. This method can be used to create versatile geometric structures with ion
beam dose splitting (Fig. 10.2c). The fabricated buckled structures have CD of ~0.5
at 1.45 μm that can be used in telecommunications (Fig. 10.2d). Buckled structures
have increased angles of optical rotation, compared to unbuckled structures in the
telecommunications region (Fig. 10.2e). These results imply that three-dimensional
fabrication methods can strengthen chiroptical phenomena.
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Chiral structures with sizes of 10–100 μm have been realized by combining
photolithography and electroplating methods. In the terahertz frequency range,
silicon can be used as the photoactive materials, and artificial silicon meta-atoms
may be described using inductor-capacitor (LC) circuits.

A device that had the above characteristics achieved active metasurfaces that
could switch the their handedness [21] (Fig. 10.3a–c); consisted of meta-atoms
composed of gold, silicon, aluminum oxide, and aluminum components that had
been fabricated using a combination of photolithography and electroplating. To fabri-
cate photoactive chiral metamaterials, firstly, a patterned silicon layer was deposited
using photolithography and reactive ion etching. Then aluminum was deposited by
sputtering. The aluminum was a conductive layer for electroplating, as the ITO
layer, which used in DLW. Sputtering was used due to its high step-coverage. Gold
layers were also deposited using photolithography with aligning processes. Gold
columns were fabricated using photolithography to exposure photoresist (PR) and
electroplating to infill vacancies. This process is similar to DLWwith electroplating,
but photolithography is more suitable than DLW to fabricate large-area metasur-
faces. Finally, the residual resist was removed using oxygen plasma etching, and
the aluminum also removed using aluminum etchant. Oxygen plasma etching is a
common method to remove PR in complex structures and it can be applied to other
processes (e.g. removing PR when helical structures are fabricated using DLW).

These chiral structures can switch the handedness of circularly-polarized light
without geometrical reconfiguration. The handedness modulation is achieved by
photoactive material and well-designed LC circuits (Fig. 10.3e–f). Gold acts as an
ideal conductor, and loops of gold respond as inductors. The gaps between bottom
gold plates function as capacitors, so the meta-atom has a resonance frequency like
an LC (Fig. 10.3e, MetaA). The short length of MetaB causes a resonant shift, which
leads to the chiral response of the meta-atom. The total atom can be interpreted
as fusion of a right-handed meta-atom and frequency-shifted left-handed meta-atom
(Fig. 10.3e).When photoexcitation of silicon is induced by near-infrared laser pulses,
electrons jump from the silicon pad to the conduction bands, so the silicon becomes
conductive. This change cancels the capacitance of MetaA, and including frequency
shifting of MetaB. As a result, the handedness of chirality is switched by photoactive
material property of Si and combination of fabrication methods (Fig. 10.3f).

10.3 Chirality at the Nanometer to Micrometer Scale

10.3.1 Electron Beam Lithography Overlay

The chiral behaviors in a chiral molecule can be explained by movements of elec-
tron clouds. Under illumination by circularly-polarized light, electron clouds of the
molecules are displaced; this change induces a magnetic moment. It has compo-
nents that are parallel to the electric dipole moment, and the interaction between
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these moments yields the chiral behaviors. This conceptual explanation of chiral
behaviors can be transferred to plasmonic molecules. In plasmonic chiral systems,
displacement currents are excited inside the plasmonic particles, where free elec-
trons are displaced. Accordingly, a strong chiral response can occur, especially when
the currents are accompanied by a resonant excitation of localized plasmons. One
way to realize plasmonic chiral molecules is to arrange plasmonic structures in a
‘handed’ way [21]. One straightforward method to realize such handed structures
is to use conventional electron beam lithography (EBL) techniques with a precise
overlay process. An accurate EBL overlay method that has sub-20 nm alignment
accuracy has been used to realize three-dimensional chiral structures on scales of a
few nanometers by stacking plasmonic structures layer-by-layer.

To realize sub-20-nm alignment accuracy, a precise patterning of well-designed
alignment mark is necessary. However, the EBL alignment process cannot be seen
directly, even using scanning electron microscope. Instead, the relative position of a
stage can be predicted byusing a set of alignmentmarks. Therefore, precise alignment
marks with sharp corners must be fabricated for use as reference points. Furthermore,
by defining alignment marks first, then using them at the beginning of fabrication
of the first layer, the alignment accuracy can be improved further. Stage movement
is almost identical for a given substrate, so the relative position of first layer and
second layer should be affected only by the alignment process. This EBL-overlay
process can be used to fabricate many different configurations of 3D nanostructures,
such as 3D suspended/connected, interlayered and hierarchical [23]. Artificial chiral
structures composed of mirror-symmetric suspended and connected nanostructures
show strong chirality at near-infrared (NIR) wavelengths of around 2.1–2.5 μm
[23]. The structure has a chiral resonator, in which gold structures form an artificial
LC circuit. A tilted metallic loop and the gap effectively function as EM circuit
components of an inductor and a capacitor, respectively. Inside the LC circuit, the
electric andmagnetic dipoles are excited simultaneously because they share the same
structural resonances. As a result, the structures can exhibit strong chiral response
under the same structural resonances. The structures may exhibit negative refraction
if the induced chirality is strong.

The similar idea an also be applied to design planarized chiral helical structures
[24]. Metasurfaces are sequentially stacked with a tailored rotational twist that forms
anisotropic arrays (Fig. 10.4). The structural anisotropy is effectively converted to
strong magneto-electric coupling, which is responsible for artificial chirality. The
twisted metasurface structure provides strong coupling between each pair of spaced
surfaces over a broad range. If the number of stack sequential layers is increased, the
bandwidth broadens, and the reflections of opposite waves increases.

Recently, the concept of chiral molecules to plasmonic structures has been trans-
ferred to realize effective chiral molecular structures using a precise EBL overlay.
In [25], four gold nano-disks are closely arranged in a handed fashion to form a
plasmonic oligomer (Fig. 10.5). The first three particles are placed in the first layer
to make an L-shape, and the fourth particle is located in the second layer. The hand-
edness is determined by the location of the last gold particle in the second layer, and
the structure exhibits configurational chirality. In this construction rule, the ligands
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Fig. 10.4 a SEM image of the hierarchical, interlayered 3D nanostructure with misalignment kept
below 20 nm. The scale bar indicates 500 nm. b–c Optical activity and ellipticity angle calculated
from artificial chirality simulation at NIR frequencies. d SEM images of the twisted metamaterial
multilayer, where each layer is revealed using FIB to show the corresponding layer of nanorods.
e Transmission of left and right-handed circularly polarized light through seven layers of twisted
nanoslab along the direction of propagation. (a–c) from [23], (d–e) from [24]

in chiral molecules can be represented by aligning the metal particles. However, this
study showed that the structural handedness is not sufficient to generate a strong
chiral response. Resonant plasmonic coupling is also an important prerequisite but
can only be accompanied by the interactions of particles with similar resonance
wavelengths. Therefore, due to weak coupling, the structures consisting of different
size of particles did not show a strong chiral response, despite their geometrical
handedness (Fig. 10.5).

The idea of transferring the concept of chiral molecules to plasmonic structures
have been extended to the more-complex chiral structures of diastereomers [27, 28].
Diastereomers are two molecules are not mirror images to each other but have chiral
centers that are not superimposable. The plasmonic analogue of diastereomers can
also be constructed by stacking gold particles, where two chiral centers consisting
of four gold NPs are added in a handed way (Fig. 10.5). The S-shaped first layer in
the combined structures already shows two-dimensional chirality, which results in
three-dimensional chiral structures regardless of the handedness. The additional gold
NP placed on top of the first layer allows breaking of mirror symmetry and results
in three-dimensional chirality. Interestingly, if diastereomers are weakly coupled to
each other, their optical properties can be decoupled into those of two chiral centers,
then added, i.e., the chiral response of the diastereomer is the sum of those of the
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Fig. 10.5 Quadrumeric structures consisting of two layers of particles fabricated with EBL, to
give chirality. The first layer consists of three particles arranged in an ‘L’ shape, and the second
layer has one particle of which its position determines the handedness of the superstructure in a
C4 symmetric arrangement. a, c Tilted SEM images of the chiral plasmonic molecules. Scale bar:
500 nm; inset scale bar: 100 nm. b Schematic illustrating that the designed plasmonic molecules
have chirality. d Process to fabricate plasmonic diastereomers. Each chiral center consists of four
identical particles with three in the first and one in the second layer. As two chiral centers merge,
the position of two particles in the second layer determine the chirality of the composite structure.
e Close-up tilted and normal view of SEM images of (L+R) molecules, showing good alignment.
(a–c) from [26], (d–e) from [27]

chiral centers (Fig. 10.5). However, this additivity of chiral responses does not occur
if the two chiral centers are close together, and thus strongly coupled.

10.3.2 Glancing Angle Deposition

The glancing angle deposition (GLAD) method uses a bottom-up approach that is
compatible with large-area fabrication, while retaining high-resolution capability
down to 20 nm. The GLADmethod utilizes a physical vapor deposition process with
several parameters controlled, such as nanoseed pattern, substrate rotation speed and
temperature. By changing these process parameters, many different shapes of 3D
nanostructures can be fabricated on a large area.

Due to the nature of GLAD, the material grows as it is being rotated, and a helical
nanostructure forms; this process allows easy fabrication of chiral nanostructures that
operate in the visible spectrum. A typical GLAD fabrication starts with nanoseed
fabrication fromblock copolymermicelles. Thegold-loadedblock copolymer is spin-
coated on the wafer; subsequent plasma treatments remove the polymer to leave and
array of gold dots with uniform size and spacing on the entire wafer surface. Then
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Fig. 10.6 a SEM image of gold nanodots regularly patterned on a wafer by micellar nanolithog-
raphy. bGold nanodots as nucleation sites during subsequent shadow growth. c Complex 3D struc-
ture can be designed on each nucleation site by manipulating the substrate angle and deposition
material. d TEM image of hybrid insulator-metal nanohooks. e Schematic of the designed structure;
inset: TEM image of a nanohook, suspended in a solution by using sonification. f Schematic and
g photograph of the solution. (a–g) from [26]

the target material is deposited on the substrate by physical vapor deposition with
grazing incidence. By manipulating the tilt angle and rotation speed of the substrate,
many different kinds of nanostructures can be fabricated, including bars, zigzags and
helices. Another advantage of GLAD technology is that the nanostructures made on
the wafer can be removed from the substrate and immersed in a solution for use in a
suspension, such suspensions in liquid may enable novel applications such as fluidic
(chiral) molecular sensors and nano-robotic systems (Fig. 10.6).

Helical plasmonic NPs offer diverse set of optical response depending on thier
geometrical parameters and their materials. Under irradiation, LSPR is generated
along the helical axis; the strength is proportional to the total length of the helix.
Therefore, nanohelices offer multiple variables for the manipulation of optical fields,
including structural features such as pitch length, total number of turns, and material
composition. However, fabrication of regularly shaped multi-turn helices in well-
defined orientation is a difficult task.

Therefore, plasmonic helical NPs have recently been evaluated, along with
advancement in fabrication techniques. Two-turn gold nanohelix structure shows
a strong chiroptical response (g-factor ~0.01) in visible light [26]. The structure has
34-nm pitch and 100-nm height, which is only 1/40 as large as the similarly-shaped
nanostructure fabricated by two-photon lithography, and is also smaller than the over-
lain structures fabricated by EBL (Fig. 10.7). To sculpt such complex helical struc-
tures and maximize their chiroptical response, requires a technique to cool them to
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Fig. 10.7 The chiroptical response of two-turn gold nanohelix. a Geometrical features of the
nanohelix structure. b Normalized circular dichroism spectra of left-handed and right-handed
nanohelices; inset: TEM image of the nanohelices. cCircular dichroism spectra of one-turn and two-
turn nanohelices grown under different cooling conditions. d Circular dichroism spectra simulated
using a model of (a). The inset shows the discrete dipole model used in the simulation. e Side-view
SEM images of left-handed (top left) and right-handed (bottom left) Mg nanohelices; scale bar: 200
nm. Right panel: top view of a left-handed array of nanohelices. f Extinction spectra in response
to unpolarized (ET) and circularly polarized light (EL, ER). g Circular dichroism spectra of 178-
nm-thick film containing nanohelices of left or right handedness in air. (a–d) from [26], (e–g) from
[29]

~170K, particularly formaterials that have high surface energy, such as noblemetals.
The fabricated wafer-scale helical nanostructure array (a 3 inch wafer can support
roughly 1011 particles) can be released in the solution and can form uniform/isotropic
chiral medium. The advantage of this approach is that the wavelength range in
which chiral properties occur can be controlled by using an appropriate material
for fabrication.

Magnesium (Mg)-based chiral NPs that work in the ultraviolet (UV) spectral
range have been demonstrated [29]. Mg is widely used as a UV plasmonic material
because in the UV region Mg has substantially high far-field absorption efficiency
and strong near-field enhancement. Furthermore, Mg has high diffusion rate, so the
Mgnanohelix structure should be sculpted in a far cooler condition ~100K.However,
Mg is highly reactive in air, so the nanohelix should be coated with a thin layer of
HfO2 or Al2O3 to prevent structural and chemical deformation (Fig. 10.7).

Multi-turn nickel and silver nanohelix structures show specular reflectance in the
visible-and-NIR spectrum [30]. The associated optical reflectance spectrum showed
minima at wavelengths that coincided with the total height of nanohelices; this result
demonstrates the existence of LSPR along the axis of nanohelices. This further
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confirmed that in the visible-and-NIR spectrum, the optical response was mainly
dominated by the scattering from individual nanohelies (Fig. 10.7).

10.3.3 Unconventional Approaches

Chiral planar or 3D structures with chirality has merits in a way that it can have
chiroptical responses. Conventional spectroscopy cannot easily detect enantiomers,
because they have the same chemical and physical properties. However, CD spec-
troscopy can distinguish enantiomers. When they interact with circularly polarized
light, the responses depend on the handedness of the molecules. This effect can be
exploited to distinguish enantiomers by their chiroptical responses. However, the EM
coupling of chiral molecules is typically weak, so they are commonly accompanied
by plasmonic NPs. When irradiated by an EMwave of frequency that coincides with
the surface plasmon frequency of the plasmonic NPs, the CD response is gener-
ated [31]. The CD response can be further improved when the coalesced plasmonic
particles are also chiral; this is the motivation for creating chiral plasmonic NPs.

Single-layered chiral plasmonic NPs were demonstrated first, but such planar
structures show very weak chiral response and typically require oblique incidence.
Chiral interaction between light and matter is naturally increased in proportion to
the propagation length of light, so a 3D structure that can offer structural variation
along the incident path shows a pronounced chiroptical response.

One possible fabrication method is EBL, which can create 3D geometries with
high precision. Examples include stacked gammadions, twisted crosses, and twisted
layers of nanorods. However, EBL can only generate plasmonic planar and 3D struc-
tures on areas of a few square micrometers, and the method is expensive. Commer-
cialization of chiral plasmonic NPs coupled with enantiomers requires large-area
fabrication at low cost.

Hole-mask lithography (HML) combined with tilted-angle rotation evaporation
has been proposed as a fabrication method (Fig. 10.8) [32]. HML is a derivative of
colloidal lithography [33] that patterns surfaces with nanostructures that are created
by evaporation through holes between close-packed colloidal polystyrene beads that
are self-aligned throughout a thin film mask. By rotating the tilt angle through which
the evaporated goldwas deposited on the substrate, 3D chiral gold nanostructures can
be fabricated on an area of a few square centimeters. The structure had the average
outer diameter of 260 nm and structure widths from 20 to 90 nm. Rotation of the
tilt angle with gradually increasing angular velocity in either positive or negative
directions yielded nanostructures that had right-handed and left-handed chirality.
The fabricated chiral nanostructures were illuminated with linearly polarized light in
x and y directions, and with RCP and LCP lights. The transmittance spectra showed
frequency modes at 150, 250, and 320 THz, which all matched simulation results.

A bilayered twisted-arc photonic metamaterial has plasmonic chiral structure
that exhibits CD in the NIR spectrum (Fig. 10.8) [34]. The unit cell is composed
of a pair of silver twisted arcs in different azimuthal orientation, situated on two
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Fig. 10.8 a Side-view SEM images of Ni and Ag nanohelices with multiple turns. b Reflectance
spectra of three different nanohelices at normal incidence. c Experimental reflectance spectra of
different helices at normal incidence. d Hole-mask lithography combined with tilted-angle evap-
oration. e Schematic of two parameters, rotation direction and velocity, that result in 3D structure
of different handedness. f–g SEM of 3D chiral structures fabricated on a large area of 1 cm2; blue:
left-handed sample; red: right-handed sample. h Structural geometry and SEM image of bilayered
chiral metamaterial; inset: a unit cell. i Top: transmission spectrum. Middle: polarization rotation
angle of a linearly polarized incident light and the resultant ellipticity. Bottom: difference in refrac-
tive indices for circularly polarized light of opposite handedness. j–k Induced current flow within
the structure. (a–c) from [30], (d–g) from [32], (h–m) from [34]

distinct transparent layers that have given height. The unit cell is essentially a pair of
planar structures, so it is fabricated using aligned EBL, in which three lithography
steps are used to consecutively deposit two silver arcs separated by a transparent
dielectric. The NIR transmission spectrum of LCP and RCP through the bilayered
lattices agreed with full-wave simulation, with minima occurring at 1.29 μm (LCP)
and 1.47 μm (RCP). The induced electric current in the dual-layered arcs generally
rotated along the curved arc path and showed chiral interaction between the structure
and circularly-polarized light. The plasmonic resonance modes of LCP at 1.29 μm
and RCP at 1.47 μm arise by different phenomena: the induced currents collide with
each other in LCP, but flow with coalescence in RCP. These features indicate that
an antisymmetric mode is excited in LCP, whereas a symmetric mode is excited in
RCP, and because antisymmetric resonance requires more energy than symmetric
resonance, the transmission minimum is lower in LCP than in RCP.
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10.4 Chirality at a Nanometer Scale: Bottom-Up Approach

Bottom-up techniques are versatile approaches to fabricate complicated nanostruc-
tures on a large scale [35–39]. These techniques have several advantages over top-
down methods such as lithography and direct writing, which enable patterning of
predefined structures, but can fabricate only 2D or stacked 2D structures, and are
impractically expensive. On the contrary, bottom-up methods can fabricate truly-3D
structures at reasonable cost. Bottom-up techniques can arrange NPs in a complex
configuration with high precision and can fabricate complicated 3D geometry. They
can also use diverse components including plasmonic NPs, organic materials and
quantum dots. Dynamic tunability and programmability also make the bottom-up
methods a powerful tool to realize 3D chiral nanostructures. In this section, we
describe several such bottom-up techniques to make 3D chiral nanostructures and
describe their optical characteristics.

10.4.1 Molecular Self-assembly

Molecular self-assembly is a bottom-up approach that exploits spontaneous assembly
of inorganicmaterials such asmetals, semiconductors, ceramics and biological mate-
rials including peptides, fibers and DNA [40, 41]. Synthesis from molecules in
solution gives rise to plasmonic NPs that have chiral morphology. NPs that had
broken mirror-symmetric geometry have been synthesized using thiolated chiral
biomolecules [42]. Tellurium and selenium bind strongly with the thiol group and
hence are transformed into chiral shape (Fig. 10.9a, b). Such NPs act as chiral
resonators and show polarization-dependent extinction rate in the visible spectrum
(Fig. 10.9c, d). The chiral telluriumnanostructures canbe transformed into chiral gold
and silver telluride nanostructures that have very large chiroptical activity, demon-
strating a simple colloidal chemistry path to realize chiral plasmonic and semicon-
ductor metamaterials. These materials are natural candidates for studies related to
interactions of chiral biomolecules with chiral inorganic surfaces, with relevance
to asymmetric catalysis, chiral crystallization and the evolution of homochirality in
biomolecules.

Chiral gold NPs can be synthesized with the aid of amino acids and peptides [43–
52]. During particle synthesis, amino acids and peptides interact with the particles
and produce twisted high-Miller-index surfaces (Fig. 10.9e). The handedness of the
input molecules determines the growth rates of chiral high-index planes that have
opposite handedness. Thus, the chiral morphology of the molecules is transferred to
the NPs (Fig. 10.9f). The chiral geometry of the NPs makes them interact differently
with LCP and RCP. CD is significantly increased near the resonant wavelength of
the gold NPs (Fig. 10.9g).

Chiroptical phenomena such as optical activity and CD do not necessarily require
chiral NPs. Achiral NPs that are arranged in a chiral pattern can also exhibit an
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Fig. 10.9 Molecular self-assembly to produce 3D chiral nanostructures. a, b Dark-field STEM
imaging of Te nanostructure with chiral shape. Experimentally-measured c extinction and d circular
dichroism spectra. e Schematic of asymmetric growth of high-index surfaces. f Schematics and
SEM images of chiral NPs from different view angles. g Circular dichroism spectra of particles
synthesized using peptides that have opposite handedness. (a–d) from [42] and (e–g) from [43]

optical resonance effect as a result of inter-particle interaction [53]. Chiral assembly
can be manufactured using self-organization of achiral molecules. Liquid crystals
spontaneously assemble helical structures (Fig. 10.10a) that exhibit high sensitivity
on plasmonic perturbation, in which handedness of the superstructure is determined
by whether NIR irradiation is exposed or removed [54]. Achiral particles can also
arranged in a mirror-symmetry broken pattern by using twisted fibers or layers called

Fig. 10.10 Molecular chiral self-assemblywith achiral NP. a Superstructures of chiral liquid crystal
and their handedness differ when NIR irradiation is on or off. b Chiral plasmonic structures with
layered CNC scaffold. c Assembly of gold NPs on peptide nanotube; arrows: opposite chirality.
d Gold NP double helices based on peptide superstructures. (a) from [54], (b) from [56], (c) from
[57], and (d) from [58]
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scaffolds [55]. Gold nanorods load on layered twisted cellulose nanocrystal scaf-
folds (Fig. 10.10b) [56]. The nanoclusters that self-assemble on peptide nanotubes
(Fig. 10.10c) assume either left-handed or right-handed chirality; this chiral arrange-
ment yields CD at the surface plasmon frequency [57]. Gold NP double helices
(Fig. 10.10d) are peptide-based superstructures that show plasmonic CD [58].

Molecular assembly provides a versatile route to synthesize complex 3D nanos-
tructures, of which final morphology is determined by individual NPs and chiral
symmetry groups [40]. As a result of complexity of shape, structures made bymolec-
ular assembly exhibit strong CD and chiroptical reactions. Also, the assembled plas-
monic structures have no resolution limit. However, molecular assembly has some
drawbacks. Control of inter-particle spacing is challenging in molecular assembly
[59]. Furthermore, tuning the plasmonic coupling strength is only adjustable by
particle concentration and average inter-particle range [60].

10.4.2 DNA Self-assembly

DNA, a biological molecule that is composed of double-stranded helices, can be
used in self-assembly [61]. A nanotechnology that uses DNA as a building block
to render 3D nanostructure is called DNA self-assembly and has unique molecular
recognition capabilities. Long single-strandedDNA (ssDNA) can be folded to form a
designated shape by using base pairing with short ssDNA. The long ssDNA is called
the scaffold and the short ssDNA is called the staple. This fabrication technique
yields 2D structure out of a 1D strand of DNA, and is often called DNA origami
[62].

When NPs are functionalized with thiol-modified ssDNA, the base pairing
provides 3D assembly of the NPs in a desired arrangement such as dimers [63,
64], trimers [64, 65], tetramers [66–68] and chains [69, 70]. A 3D chiral nanostruc-
ture composed of four gold NPs has been synthesized in a tetrahedral configuration
by using double-stranded DNA as a scaffold to link the NPs [67]. Mirror symmetry
of the tetrahedron was broken by assigning NPs with different sizes to each vertex
(Fig. 10.11a). However, different sizes of the NPs and relatively large inter-particle
spacing hinder efficient coupling of them, so CD was not observed.

Self-assembly of 3D chiral nanostructure can also be achieved by using a DNA
template to arrange NPs in a predesignated manner. DNA origami has been used to
fabricate 3D chiral nanostructures by positioning plasmonic NPs in a chiral arrange-
ment [59].ADNAorigami bundlewas used as a template to arrange gold nanospheres
in a helical geometry; the nanospheres were attached toDNA strands that are comple-
mentary to the staples, which therefore attached at specified positions (Fig. 10.11b).
The helically-arranged gold nanospheres yield strong CD in the visible spectrum
(Fig. 10.11c). A similar structure was fabricated by rolling up a rectangular DNA
sheet that had gold nanospheres attached [75]; the nanospheres were functional-
ized with ssDNA that was complementary with ssDNA attached to the DNA sheet.
The handedness of the arrangement can be adjusted by changing the position of the
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Fig. 10.11 3D chiral nanostructures synthesized by DNA self-assembly. a Schematics and TEM
images of a tetramer of four gold NPs assembled by double-stranded DNA. b An assemble of gold
NPs positioned by using a DNA origami bundle [59] and c its circular dichroism (top: measured,
bottom: simulated) [59]. d Four gold NPs bound in a chiral arrangement by using a DNA origami
sheet [71] and emeasured circular dichroism [71]. f Twisted layer of gold nanorods stacked by using
origami sheets [65]. g Schematics of a reconfigurable 3D chiral nanostructure [72]. h Schematics
of dynamic reconfiguration. The nanorods can be switched between a tightly folded state and an
extended state, and between two folded states with opposite handedness. (a) from [67], (b) and
(c) from [59], (d) and (e) from [71], (f) from [73], (g) from [72], (h) from [74]

dressed nanospheres. 3D chiral nanostructures have been also made with a small
number of nanospheres in a tetramer arrangement [71]; to realize a chiral geom-
etry, four binding sites were defined on a rectangular DNA origami template, i.e.,
three on the top surface and one on the bottom surface (Fig. 10.11d). The posi-
tion of the binding sites on the bottom surface breaks the mirror symmetry and
determines the handedness. Four gold NPs were functionalized using complemen-
tary DNA strands and positioned, then one was positioned at each binding site by
exploiting DNA hybridization. The fabricated structure showed CD in the visible
spectrum (Fig. 10.11e).
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The arrangement can be simplified by using plasmonic nanorods instead of
nanospheres. A nanorod has an anisotropic geometry, which can be used as an addi-
tional degree of freedom to break mirror symmetry. Two gold nanorods oriented
at 90° to each other, one on the top surface and the other on the bottom surface
of the DNA origami template, were fabricated using the base-pairing mechanism
[76]. The sample showed CD at λ ~ 730 nm. The CD was remarkably amplified
by increasing the number of nanorods [73]. To synthesize this structure, both sides
of the origami sheets were dressed with capture strands (Fig. 10.11f), which were
defined in a twisted manner to achieve the chiral geometry. The twisted layer of gold
nanorods had strong CD in the visible spectrum.

Tunability of chiroptical responses is an important goal. In most structures, these
responses are determined by the geometrical chirality of the 3D nanostructures.
Therefore, the chiroptical signal of a fabricated structure is static: its magnitude,
peak wavelength and handedness cannot be changed once the structure is formed.
However, DNA self-assembly facilitates programmable synthesis of particle assem-
bles and thus provides a pathway to produce reconfigurable and multifunctional
structures.

The first tunable 3D chiral nanostructure consisted of a twisted bilayer of gold
nanorods [72] (Fig. 10.11g), which were attached individually to two connected
origami bundles. The relative angle between two bundles and hence, the handedness
of the chiral structure was dynamically controlled by two DNA locks. Here, DNA
strands were used both as structural components, and as a tool to drive structural
change. The fabricated sample showed CD near a λ = 700 nm, and the sign of the
response could be flipped by applying external stimuli. Time-domain CD confirmed
the tunable and reversible chiroptical responses. Alternatively, the distance between
two nanorods, rather than the relative angle, can be adjusted to actively control
chiroptical responses [77]. Twonanorodswere positionedperpendicularly at opposite
sides of a double-layer DNA origami. One of the nanorods walked on the surface of
the sheet as a result of interacting fuel strands while the other was stationary.

Reconfigurable 3D chiral nanostructure has also been realized by folding a helical
assembly of gold nanorods [74] (Fig. 10.11h), which had been positioned heli-
cally by using self-assembledDNAorigami. DNA-toehold-mediated conformational
changes in the DNA template enabled conversion between a tightly-folded state and
an extended state, and between tightly-folded states with opposite handedness. The
transformation was reversible, but the recovery efficiency is low because of the
leakage of the strand-displacement reactions.

10.4.3 Block Copolymer Self-assembly

Block copolymer (BCP) self-assembly exploits phase separation and reconstruction
of block copolymers to make light-matter interacting plasmonic nanostructures. A
BCP consists more than one species of monomers, which are repeating units joined
by covalent bonds to a organize a polymer chain. BCPs are classified according to
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the number of blocks and the shape of the polymer. Segments of BCP aggregate to
reach thermal equilibrium, and this process leads to spontaneous assembly of BCPs.
For example, a chiral gyroid structure can be synthesized by controlling the volume
fraction of each block [78]. Even though the BCPs are composed of the same species
ofmonomer units, the finalmorphology of the assembledBCP after order-to-disorder
transition differs depending on the interaction between segments, the volume fraction
of the blocks, the polymer structures and the solution-processing routes.

Pure BCPs do not readily yield a plasmonic surface effect, so inorganic materials
must be combined with them. Two synthesis strategies have been used: templating
and coassembly.

Templating transfers polymer morphology into an inorganic phase by deposition
after BCP self-assembly. A non-centrosymmetric thin film plasmonic nanostructure
could be synthesized using a templatingmethodwith linear ABC triblock copolymer,
which has two end groups with single backbone chain and three distinct blocks
(Fig. 10.12). A chiral alternating gyroid network (GA), which has chiral spirals,
could be generated by manipulating the volume fraction of the block copolymer
(Fig. 10.12a) [79]. After an isoprene-block-styrene-block-ethylene oxide (ISO)
polymer is assembled as alternating gyroid structures on the substrate (Fig. 10.12b),
one of the gyroid networks is eliminated by selective UV and chemical etching
(Fig. 10.12c). The resulting space is back-filled by gold electrodeposition, then the
rest of the polymer is removed by plasma etching (Fig. 10.12d) to leave a continuous

Fig. 10.12 aABC triblock copolymermorphology diagram.The triblock copolymer corresponding
volume fraction of GA part self assembles as chiral alternating gyroid network. (b–e) BCP self-
assembled chiral plasmonic structure by templating method. b ISO polymers assembled into alter-
nating gyroid structures on the substrate. c Removing one gyroid by etching d Gold electrodeposi-
tion. e Final gyroid structure by templating. (f–g) BCP self-assembly chiral plasmonic structure by
coassemblymethod. f Triblock poly(isoprene-b-styrene-b-ethylene oxide) and introduced sol(black
particles) g Final gyroid structure by coassembly. (a) from [79], (b–e) from [78], and (f–g) from
[81]
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triple-periodic gold network (Fig. 10.12e) [80]. The templating approach has major
disadvantages that deposited amorphous materials may crystallize, and that strain
can accumulate.

Coassembly exploits intermolecular force to get an amphiphilic block copolymer
to interactwith inorganicmaterials in solution. Thismethod has been used to fabricate
an isoprene-block-styrene-block-ethylene oxide polymer with sol (black particles in
Fig. 10.12f); the intermolecular forces drive the particles into the hydrophilic PEO
blocks to yield an alternative gyroid structure [81] (Fig. 10.12g). The coassembly
approach has disadvantages that the amorphous assemblies can shrink and crack
during forming and crystallization, but it could be used to construct superlattices for
novel photonic applications.

Fabrication using BCP self-assembly is a solution process and uses inexpen-
sive constituent monomers, so it is less expensive than photolithography. Bottom up
BCP self-assembly has a great advantage to fabricate sub-wavelength highly ordered
nanostructures over large areas of a surface. These abilities are advantages over top-
down approaches such as lithography, which have resolution limits. In addition, BCP
self-assembly is much simpler sequences and requires fewer repeating units than
biological molecular assembly that uses DNA or peptides [78]. BCP self-assembled
plasmonic structure has been applied for organic solar cells, optoelectronics, andplas-
monic nanoantennas, and can help to fabricate subminiature drug delivery systems
and biosensing devices [82, 83].

10.5 Conclusion

In this chapter, fabricationmethods realizing three-dimensional chiral structureswere
discussed and categorized by their manufacturing feature sizes since the working
wavelength of enhanced artificial chirality is generally close to the feature sizes
of the chiral structures. Top-down approaches can be used to fabricate micron-
scale structures with high precision. Direct laser writing, focused ion beam, and
photolithography can be used to realize three-dimensional structures with a large
degree-of-freedom; however, they are time-consuming and expensive. Bottom-up
approaches are more suitablefor realizing nano-scale structures. Solution processing
and block copolymer self-assembly are cost-effective methods, but the achievable
morphologies are limited.
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