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Abstract
As emerging chiral metamaterials, plasmonic nanospirals (NSs) show strong optical
activity that is expected to enhance the enantiodiscrimination of chiral molecules
or help in the design of a new generation of integrated optical devices. The study of
the optical activity of plasmonic NSs is still in its infancy, and no analytical model
exists to describe their chiroptical mechanism. In this study, numerical and
analytical simulations are devised to investigate the optical activity of plasmonic
NSs that are generated by glancing-angle deposition. The findings will pave the
way for the development of novel optical and optoelectronic devices with integrated
functions.

The finite-element method is applied to numerically simulate the UV–visible
light circular dichroism (CD) spectra of individual silver NSs (AgNSs), and the
numerical results show good agreement with the CD spectrum of dispersed AgNSs.
The optical chirality of the AgNS surfaces is numerically simulated to
semiquantitatively account for the enantiomeric excess of photocyclodimerization
of 2-anthracenecarboxylate induced by chiral nanoplasmons.

The CD spectrum of a closely packed random AgNS array has two CD peaks in
the UV and visible regions with opposite signs. The pitch-normalized CD in the UV
regime tends to be independent of the helical pitch, but that in the visible regime
decreases in amplitude as helical pitch increases. The difference can be explained
using an analytical LC circuit model and finite-element method simulation. The LC
circuit model is used to quantitatively evaluate the chiroptical contribution. It is
revealed that radiative loss makes an important chiroptical contribution to the two
CD modes and that the visible CD mode receives a greater contribution from
ii

radiative loss than does the UV CD mode.

Finally, the heterochiral biaxial AgNS arrays alter the sign of the visible CD by
switching the incident direction, which shows that the arrays can function as
circular polarizers in the visible regime. Furthermore, when AgNSs are deposited
on a polymer substrate coated with indium tin oxide, the chiroptical flexible thin
film has excellent chiroptical stability when exposed to forward mechanical
bending, paving the way for the development of flexible or wearable
chiroplasmonic devices.

iii
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Chapter 1 Introduction
“I call any geometrical figure, or group of points, ‘chiral’, and say
that it has chirality if its image in a plane mirror, ideally realized,
cannot be brought to coincide with itself.”
Sir William Thomson Lord Kelvin[1]

Many of life’s building blocks exhibit homochirality, in which one stereoisomeric
configuration (enantiomer) exists in preference to another. For example, most
amino acids are L-stereoisomers or “left-handed” isomers. As a result, biological
systems usually involve chirality-dependent interactions and functions. For a chiral
drug, one stereoisomeric configuration may have a positive pharmaceutical effect
but another may have a negative or even fatal side effect.[2] Single enantiomers with
positive effects, that is, single-enantiomer drugs, are in demand. However, the
synthesis of chiral drugs usually occurs in an achiral environment, which leads to
the production of racemic compounds in which the ratio of one chiral configuration
to another is 1:1. Therefore, it is necessary to separate one stereoisomer from
another (enantioseparation) and to identify their absolute configurations
(enantiodiscrimination). Alternatively, asymmetric synthesis may be developed to
enantioselectively produce the enantiomer with the positive effect.

Enantiodiscrimination and enantioselective syntheses are the main topics of this
dissertation. One approach to enantiodiscrimination is to monitor circular dichroism
(CD), the differential absorbance of left-handed circular polarized light (LCP) and
right-handed circular polarized light (RCP) in the UV–visible–near IR regime.
However, chiral molecules typically have a sub-wavelength size and can barely
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perceive the circular polarization of a chiral electromagnetic (EM) field, resulting
in low CD signals and weak enantiodiscrimination. Chiral nanoplasmons, excited
from chiral metamaterials (especially plasmonic nanospirals [NSs]), tend to localize
the electromagnetic field and markedly enhance circular polarization of the chiral
EM field via localized surface plasmonic resonances, paving the way for enhanced
enantiodiscrimination.[3-5] The fabrication of plasmonic NSs was reported in 2013,[3]
and the study of their optical activity (called “chiroptical activity”) is in its infancy.
Limited studies have been reported on engineering helicity and plasmonic NSs to
monitor CD and optical rotatory dispersion (ORD), and numerical simulations have
been carried out to investigate the origin of the optical activity. However, there is a
lack of an analytical chiroptical model, which would be highly desirable to increase
our intuitive understanding of chiroptical principles and to help in the design of a
new generation of integrated optical devices. For enantioselective syntheses, little
effort has been made to amplify the circular polarization of the chiral EM field to
enhance enantioselectivity.

In this study, I use the finite-element method (FEM) to numerically
simulate UV–visible CD spectra of individual silver NSs (AgNSs), in good
agreement with the measured CD spectra of AgNSs dispersed in a solvent. The
FEM is used to numerically simulate the optical chirality of circularly
polarized

light

(CPL)

near

AgNS

surfaces,

and

the

simulation

semiquantitatively accounts for the enantioselective photocyclodimerization
on the AgNSs. I also propose an analytical model based on LC circuit theory
for semiquantitative analysis of the helicity-dependent CD spectra of the closepacked AgNSs arrays and for quantitative evaluation of the chiroptical
contributions to the optical activity of AgNSs. Finally, I design a heterochiral
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biaxial AgNS array to function as a circular polarizer in the visible regime, and
I verify that a flexible thin film coated with AgNSs exhibits excellent
mechanical stability, paving the way for the development of the next
generation of flexible/wearable optical and optoelectronic devices.

Some fundamental background information is introduced in this section.

1.1 Optical Activity
Theoretically, chiral material can be discriminated by measuring the optical
activity in the UV–visible–IR regime, i.e., the differential phase variation and
absorption of LCP and RCP. These phenomena are known as ORD and CD,
respectively. In addition, measurement of Raman optical activity is a vibrational
spectroscopic technique that shows the differential intensity of Raman scattered
LCP and RCP due to molecular chirality, and vibrational CD (VCD) spectroscopy,
which is the extension of CD spectroscopy into the IR range, is used to obtain
structural information about chiral molecules. In contrast to Raman optical activity
and VCD, which exist only in molecular vibrations, optical activity occurs widely
in various chiral molecules and metamaterials in the UV–visible–IR regime.
Moreover, CD spectroscopy can provide information about a molecule’s structural
conformation,[6] so it was selected as the primary method in my studies of
plasmonic NSs.

1.1.1 CD Spectroscopy
Circularly polarized light consists of two orthogonal linear polarized lights (LPs)
90 degrees out of phase. When the observer faces into an oncoming beam from the
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source, the CPL is called LCP if the rotation of the electric field vector is
counterclockwise and RCP if the rotation is clockwise with the opposite
characteristics.[7] The electric field vectors of LCP and RCP can be described by

Ε = E0 (ε1  iε 2 )ei (kz t )

(1.1)

where “+” refers to LCP and “−” to RCP, E0 is the common real amplitude of the
light, ε1 and ε 2 are the unit vectors in the x and y coordinates, respectively, in
which the wave propagates along the z-axis, i is the imaginary unit, and k and

 are the wave vector and frequency, respectively. CD is defined as the differential
between the extinction (or absorption) of LCP and RCP. We can define the
extinction for LCP as

Wext , L = ln  I 0 / I L  = Cext , L Nl

(1.2)

where I 0 and I L are the intensity of incident and transmitted light, respectively,
Cext , L is the molar extinction cross section of the sample, N is the number

density (or concentration) of the chiral particles, and l is the path length of the
optical beam through the sample. The equation can be also formulated for RCP,
which leads to the definition of CD as

CD = Wext , L  Wext , R  (Cext , L  Cext , R ) Nl

(1.3)

However, ellipticity is more widely used in scientific and commercial
measurements because it is proportional to CD with some approximations.

Because LP consists of LCP and RCP with equal magnitude, when LP passes
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through a chiral medium, the differential extinction of LCP and RCP converts LP
to elliptically polarized light, as shown in Fig. 1.1.

Fig. 1.1. Elliptically polarized light consists of LCP and RCP with unequal
magnitudes. The ellipticity is the tangent of the angle  , which is the ratio of
the minor to the major axis of the ellipse, and the magnitude of the minor and
major axis are the difference and sum between the magnitude of the electric
vector of LCP and RCP, respectively.

The angle  is generally small, so tan  is approximated by  in radians.
Mathematically, it is defined as

 (rad)  tan  

I  IL
ER  EL
 R
ER  EL
IR  IL

(1.4)

Deriving from Eq. (1.2) leads to

 (rad) 
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1

0.5Cext ,R Nl
0.5Cext ,L Nl
0.5 Nl ( Cext ,L Cext ,R )
e
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e
1

Nl

Nl

0.5 Nl ( C

)

(1.5)

Because Nl (Cext , L  Cext , R ) is close to 0, after expanding the exponentials and
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neglecting the high-order terms, Eq. (1.5) leads to

 (deg) 

180
Nl (Cext , L  Cext , R )
4

(1.6)

Comparing Eq. (1.2), if the extinction is defined as

Wext = log10  I 0 / I  = NlCext

(1.7)

the ellipticity leads to

 (mdeg) 

180  ln10 1000
Nl (Cext , L  Cext , R )  32982 Nl (Cext , L  Cext , R )
4

(1.8)

Instead of Nl (Cext , L  Cext , R ) , CD spectra are generally studied in terms of
ellipticity, especially in molecular detection. Experimental CD in this thesis is
regarded to be ellipticity measured with spectroscopy.

1.1.2 Dissymmetry g-Factor
From Eq. (1.2), the density of chiral particles and the path length of an optical
beam through the samples (or solution) must be considered in CD spectroscopic
analysis; however, researchers are generally interested in the “efficiency” of
inducing the chiral field of each chiral particle. Therefore, the g-factor is introduced
to quantify and normalize the chiral effect among various chiral materials. It is
defined as

g=

C  Cext , R
CD
= 2  ext , L
(Wext , L  Wext , R ) / 2
Cext , L  Cext , R
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(1.9)

Division of Eq. (1.9) by Eq. (1.8) leads to

g=


16500  (Wext , L  Wext , R )

(1.10)

where Wext , L and Wext , R are the extinction of samples irradiated by LCP and
RCP, respectively. From Eq. (1.9) and Eq. (1.10), the g-factor is independent of the
sample’s concentration and path length. Compared with CD, the g-factor can more
precisely demonstrate the capacity of a chiral material to induce a chiral field. In
the traditional method, the g-factor of the chiral molecule is proportional to the ratio
of CD and extinction. However, like the CD spectrum, the g-factor is still a far-field
effect, and it cannot illustrate the details of the near EM field of chiral materials.
Otherwise, optical chirality, which is equivalent to the chiral density of an EM field,
can show the enhancement degree of the optical activity of chiral molecules that
surround plasmonic NSs.

1.1.3 Optical Chirality
Optical chirality is applied to parameterize the chirality density of the EM field,
which is defined as[8]

C=

0
2

E   E 

1
B   B
2 0

(1.11)

where  0 and 0 are the permittivity and permeability of the free space,
respectively, and E and B are the local EM field. When a molecule is
irradiated under a monochromatic CPL wave, the g-factor can be derived from
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g =(

G'' 2C
)(
)
'' U e

(1.12)

where G'' and '' are the imaginary parts of isotropic mixed electric-magnetic
dipole polarizability and electric polarizability, respectively, which are constant for
a certain molecule. C is optical chirality,  is the frequency of CPL, and
Ue =

0
4

E

2

is the time-averaged electric energy density.

Eq. (1.12) shows that a molecule’s g-factor is proportional to the optical chirality
of the EM field. It provides a pathway toward a direct method to increase the
intensity of the g-factor. If the ratio of optical chirality to electric energy density is
increased, the g-factor is enhanced under monochromatic EM irradiation, and such
an EM wave is called superchiral light.[9] Tang and Cohen showed with a
superchiral field that a g-factor larger than in CPL was generated near the node of
a standing wave.[8,9] In that case, C was a constant, whereas U e was varied and
approached a minimum near the node.

Another valid method to enhance the g-factor is to amplify C, by means of
superchiral fields, to differentiate chiral biomolecules with ultrasensitivity[10] and
chiral plasmons that are excited from chiral metamaterials.[5] In contrast to the thin
film that generates the standing wave with a constant C, chiral plasmonic
nanostructures, which compress the helical pitch of CPL in the vicinity, can afford
enormous enhancement of the optical chirality, which can be modulated by tailoring
the structures.[5] To manipulate optical chirality, it is necessary to understand and
engineer the optical activity of chiral metamaterials.
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1.2 Optical Activity of Chiral Metamaterials
Metamaterials are artificial materials used to manipulate light propagation, and
they generally have exotic optical properties that are not found in nature. CPL is
used in various optical devices and techniques, such as electric CD spectroscopy in
biomolecule detection,[6,10] Raman optical activity,[11] and magnetic recording.[12]
Therefore, numerous chiral metamaterials have been designed and fabricated with
various morphologic features for molecular detection and light manipulation. This
section is a review of the chiroptical properties and applications of several typical
chiral metamaterials, especially in nano-configurations.

1.2.1 Planar Chiral Metamaterial
The planar chiral metamaterial, such as arrays of metallic gammadion with a
density of several million per square centimeter,[13] was one of the earliest chiral
metamaterials to exhibit large polarization azimuth rotation. Papakostas et al. first
demonstrated the distinct optical activities of titanium-gold-titanium sandwiched
planar gammadion arrays double-polished on a silicon substrate, but they were
limited in the far-field diffraction regime.

It was then reported that high levels of optical activity were induced by periodic
chiral gold nanostructures fabricated on a dielectric substrate and transmitted
ellipticity and that chirality-induced polarization azimuth rotation spectra were
sinusoidally varied with substrate rotation under normal irradiated incidence, as
shown in Fig. 1.2.[14]
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Fig. 1.2. Scheme of the optical activity measurement and achiral, left-handed,
and right-handed planar gammadion arrays. The polarization azimuth
rotation angle  on the substrate angle  is shown at 617 nm. For the
chiral arrays, the offset  did not vanish and had opposite signs for lefthanded and right-handed chirality.[14]

In addition to the single plasmonic gammadion layer, many phase-change
materials (PCMs) with different structural patterns have also shown great ORD and
CD effects, such as aluminum double-twisted gammadion bilayers,[15] gold sawtooth gratings,[16] and S-shaped plasmonic nanostructures.[17,18]

In addition, planar achiral gold nanohole arrays deposited on a fused silica
substrate were observed that could induce stronger and sharper chiroptical
resonance peaks relative to the gammadion arrays in the visible regime when
irradiated under the oblique incidence. This phenomenon was caused by plasmonic
nanoholes, which induced greater localized surface plasmonic resonance and were
less sensitive to morphologic details.[19]

By creating the magnetic dipole moments, such nonchiral plasmonic layers can
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intensify the transmission CD.[20] For enhancement and modulation of chiroptical
effects, magneto-plasmonic gammadion arrays with two[21] or more[22] layers
generated asymmetric magnetic dipole resonances, and the CD signal was
dependent on the magnetic field, as shown in Fig. 1.3.

Fig. 1.3. (a) Dimensions and period of the Au and Au/Co multilayered
gammadion. (b) Scanning electron microscopic (SEM) image of the
gammadion array. Inset: an AFM (atomic force microscopy) zoom of single
gammadion. (c) CD signal for the multilayer crosses modulated by a
magnetic field.[22]

Theoretical and numerical studies of PCMs have also been undertaken in the past
decade. From the numerical analysis, for gammadion-shaped arrays, the thickness
of the nanoparticles should be fixed to hundreds of nanometers to achieve a high
level of polarization rotation and ellipticity.[23] For morphologic studies of PCMs, a
strong chiral optical response was obtained by an interference effect induced by a
combination of phase shifts, which was associated with rotation of the electric field
vector.[24]
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In further studies of PCMs, an investigation of the main mechanism of planar
spirals showed that the chiroptical effects were caused by the angular momentum
change of surface plasmons.[25] Wu et al. found the chiral optical response of Sshaped PCMs that arise from the combination of EM waves radiated by localized
surface plasmons and surface plasmon polaritons, and they showed that the rotation
angle of transmitted light can be modulated by thickness due to the phase
retardation of surface plasmon polaritons.[26]

With the exception of the linear chiral response, chiral assemblies of periodic Gshaped gold nanostructure arrays deposited atop an Si(100)SiO2 substrate were
determined to induce CD in the second-harmonic generation signal, and the source
of this signal constituted an assembly of “hotspots” that originated in the plasmonic
resonance propagating in the G-shaped nanostructures.[27]

For application of PCMs, the chiral plasmonic meta-molecule array with hot
electron injection was applied as an efficient selective CPL photodetector that
combined great artificial chirality.[28] With the use of CD spectroscopy in the visible
spectrum, the switching dynamics and progress of hydrogen-regulated chiral
plasmonic effects were experimentally investigated based on four magnesium
particles surrounded by four gold satellite particles on a glass substrate.[29] This
configuration could enable chiral plasmonic structures for various gas detections
with a high sensitivity of CD spectroscopy, as shown in Fig. 1.4.
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Fig. 1.4 (a) The mechanism of the switching dynamics of hydrogen-regulated
chiral plasmonic response. (b) Simulated CD spectra of the hybrid
nanostructure before (red) and after (blue) hydrogen loading. (c) Evolution
of the experimental CD spectra of the sample in the loading as a function of
time. (inset) Scale bar, 200 nm. (d) Dehydrogenation of the same sample in
ambient air.[29]

Due to the weakness of traditional CD spectroscopy in the detection of small
chiral molecules, enhancement of the enantioselectivity of molecules is attractive
to material specialists and chemists. Since Tang and Cohen introduced optical
chirality to determine the degree of electromagnetic chirality in the extinction of a
small chiral molecule and the relationship in which the g-factor of a chiral molecule
is proportional to the optical chirality of the EM field,[8] enthusiasm for research
into the induction of optical chirality in plasmonic nanostructures has been greatly
aroused.
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Even for nonchiral environments and PCMs, such as nanoantennae,[30-32] arrays
of nanoslits,[33,34] plasmonic gammadion arrays,[10] and a diagonal slit that is a
simplified version of intertwined plasmonic helices,[35] the optical chirality of an
EM field near the structures can be increased. However, the extent of enhancement
is not sufficient, and it is limited to the area of the g-factor or optical chirality, which
is enhanced in PCM nanostructures. Therefore, researchers have attempted to
fabricate new types of chiral plasmonic structures with a strong chiral response and
optical chirality except for PCM nanostructures.

1.2.2 Plasmonic Nanoparticle Assembly in Three-Dimensional
Chiral Configurations
Noble-metal nanoparticles, such as gold nanorods (AuNRs) and nanospheres, are
achiral plasmonic nanoparticles that cannot induce a chiroptical response in CD
spectra. They have recently been applied to prepare materials with chiral
configurations for improvement of CD effects. There are two main configurated
methods; one consists of plasmonic particles assembled on chiral templates, and the
other assembles the nanoparticles in chiral arrangements without templates,
generally by means of some top-down techniques of electron-beam lithography.

For instance, AuNRs in a solution prepared by a seeding growth method were
added to chiral twisted polymer fibers with right- and left-handedness,[36] which led
to spontaneous assembly of the AuNRs onto the surface of the fiber. The CD spectra
of AuNRs following the corresponding helical curves was simulated using a
coupled-dipole model, but it could not fit precisely the experimental results of
random dispersal of AuNRs. Another similar chiral configuration of AuNRs used a
liquid crystalline-like mesophase, with which the AuNRs and surfactant were
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assembled in a cooperative manner.[37]

For the above examples, the orientations of the AuNRs were not controllable. If
aqueous suspensions of cellulose nanocrystals and AuNRs were mixed with slow
water evaporation, the left-handed liquid crystalline cholesteric phase of cellulose
nanocrystals was formed, and AuNRs were loaded on the layers,[38] as shown in Fig.
1.5.

Fig. 1.5. Scheme of the process of the composite chiroptical plasmonic
structures by combination of cellulose nanocrystals and AuNRs.[38]

To fabricate more types of tailored chiral plasmonic configurations, amino acid–
based and DNA-based methods have been gradually designed and used to prepare
helical plasmonic nanoparticle arrangements. As with enantiomeric spherical gold
nanoparticle (AuNP) double helices fabricated with a peptide-based method, the
helical alignment of the discrete particles is more controllable so that the structure’s
experimental and theoretical chiral plasmonic responses can be demonstrated with
similar optical properties,[39] as shown in Fig. 1.6.
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Fig. 1.6. Experimental (a) and theoretical (b) CD spectra for left-handed (blue)
and right-handed (red) gold nanoparticle double helices fabricated with a
peptide-based method.[39]

Moreover, DNA-direction of nanoparticles has proved to be a reliable method for
controlling the arrangement of metallic nanoparticles into chiral tetramers[40] or
helical configurations.[41,42] Meanwhile, the optical responses of these assemblies
can be precisely tunable in intensity and resonance wavelength in an experimental
environment, and the spectra of CD and ORD can be simulated and theoretically
analyzed by the collective plasmon-plasmon interactions, as shown in Fig. 1.7. In
addition, bounding onto two-dimensional DNA origami, AuNRs were assembled in
a helical distribution between neighboring AuNRs, and the maximum g-factor of
the plasmonic nanostructures reached approximately 0.02.[43,44]
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Fig. 1.7. Assembly of DNA origami gold nanoparticle helices and the
principle of CD. (a) The dimensions of left-handed and right-handed
nanohelices are composed of nine AuNPs connecting DNA origami 24-helix
bundles with single-stranded DNA. (b) Transmission electron microscopic
image of assembled left-handed gold nanohelices. Scale bar, 100 nm.[41]

Like fiber, DNA origami, and liquid crystalline-like mesophase, these templates
are soft, and the number of nanoparticles in each unique type is limited. If the
number of particles in each unit is increased, like AuNPs that self-assemble on
amino acid conjugates[39], the morphology of the conjugates is easily transformed
to alter the chiral response.

Therefore, dielectric solid chiral structures are applied as templates, and
plasmonic nanoparticles are distributed on the solid template surface. In a chemical
method to fabricate chiral configurations using a solid template, AuNPs with amino
or thiol groups were randomly settled on chemically modified silica nanohelices.[45]
In addition, the dielectric helical films were fabricated by glancing-angle deposition
(GLAD), and silver nanoparticles were then randomly deposited to coat the
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dielectric helices, as shown in Fig. 1.8.[46] The peak wavelength of the g-factor
spectra of the chiral plasmonic structure is red-shifted by increasing the size of the
Ag particles from 1 nm to 20 nm, and the maximum value of the g-factor reached
approximately 0.4; it was elaborated that the g-factor spectrum was affected by the
density of the plasmonic nanoparticles.[47]

Fig. 1.8. (a) Scheme of the fabrication method, in which GLAD is applied to
fabricate the dielectric helical template and evaporate the Ag metallic
nanoparticles on the structure surface. (b) SEM images of the helical template
surface without (top) and with (bottom) the Ag nanoparticles.[46]

In addition, a more controllable chiral response was exhibited than plasmonic
nanoparticles in chiral arrangements without templates. Usually, these structures
are period arrays that are generally fabricated by multilayer electron-beam
lithography[48,49] and facile hole-mark colloidal lithography.[50] The CD and ORD
spectra of such particle groupings are well-modulated, and they showed significant
resonant plasmonic near-field coupling, which is critical for the emergence of a
chiroptical response.[48,49] The chiral particle clusters can be fabricated to contain
several chiral centers that are similar to some biomolecules.[51]

To enhance the strength of plasmonic coupling effects, the particles of the unique
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layer would be merged. The difference in the transmittance of LCP and RCP
increased as the diameter of each nanoparticle increased, and the center-to-center
distance was fixed as 220 nm, as shown in Fig. 1.9.[52] In the theoretical study, the
structure’s higher-order resonance can be induced with high productivity, which
corresponds to the observed chiral optical effects in a higher energy regime.

Fig. 1.9. The experimental (left) and simulated (right) CD spectra of
oligomers consisted of two twisted layers. The red and blue spectra
correspond to the left-handed and right-handed enantiomers, respectively.
Inset: top view of SEM and sketch images of oligomers with different
diameter. Blue and green represent the particles in the upper and lower layers,
respectively.[52]

Furthermore, the coupling between the plasmonic resonances of the solid and its
inverse system in the chiral configurated structures consisted of solid and inverse
parts. The electric dipolar resonances of solid rods and disks have similar characters,
whereas the magnetic dipole moments between inverse rods and disks showed
different properties.[53] Based on the plasmonic Born-Kuhn model, the CD and
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ORD spectra of a C4-symmetric corner-stacked gold nanorod system were precisely
simulated for comparison with the experimental data.

The CD and ORD spectra of the previous mentioned chiral structures commonly
vary by size in unit particle or in the center-to-center distance. The sign of the CD
spectrum in two stacked L-shaped resonators can be modulated by adjusting the
relative distance between the resonators, as shown in Fig. 1.10.[54] Basically,
reversal of the chiral optical response is caused by changing the energy of the
hybridization modes when the horizontal displacement increases.

Fig. 1.10. The CD spectrum modulating and reversing with the geometric
perturbations that change the hybridized energies of the resonance modes.[54]

In another engineering approach, changing the phase of chalcogenide material
(Ge3Sb2Te6) from an amorphous state to a crystalline after thermal actuation, the
active material is sandwiched between vertically displaced, corner-stacked,
orthogonal AuNRs.[55] The CD spectra of the plasmonic chiral dimer are switchable
and tunable in the mid-IR region from 4.15 to 4.90 μm, which may provide an
efficient path for polarization modulation in potential applications, such as
polarization-sensitive detection and thermal imaging.

Similar to PCMs in the application, a twisted-arc metamaterial, one of the
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plasmonic nanoparticles with chiral configurations without a template, also exhibits
a strong second-harmonic generation–CD signal excited by LCP and RCP beams
for second-harmonic optical imaging.[56] Moreover, it has been shown that twistedarc metamaterials can enhance the emission of nonlinear luminescence after coating
CdTe/ZnS quantum dots.[57] The chiral optical metamaterials consisted of multiple
layers of twisted plasmonic nanometers applied as broadband circular polarizers in
the visible region from 500 to 750 nm, and the difference of transmission between
LCP and RCP is increased by increasing the number of twisted layers.[58]

Even the chiral structures above can be precisely modulated, and the mass
production of such electron-beam lithography is challenging because of its
technique limitations. The fabrication of plasmonic chiral metamaterials on a large
area (~cm2) requires another method, such as GLAD[3] or colloidal nanohole
lithography.[59]

1.2.3 Stacked Patchy Chiral Plasmonic Nanostructures
All of the stacked patchy chiral plasmonic nanostructures consist of two or more
plasmonic “patches” that are discontinuously deposited with chiral configurations.
They are generally fabricated by means of a stepwise GLAD process on colloidal
monolayer or achiral dielectric nanopillars.

The polystyrene sphere self-assembly technique has been widely applied in the
fabrication of two-dimensional nanostructures.[60-63] After a monolayer of
polystyrene sphere arrays with hexagonal symmetry are assembled on the glass
substrate, it is generally spin coated, and a vapor beam from a certain deposition
angle, such as 75 degrees, is deposited on the monolayer so that the first “patch” is
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obtained on a polystyrene sphere.[64-66] Then, increasing the azimuthal angle of the
monolayer at twice or multi-deposition can lead to the combination of “patches”
and thus the formation of new chiral structures. The deposition procedures of threepatch chiral plasmonic structures are shown in Fig. 1.11.

Fig. 1.11. The deposition processes of the three-patch chiral combined
structure. The Ag vapor beams of three depositions are shown at the top
represented by yellow, green, and blue arrows with a deposition angle of 75

 and azimuthal angles of 0  , 120  , and 240  , respectively.[64]

These three-dimensional helically stacked plasmonic structures demonstrate a
strong chiral response in CD and g-factor spectra, and they can be modulated by
varying the diameter of the nanospheres.[67] Achiral ZnO nanopillars can replace
the polystyrene sphere arrays as supporting structures, and obvious enhancement of
the CD spectra was seen with an increase in the height of the nanopillars, for which
the maximum peak reached approximately 2000 mdeg.[68]

However, because the lattice orientations of polystyrene sphere arrays and
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nanopillars are not perfectly identical over a large area, the morphology of the
deposited structures are not uniform; therefore, the chiral response from each
domain differs, as shown in Fig. 1.12.[69] Researchers generally wish to generate
uniform chiral plasmonic nanostructures in a large area without supporting
structures.

Fig. 1.12. (a) Top-view reflection image of right-handed stacked plasmonic
structures illuminated with a nonpolarized white light. (b) The measured CD
spectra of the domains numbered in a panel at (a). (c) The average of 18 CD
spectra (red) of all domains in a panel at (a) and the CD response measured
over the total sample (area: ~4 cm2).[69]

1.2.4 Helical Plasmonic Nanostructures
Obtaining a widespread chiral field for enantioselectivity application in a largescale area is still a challenge for PCM structures, and the area in which a superchiral
field can be induced is limited.[10] The fabrication of plasmonic nanoparticles in a
three-dimensional chiral configuration with a template generally involves chemical
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methods that include many procedures.[41,45] For plasmonic particles in a chiral
assembly without a template, the technique problems regarding mass production
must be solved. The stacked patchy chiral plasmonic nanostructures make it
difficult to obtain identical structures in the same sample, which limits the capacity
to modulate the chiral response.[65,69] Therefore, many researchers try to
manufacture helical plasmonic nanostructures on a large-scale to study the optical
properties. In recent years, they have been generated by many methods, such as
GLAD, colloidal nanohole lithography, focused ion beam–induced deposition
(FIBID), and focused electron beam–induced deposition (FEBID). Especially in
GLAD, which is a physical vapor deposition at a glancing incidence, billions of
NSs are fabricated on a substrate on the macroscopic scale, such as a sapphire wafer
(1.5 × 1.5 cm2).

In 2009, Gansel et al. first showed that gold helical metamaterial had a broadband
selectivity of LCP and RCP as the internal and Bragg resonances were induced in
the mid-infrared regime from 3 to 8 μm.[70] The helical structures were fabricated
with an approach based on direct laser writing, and the helical pitch is 2 μm.
Moreover, after tapering the radius of the gold-helix, the bandwidth of the period
arrays can be improved to 1.5 octaves.[71] Nonetheless, because the technique is
limited by the diffraction limit of the applied laser beam so that the spatial resolution
of structures is restricted[72] so that the helical pitch cannot be reduced under 1 μm,
the frequency did not extend near the plasma frequency of gold.

Moreover, FIBID was applied to fabricate period platinum NS arrays on silicon
or GaN-substrates with a minimum helix pitch of approximately 200 nm.[73] The
transmittance spectra of the 5 × 5 array sample irradiated under LCP or RCP was
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studied in a wavelength regime from 800 to 1300 nm, and the difference showed a
circular degree of polarization exceeding 36%. With the FEBID process, the wire
diameter of the helices was smaller than those manufactured by FIBID, and the gfactor of transmitted spectra showed a maximum peak up to 0.4 at  ~ 1000 nm
for the larger size helix fabricated by FIBID and up to 0.26 at  ~ 600 nm for
FEBID, as shown in Fig. 1.13.[74] Because the fabrication efficiency is not high
enough, such direct laser writing,[75] FIBID, and FEBID are not suitable for
fabrication of nanohelix arrays in a large-scale area.

Fig. 1.13. (a) Array of 20 ×20 nanospiral arrays fabricated by FIBID. (b) An
array of 40 × 40 nanospiral arrays realized by FEBID. (c, d) g-factor of
transmitted spectra for FIBID and FEBID nanospiral arrays.[74]

Colloidal nanohole lithography is applied to manufacture spiral-type ramp
nanostructures over a large area of 1 cm2.[59] The average diameter is 260 nm and
the width is 20 to 90 nm. The transmittance spectra of the nanostructure arrays
exhibited a strong chiral response from visible to near-infrared spectra. The
simulation illustrated three resonance modes that represented the three types of
electron oscillations induced by LCP or RCP. Because of the limitation of the
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evaporation process, as shown in Fig. 1.14, the number of pitches in the spiral-type
ramp nanostructure may not be larger than one.

Fig. 1.14. (a) Scheme of hole-mask lithography and tilted angle rotation
evaporation creating 270°left-handed and right-handed three-dimensional
chiral nanostructures. (b) Overview AFM image including three-dimensional
plot and AFM raw data. Scale bars in the image and inset are 200 nm.[59]

1.2.5 Plasmonic NSs
Because NSs are a typical helical plasmonic nanostructure, researchers have
attempted numerical simulation of plasmonic NSs for nearly a decade.[76,77] In 2013,
Mark et al. first fabricated helical plasmonic nanostructures over a large area with
GLAD, which is able to generate billions of target structures.[3] A hexagonal array
of gold nanodots as seeds can be deposited on a silicon substrate by micellar
nanolithography, and the spacing and size of gold dots can be adjusted. Because of
the shadowing effect in GLAD [78-80], the incoming evaporant from a heated source
is deposited onto the gold seeds where the target structures will grow. There are two
independent evaporation sources from which alloy helix can be obtained. The
substrate temperature was cooled to approximately 100K so that the minimum pitch
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of the nanohelix can be less than 100 nm. The low temperature can visibly reduce
the wire diameter of the helix, especially when compared with room-temperature
conditions[81]. It is crucial for metals with a high melting temperature and high
surface diffusion of adatoms, such as Ag.

The giant CD spectra of Ag:Cu (65%:35%) alloy two-pitch helix with 92 nm
total height in solution covers the whole visible spectrum and part of the near-IR,
and its maximum value reaches about 3 degrees at 600 nm, as shown in Fig. 1.15.
Because the helical pitch can be easily controlled by the deposition rate and the
rotation speed of the substrates in the deposition process, the transmitted CD spectra
for Cu nanohelix arrays is red-shifted with respect to increasing the pitch.[82]

Fig. 1.15. (a) SEM image of Ag:Cu (65%:35%) alloy nanohelices in tilt-angle
view. (b) Transmission electron microscopic (TEM) images of the dispersed
Ag:Cu (65%:35%) helices onto TEM grid. (c, d) TEM image of a single
Ag:Cu alloy helix (c) and a Cu helix (d). (e) CD spectra of helix dispersed in
the solution. The chiral response can be tailored by controlling the
composition of the material and the helical size.[3]

If the deposition rate is held constant, nanostructures with various morphologies
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are manufactured with a different rotation speed of the substrates. Not only can the
CD be varied, but other generalized ellipsometric parameters, such as linear
birefringence, linear dichroism, and circular birefringence, are tailorable,[83] which
demonstrates that the morphology of the helix is significant in determining the
position of the plasmonic resonance.

In addition, with Ti:Ag composite helical nanostructures fabricated on quartz
slides, the g-factor of nonpolarized UV–visible–NIR transmission spectrum was
obtained; the magnitude of g was larger than 0.3 if  = 460–560 and 800–1000
nm.[84] This result shows that the plasmonic helices exhibit a broad chiral optical
response in the visible spectrum.

Because of the limitations of current nanofabrication techniques, a helical
nanostructure with a pitch of less than 10 nm is difficult to manufacture. Using
GLAD with a high speed of substrate rotation, silver nanoparticles (AgNPs) with
intrinsic hidden helicity were generated, and the helical pitch was nominally smaller
than the wire diameter, as shown in Fig. 1.16.[85] The AgNPs demonstrated a
reversible aqueous solvent effect on the chiroptical response.

Otherwise, the chiroptical activity of AgNS arrays fabricated on a sapphire
substrate was flexibly controlled with respect to the sign, amplitude, and resonance
wavelength of CD spectra in the UV and visible regimes.[4] The plasma frequency
of bulk silver near 330 nm shows the chiroptical properties of plasmonic NS in the
UV regime. When the number of turns was changed from 1 to 3, the CD resonance
peaks of AgNS arrays with a pitch of approximately 200 nm showed obvious
differences between the UV and visible regimes.
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Fig. 1.16. (a, b) Cross-sectional SEM images of left-handed and right-handed
AgNP arrays with helical pitches of 3.8 and 3.5 nm, respectively. (c) UV–
visible CD spectra of left-handed and right-handed AgNP arrays.[85]

Because the engineered plasmonic nanohelix showed that the tailorable
properties of optical activity can be induced to orders of magnitude larger than
molecules, like gammadion PCM applied in the ultrasensitive detection of chiral
molecules,[10] Ag:Ti alloy nanohelices were used as plasmonic sensors. The points
of zero-crossing in the CD spectra were modulated with high sensitivity by
changing the bulk refractive index.[86]

The electric properties and magnetic properties of nanohelices were both
investigated, and their magnetic hysteresis demonstrated that they retain their
ferromagnetism even at the nanoscale.[87] If plasmonic nanohelices consist of a
ferromagnetic material, like nickel (Ni), the magnetic CD can be modulated by an
external magnetic field.[88] Such an Au-Fe nanohelix can be used to measure the
rheological properties of a fluid with low transmittance, such as blood, as shown in
Fig. 1.17.[89]
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Fig. 1.17. (a) Scheme of magnetically driven chiroptical switching.
Modulation of the alignment of ferromagnetic nanohelices with an external
magnetic field and the CD spectrum of the solution are controlled. (b)
Schematic of magneto-plasmonic nanohelices in a complex and high optical
absorption medium. (c) Definition of the parameters and angles in the
experiment (B, external magnetic field; m, magnetic moment along the axis
of the helix; k, wave vector of the incident beam).[89]

The previous section illustrated that helical plasmonic nanostructures are
artificial materials that have intrinsic chiroptical activity, so they are generally
characterized by CD and ORD spectroscopy to study their optical activity.[3,4,81,90]
Plasmonic NSs are usually fabricated on a transparent substrate, such as sapphire,
glass, or silica, and the transmitted CD of the nanostructure arrays is measured,
which can show the ability to distinguish LCP and RCP in the far-field region.

For instance, the maximum intensity of one-pitch AgNS randomly arrays with a
helical pitch of approximately 200 nm can reach 15 degrees for 

of

approximately 500 nm.[91] In addition, the g-factor is generally calculated from the
division between CD and extinction to directly compare the optical activity of the
nanostructures under study with others, and those of the plasmonic NS and AgNP
arrays reached 4 × 10−1 and 3 × 10−3, respectively.[84,85] Otherwise, the spectra of
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ORD demonstrate the ability of structures to rotate the polarization axis of the light.
Such triple-helical plasmonic NSs exhibited an expressive rotatory power of 11.43°
μm−1.[92] To obtain the chiral response from an individual plasmonic NS, asdeposited nanostructure arrays are generally transferred and dispersed sufficiently
in the solvent for ultrasonication to allow the measurement of the CD spectra of a
single NS, as shown in Fig. 1.18.[3,93]

Fig. 1.18. Schematic diagram of CD measurement of dispersed left-handed
AgNS in a solvent.

Nonetheless, all CD and ORD spectra just illustrate the chiroptical effect of the
far-field region without the information from the near field. To understand the
mechanisms of helical plasmonic nanostructures, the localized chiral EM field
information must be acquired. Numerical simulations can provide effective
information about the localized EM field of plasmonic NSs, with the simulated
results verified by experiment.
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1.2.6 Numerical Simulations of the Optical Activity of Plasmonic
NSs
The chiral optical response of plasmonic NSs irradiated by the incident beam is
generally simulated with commercial software to predict and support the
experimental results. It is especially significant to obtain the localized EM field of
helical nanostructures to determine the coupling effects between chiral plasmonics
and chiral molecules.

Numerical studies of plasmonic NSs began a decade ago. The extinction spectra
in the visible regime and the localized EM field distribution of AgNSs with
differences in helical pitch and radius were calculated with the discrete dipole
approximation method, which is taken from the public open source program
DDSCAT code.[76,77] The discrete dipole approximation method is applied to
compute the scattering and absorption properties of an EM field by targeted objects
with certain refractive indices and arbitrary geometries, and the object is
approximated in terms of discrete dipoles. When the volume of helical
nanostructures is sufficiently small, such as with a helical pitch under 100 nm, the
simulations agree well with the experimental result.[3]

Otherwise, for plasmonic NSs with a larger helical pitch, finite-difference timedomain (FDTD)

[84,92,94]

and the FEM

[59,93,95]

are widely used and have good

agreement in simulation of the EM field induced by the helical metamaterials. In
the FDTD method, central-difference approximations are applied to discretize the
time-dependent Maxwell equation to the time and space partial derivatives. The
FEM subdivides the targeted object into much smaller and simpler parts called finite
elements. The equations of these finite elements are then assembled back into the
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entire geometry to solve the total EM field distribution.

Both FDTD and FEM can be used to precisely calculate the EM field distribution
of designed objects when the grid or mesh of spatial discretization is sufficiently
fine to solve. Usually, the computing unit in the FDTD and FEM grids are based on
cubes and tetrahedrons, respectively. As seen in Fig. 1.19, the as-meshed surface in
an FEM grid is smoother than that in an FDTD grid; therefore, an FEM grid is more
suitable for the meshing of the curved surface. The geometrical design in the FEM
can be more flexible than FDTD, and FEM can be applied in the frequency and time
domains. In this thesis, the electromagnetic scattering problem of AgNSs irradiated
under optical incidence is calculated with the FEM, which was applied with the
COMSOL Multi-physics commercial software package. The details of the
simulation settings are given in the next chapter.

Fig. 1.19. (a) A dielectric sphere as meshed in an FDTD grid. (b) An AgNS
as meshed in an FEM grid.

1.2.7 Analytical Modeling of Plasmonic NSs
Compared with experimental spectral characterization and simulation modeling,
few analytical studies have been performed with a helical plasmonic metamaterial,
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so few physical models about the mechanisms of plasmonic NS have been
illustrated. Micro-helical metamaterials made of Au could be regarded as perfect
electric conductors in the microwave regime.[70,96,97] The electric current flow
remains on the metal surface, and the resonance frequencies were multiplied as the
energy increased.

Unlike that in perfect electric conductors, the current flow distribution in
plasmonic NSs is more complicated as a result of distribution of the current
oscillation into most of the NS structure instead of remaining on its surface.
Therefore, the chiral plasmonic resonance that corresponds with the excitation of
various modes is no longer frequency multiplications,[59,84] and it is difficult to
predict the resonance frequencies of plasmonic NS with different dimensions
applying a simple physical model.

We determined that the chiral optical properties of plasmonic AgNSs can be
explained by the LC circuit theory. Moreover, by means of FEM simulation verified
by experimental CD spectroscopy, the radiative and Ohmic loss of plasmonic NSs
exhibited differential properties in the UV and visible regimes.[4,91]

1.3 Dissertation Outline
Chapter 2 introduces the fabrication of AgNSs using GLAD, the FEM numerical
model, and the analytical LC circuit theory.

In Chapter 3, the FEM is used to simulate the localized optical chirality in the
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vicinity of the AgNSs, and the simulation result accounts semiquantitatively for the
chiral nanoplasmon–induced enantioselective photocyclodimerization of 2anthracenecarboxylate.

In Chapter 4, the optical activity of an AgNS array characterized by CD is
analyzed with a combination of FEM and the LC circuit theory. Then in Chapter 5,
the LC circuit model is used for quantitative evaluation of the contributions of CD
from the radiative and Ohmic power loss.

In Chapter 6, the AgNS array is demonstrated to function as a circular polarizer
in the visible regime and to have excellent stability when deposited on a flexible
polymer substrate, which is desirable for the development of a new generation of
flexible/wearable optical and optoelectronic devices.
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Chapter 2. Experimental Methods and Simulation
Models
This chapter shows the experimental methods of generated plasmonic NSs by
GLAD and the spectroscopic measurement of plasmonic NS arrays and dispersed
AgNSs in the solvent. FEM simulation and the LC circuit theory of plasmonic NSs
are also elaborated.

2.1 Fabrication of Plasmonic NSs by GLAD
GLAD is a physical vapor deposition (PVD) technique that can be adapted to
various metal and dielectric materials. The source is heated with an electron beam
or laser to generate evaporated atoms. The angle between the trajectory of the
incident vapor and the substrate normal is called the deposition angle. It is generally
operated at a highly oblique deposition angle (α > 75°) with respect to the substrate
normal direction, as shown in Fig. 2.1(a). The metallic or dielectric evaporated
atoms condense and create three-dimensional nuclei on a planar substrate, such as
silicon, sapphire, or an indium tin oxide (ITO)–polyethylene terephthalate (PET)
flexible substrate. Because the vapor is stochastic condensation and adatoms
randomly diffuse in stochastic vapor, the random nuclei have a wide distribution on
the substrate. Because some areas are shadowed by the nuclei, the subsequent
adatoms are deposited onto the nuclei instead of the shadowed region, as shown in
Fig. 2.1(b).[98,99] In this dissertation, the deposition angle in plasmonic NS
fabrication is 86°, if not otherwise specified.
36

2.1.1 Homochiral Coaxial AgNS Arrays
A custom-built PVD system (JunSun Tech Co. Ltd., Taiwan) was applied to
generate plasmonic NS arrays on a large area substrate. A high vacuum of 10-7 to
10-6 Torr is generated in the chamber interior with a cryo pump. In fabrications of
AgNS arrays on planar substrates, Ag powders (99.99%, Kurt J. Lesker) were
heated and evaporated in an electron-beam accelerating emission current of 15 to
30 mA and voltage of 8.0 kV. Ag vapor with a deposition rate (Rd) of 0.3 nm  s-1 is
obtained and monitored with a quartz crystal microbalance. Fig. 2.1(c) shows asdeposited AgNS arrays on an ITO-PET flexible substrate, which has good
uniformity in the macroscopic scale.

Fig. 2.1. (a) Schematic of the GLAD process. The vapor from PVD source
evaporated to the substrate, whose deposition angle (α) is larger than 75  . (b)
GLAD-induced ballistic shadowing of the random adatoms. The subsequent
flux is deposited onto the nuclei instead of the shadowed region.[98-100] (c)
Photograph of as-deposited AgNS array on ITO-PET substrate.
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Fig. 2.2. GLAD of homochiral coaxial (i.e., co-) AgNS arrays, with left (i.e.,
L: a, c, e) and right (i.e., R: b, d, f) handedness. The helical pitch (P) of coaxial
AgNSs is ~200 nm, and the number of pitch (n) is modulated to be (a, b) 1,
(c, d) 2, and (e, f) 3. (a-f) SEM images of coaxial AgNS arrays in tilt-angle
viewing. Insets: (a, b) SEM images highlighted the as-deposited
nanostructures in tilt-angle viewing (Scale bar: 100 nm). Each sample is
depicted by a corresponding schematic helix. The left-handed and righthanded AgNSs are shown by red and blue helices, respectively.

When AgNS arrays were deposited on silicon or sapphire substrates whose
temperature was controlled to be approximately 2°C by an ethanol cooling system,
except for the deposition of five turns homo chiral AgNSs at approximately −40°C.
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The as-deposited Ag adatom was shaped to the helices by rotating the substrates.
Clockwise and counterclockwise rotation generates right-handed (RH) and lefthanded (LH) AgNSs, respectively. For easy differentiation, two-pitch LH AgNSs
are denoted 2LH-AgNSs, and their mirror images are denoted as 2RH-AgNSs. The
helical pitch (P) in units of nanometer per revolution can be controlled by

P = 360 Rd / Rr

(2.1)

where Rr is the rotation rate of the substrates (in units of degrees per second), and
-1
Rd was calibrated as 0.067 nm  s with respect to the deposition angle of 86°in the

GLAD process.

For instance, if P is fixed as 200 nm, the rotation rate of the substrate should be
set at 0.12 deg  s-1. The number of pitches (n) can be effortlessly engineered by the
azimuthal angle (  ) of the substrate rotation so that  of 120°, 240°, 360°, 720°,
and 1080°can generate homochiral coaxial AgNS arrays with n values of 1/3, 2/3,
1, 2, and 3, respectively. The SEM images of homochiral AgNS arrays fabricated
on an Si substrate are shown in Fig. 2.2, which demonstrates that the samples have
good spatial uniformity.

2.1.2 Heterochiral Biaxial and Coaxial AgNS Arrays
To generate the heterochiral biaxial AgNSs, after full-circle rotation of the
substrate, it was immediately changed to the opposite rotation from the previous
circle. For the heterochiral coaxial AgNSs, after a full-circle rotation of the
substrate, it was rotated by the azimuth angle  of 180°in 30 seconds before the
subsequent opposite rotation. Without a surface pre-pattern of the substrate, GLAD
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enables deposition of a random and close-packed array of vertical AgNSs. The SEM
images of biaxial and coaxial AgNS arrays on the Si substrate are shown in Figs.
2.3 and 2.4, respectively.

Fig. 2.3. GLAD of heterochiral biaxial AgNSs: (a-d) bi-(1L+nR) and (e-h)
bi-(1R+nL), with n of 0 (a, e), 1/3 (b, f), 2/3 (c, g) and 1 (d, h). (a-h) SEM
tilted-viewing images. Insets: schematics and SEM images show the asdeposited heterochiral AgNSs. All scale bars represent 200 nm.
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Fig. 2.4. GLAD of heterochiral coaxial AgNSs: (a-d) co-(1L+nR) and (e-h)
co-(1R+nL), with n of 0 (a, e), 1/3 (b, f), 2/3 (c, g) and 1 (d, h). (a-h) SEM
tilted-viewing images. Insets: schematics and SEM images show the asdeposited heterochiral AgNSs. All scale bars represent 200 nm.
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2.1.3 Heterojunction NSs (HJNSs) Array
The HJNSs consisted of two AgNS and an Ti nanorod (TiNR) in a sandwich tape
(AgNS:TiNR:AgNS) deposited by GLAD onto Si wafers (Semiconductor Wafer,
Inc.) and sapphire (MTL Hong Kong) over an area of 1.5 × 1.5 cm, at α of 86°and
Tsub of approximately −25  C. To obtain 1RH:TiNR:1RH and 1LH:TiNR:1LH
HJNSs, 1RH/1LH AgNSs, tilted TiNRs, and 1RH/1LH AgNSs were then deposited,
as shown in Fig. 2.5. To acquire the tilted TiNRs, the rotation of the substrate was
stopped and Ti pellets (99.999%, NEXTECK Technology Ltd.) were deposited at α
of 86°and a rate of 0.05 nm  s-1 applying an emission current of 50 to 65 mA. The
deposition duration (td) was modulated to engineer the length of TiNR (lTiNR) from
0 to 177 nm. The substrate was rotated clockwise (or counterclockwise) in two
circles to produce 2RH-AgNSs (or 2LH-AgNSs). To deposit 2RH:TiNR HJNSs (or
2LH:TiNR HJNSs), the tilted TiNRs were generated on 2RH-AgNSs (or 2LHAgNSs).

Fig. 2.5. GLAD of HJNSs and AgNSs: (a) 1LH:TiNR:1LH and (c)
1RH:TiNR:1RH HJNSs with a P of ~210 nm and lTiNR of 106 nm. (b) 2LHAgNSs and (d) 2RH-AgNSs with a P of ~210 nm.
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2.1.4 AgNS Arrays on ITO-PET Flexible Substrate
To deposit one-pitch AgNS arrays on an ITO-PET polymer flexible substrate, the
conditions of GLAD are identical with homochiral AgNSs in Sec. 2.1.1, except that
the substrates are replaced by ITO-PET flexible thin films and the Tsub is controlled
at approximately −50°C with an ethanol cooling system. To produce 1RH/1LHAgNSs with a P of ~210 nm, the substrate was rotated clockwise/counterclockwise
in one circle at a rate (Rr) of 0.11  s-1. The 50-time forward and backward bending
of 1LH-AgNS arrays as deposited on ITO-PET flexible thin films is shown in Fig.
2.6.

Fig. 2.6. Top-down SEM images of the 1L-AgNS arrays deposited on ITOPET after 50-time forward bending. Insets: (a) photograph of an ITO-PET
deposited with the 1L-AgNS array under forward bending; schematic
diagram of the forward bending (b).

2.2 Structural Characterization
The as-deposited samples were mechanically split, leaving freshly split surfaces
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for SEM and EDX characterization (field emission scanning electron microscopy,
Oxford Instruments, LEO 1530).

2.3 Spectral Characterization
2.3.1 UV–Visible CD Spectroscopy
The transmitted CD of plasmonic NS arrays deposited on sapphire was monitored
in the wavelength regime of 300 to 700 nm. The LCP and RCP optical beam were
incidents along the normal direction of the sample (Olis 1000CD, as shown in Fig.
2.7). For the machine settings of CD spectroscopy, the excitation mode is set in the
horizontal mode, and the bandwidth of the grating is fixed to 5 μm. The increment
of the adjacent sampling point is 1 nm, and the integration time of each sampling
point is set to 0.01 s.

Fig. 2.7. Schematic of CD spectroscopic measurement of one-pitch LHAgNS arrays generated on sapphire substrate by GLAD.
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To eliminate linear birefringence, for coaxial and biaxial AgNS deposited on
sapphire, the samples were continuously rotated at 0.1 rpm to detect five CD spectra,
which were algebraically averaged to acquire an average CD spectrum. For HJNSs
on sapphire and AgNSs on the ITO-PET substrate, the sample was rotated at 0.19
rpm to monitor the CD. Four CD spectra were subsequently recorded and
algebraically averaged to obtain the sample’s CD spectrum. To study the
mechanical stability of the CD of the AgNS arrays deposited on ITO-PET, the
samples were mechanically bent forward/backward as a function of bending times
m followed by monitoring the CD.

An Si wafer (1.5 × 1.5 cm) with as-deposited AgNS arrays was immersed into
0.1 mol  L-1 CTAB (cetyl trimethylammonium bromide) aqueous solution for 3 h
and then sufficiently rinsed with deionized water (water with 18.2 MΩ, Milli-Q
reference water purification system fed with campus distilled water). The wafer was
dried by ultra-high purity N2 and transferred into ethanol for 15 min of
ultrasonication to adequately disperse the CTAB-grafted AgNSs in the solvent. It
was then transferred with dispersed AgNSs to a standard liquid cell with an optical
path of 1 cm to measure the CD spectrum (MOS-450AF/AF-CD, Kromatek) in the
transmission mode, as shown in Fig. 1.18.

2.3.2 UV–Visible Extinction Spectroscopy
The UV–visible extinction spectra of the samples were recorded under
nonpolarized incident along the substrate normal in the wavelength range of 200 to
1100 nm.
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2.4 FEM Numerical Simulation
The numerical simulation was applied with the COMSOL Multi-physics
commercial software package based on FEM to simulate the EM field induced from
individual AgNS irradiated under LCP and RCP, respectively. COMSOL Multiphysics provides a user-friendly interactive environment to solve various scientific
and engineering problems based on partial differential equations. The targeted
object is subdivided into a number of smaller and simpler parts known as finite
elements. The software solves the partial differential equations of all finite elements
with user-defined meshing and error control applied by some internal solvers.

When AgNSs are dispersed in a solvent, the optical wave will decay as it passes
through. For low particle concentration, the intensity I and propagation distance are
related by

I = I 0eCext NL

(2.2)

where I0 is the intensity of the incidence, Cext is the extinction cross section of
individual AgNS, and N is the number of dispersed AgNSs per unit volume. CD
can be defined as

CD = (Cext , L  Cext , R ) NL  Wext , L  Wext ,R

(2.3)

where Wext, is the extinction of AgNSs irradiated under incidence, and the
subscripts L and R correspond to LCP and RCP, respectively. We used COMSOL
Multi-physics, which adopts the FEM to solve the electromagnetic scattering
problem. It is supposed that AgNSs are sufficiently dispersed in a solvent. Therefore,
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the problem of simulating the CD spectrum of AgNSs dispersed into solvent can
degenerate into calculation of the CD response of individual AgNS in the solvent
environment irradiated incidence separately from all solid angles. Wext,L and Wext,R
of the individual AgNSs were calculated in the CD spectrum. Wext,L and Wext,R of
individual AgNS were calculated and numerically simulated in a solvent using FEM
simulation.

Fig. 2.8. (a) Schematic diagram of 2LH-AgNS characterized by spiral pitch
(P), the number of pitches (n), height (H), coil diameter (D), and wire
diameter (d); (b) Schematic of a 2L-AgNS composed of 51,412 tetrahedral
finite elements irradiated under optical incidence.

An AgNS can be morphologically characterized by its helical pitch P, a number
of pitches n, total height H (H

nP), coil diameter D, and wire diameter d, as

shown in Fig. 2.8(a). In the FEM simulation, an AgNS (helical pitch P of 230 nm,
D of 186 nm, d of 114 nm) was discretized into 51,412 tetrahedral elements with a
maximum element size of 15 nm. Because the dispersed AgNSs have random
orientation in the solvent, the average CD of individual AgNS should be simulated
by performing an integration over all solid angles in terms of the azimuthal angle

 and the polar angle  , as shown in Fig. 2.8(b).
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The dielectric constant of silver was extracted from Palik,[101] who describes bulk
single-crystalline Ag. The as-deposited AgNSs are polycrystalline (See Fig. 2.9).
When the light propagates in polycrystalline material, there is more internal
scattering between a photon and the atoms than with a single crystal. Therefore, the
as-deposited AgNSs exhibited a significantly larger imaginary part (ε'') of a
dielectric constant than that of the single-crystalline Ag. As a result, ε'' was
magnified by a factor of 5 in the simulation. The 5-fold magnification was chosen
somewhat arbitrarily, because the simulation results are approximately independent
on the magnification in a range of 3 to 7. The dielectric constant used is plotted in
Fig. 2.10.

Fig. 2.9. XRD spectra of 1L (in red) and 1R (in blue) AgNSs deposited on
Si(100), with P of ~200 nm. The peaks of Si(100) are marked by asterisks
(measured by Erik BAI).
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Fig. 2.10. Real (ε') and imaginary part (ε'') of dielectric constant and of Ag
used in FEM simulation.

It was extracted from the FEM simulation the electric field Ε and magnetic
field H . With those, one can have

S  E  H  Si  Ss  Sext

(2.4)

1
Si  Re[Ei  Hi ]
2

(2.5)

1
S s  Re[Es  Hs ]
2

(2.6)

1
Sext  Re[Ei  Hs  Es  Hi ]
2

(2.7)

where S i and S s are the Poynting vector associated with the incident and
scattered wave, respectively. The Poynting vectors are then integrated over a
spherical surface surrounding the AgNS to calculate the optical absorption power
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Wabs, scattering power Wsca, and extinction power Wext for the AgNS:
Wabs    S  er dA

(2.8)

A

Wsca   S s  er dA

(2.9)

A

Wext    S ext  er dA

(2.10)

A

One can show that,

Wext  Wabs  Wsca

(2.11)

If the incidence is LCP, Wext, L for the AgNS can be calculated, whereas Wext, R is
the extinction power when AgNS is irradiated by RCP.

Fig. 2.11. CD spectra of 2LH (in solid red) and 2RH (in solid blue) AgNSs
with P of 230 nm, which were simulated by FEM (dashed lines).
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The simulated CD spectra of a 2LH-AgNS and 2RH-AgNS, which were
separately calculated and averaged from 173 different target orientations, were in
good agreement with experiment in the range 300 to 600 nm, as shown Fig. 2.11.

To ensure that it is the convergent result, some of the calculations were repeated
using 118,402 tetrahedral elements with a maximum element size of 10 nm, as
shown in Fig. 2.12. Within the concerned wavelength range, i.e., between 300 to
700 nm, the two sets of simulated CD differ by less than 1%, indicating good
convergence.

Fig. 2.12. Numerical CD of the 2LH-AgNS with different element numbers



(under LCP incidence:  = 90  ,

= 0  ). The relative error was

calculated by (CD51412 − CD118402)/ (CD51412 + CD118402).
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2.5 LC Circuit Theory
2.5.1 For Homochiral Coaxial AgNSs
Based on the FEM simulation shown in Sec. 2.4, the dispersion of Wsca (radiative
loss) and Wabs (Ohmic loss) of homochiral coaxial AgNS was calculated under the
circularly polarized incidence along the helix longitudinal axis, as shown in Fig.
2.13.

Fig. 2.13. FEM simulation of Ohmic and radiative loss of a coaxial 2LHAgNS irradiated under LCP incidence and along the helix longitudinal axis.

The LC circuit model was applied to understand the optical interaction of
individual AgNSs. Herein, the problem of optical scattering is reduced to calculate
the electric inductance L, capacitance C, and resistance R. The current that drives
the resonance was inferred from the FEM simulation. Part of the light energy that
enters the plasmonic NS is released as re-emitted radiation (radiative loss or
scattering), and the rest is absorbed through Ohmic loss and eventually becomes
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heat. The resonant system can be considered to be composed of two resistors in
series, Rrad (radiative resistance due to optical scattering by AgNSs) and Rohm
(Ohmic resistance ascribed to optical absorption in AgNSs). The total resistance

Rt can be calculated by
Rt = Rrad  Rohm

(2.12)

For a plane incident wave, if the resonance wavelength associated with different n
is roughly the same, as in our experiment, the light-induced voltage (or the
electromotive force) on an n-pitch coaxial AgNS is given by

Vn = nV0

(2.13)

where V0 is the voltage in a single-pitch AgNS, and n is the number of helical
pitches. Because CD amplitude is proportional to resonance strength, it is
proportional to the power loss (Vn2 / Rt ) :

Vn2 n2V02
CD 
=
Rt
Rt

CD
1

n
Rt / n

(2.14)

(2.15)

It is assumed that V0 is constant at certain λ. The substitution of Eq. 2.12 in Eq.
2.15 leads to
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CD
1
(
)
Rrad Rohm
n

n
n

(2.16)

Fig. 2.13 shows that Rrad >> Rohm in the visible spectrum, whereas both Rrad and

Rohm contribute to Rt in the UV. In the visible, it is derived that

CD
1
(
)
n visible
Rrad / n

(2.17)

In the UV, Rohm is approximately proportional to n, leading to

Rohm
 constant
n

(2.18)

CD
1
(
)
Rrad
n UV
 constant
n

(2.19)

Rrad is proportional to scattering power (Wsca) that can be calculated by
Wsca   S sca  da

(2.20)

*
Ssca  Re{Esca  H sca
}

(2.21)

where Ssca is the Poynting vector for the scattered field, and the integration is
evaluated in the far field. It is assumed that d = 0 (d: wire diameter of AgNS) and
that sinusoidal current flows along the helix. Rrad

is evaluated at λmax of

approximately 350 nm for the UV peak and between 650 and 400 nm for the visible
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(λmax has a blue shift with an increase of n). The evaluated results of Rrad / n with
n are shown in Fig. 2.14.

Fig. 2.14. A plot of calculated Rrad / n of AgNS versus n for the UV (λ of
~350 nm) and visible (λ: 650-400 nm, blue shift with an increase of n) CD
modes. Rrad is the radiative resistance. The two curves have different scales
of the unit.

2.5.2 For HJNSs
A 1LH:TiNR:1LH HJNS is composed of five components that are electrically in
series, including two 1L-AgNSs with identical helicity, a tilted TiNR, and two
AgNS:TiNR contacts (See Fig. 2.15 a, b). Because the tilted TiNR does not have a
chiroptical response (See Fig. 2.16), the CD of the HJNS substantially originates
from the helicity of two 1L-AgNSs.
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Fig. 2.15. LC circuit theory of a 1LH:TiNR:1LH HJNS: (a) schematic
diagram of an HJNS excited by CPL; (b) equivalent circuit diagram.

Fig. 2.16. (a) SEM top-down image of tilted TiNRs deposited on sapphire,
with lTiNR of 106 ± 2 nm and a tilted angle of 27.5° ± 3.24° with respect to
the substrate normal. (b) CD spectrum of the array of tilted TiNRs.

An HJNS has CD amplitude proportional to the strength of resonance excited
from the two AgNSs, given by

CDmax  c2 I 2 (2R1LH )
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(2.22)

I

Vt
Rt

(2.23)

where CDmax is the maximum CD amplitude (units: degrees) of the transverse and
longitudinal mode, c is a preconstant (units: deg1/2s1/2J-1/2), R1LH is the electric
resistance of the 1LH-AgNS, “2” is ascribed to the contribution from the two 1LHAgNSs, I is the electric current optically excited in the HJNS, Vt is the total lightinduced voltage in the HJNS, and Rt is the total electric resistance of the HJNS given
by

Rt  2(R1LH  Rc )  RTiNR

(2.24)

where Rc is the electric resistance of the 1LH-AgNS:TiNR contact, and RTiNR is the
electric resistance of the tilted TiNR. Each component of Rt contains Rrad (radiative
resistance ascribed to optical radiation from the HJNS) and Rohm (Ohmic resistance
attributed to optical absorption in the HJNS), given by

R  Rrad  Rohm

(2.25)

R1LH can be formulated by

R1LH  Rrad ,1LH  Rohm,1LH  Rrad ,1LH  ( 

l
)
A 1LH

(2.26)

where ρ, l, and A are the electric resistivity, length, and cross-sectional area of the
1LH-AgNS, respectively. Because the AgNS:TiNR contact has a relatively small
cross section, Rrad,c << Rohm,c and Rc ≈ Rohm,c. From the complex dielectric constant
relation of Ti in the UV–visible regime, the scattering of TiNR is much less than
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absorption, so Rrad,TiNR << Rohm,TiNR . Hence,

l
)
A TiNR

(2.27)

 a  b  lTiNR

(2.28)

RTiNR  Rohm,TiNR  ( 

It is derived from Eq. 2.22 that

1
CDmax,1LH :TiNR:1LH

a

1
cVt

b

1
cVt

2
( R1LH  Rc )
R1LH

(2.29)

TiNR
1
2 R1LH ATiNR

(2.30)

where a (unit: deg-1/2) and b (unit: deg-1/2nm--1) are the intercept and slope of the
CDmax-1/2 ~ lTiNR plot, respectively. Eq. 2.28, 2.29, and 2.30 have wavelengthdependent dispersion and are used for lTiNR > 0. When lTiNR = 0, the HJNS turns to
be a 2LH-AgNS with

1
CDmax,2LH



2 R1LH
cVt

(2.31)

where it is assumed that c and Vt are decoupled from the existence and location of
the tilted TiNR in the 2LH-AgNS. Division of Eq. 2.29 by Eq. 2.31 leads to

58

Rc

R1LH

a
1
1
CDmax,2LH

(2.32)

Division of Eq. 2.29 by Eq. 2.30 leads to

( R1LH  Rc )
l1LH
a

Rohm,TiNR
2bl1LH
lTiNR

(2.33)

Deriving from Eq. 2.33 gets

Rrad ,1LH
Rohm,1LH



Rc
a Ti
1 
2bl1LH  Ag
Rohm,1LH

(2.34)

where it is assumed that ATiNR = A1LH, ρAgNS = ρAg = 1.59 × 10-8 Ω • m and ρTiNR = ρTi
= 4.27 × 10-7 Ω • m.

For the 2LH:TiNR HJNS,

1
CDmax,2LH :TiNR



(2 R1LH  Rc )
cVt 2 R1LH



TiNR
1
lTiNR
2 R1LH ATiNR

1
cVt

(2.35)

Given a lTiNR, comparison of Eq. 2.28 with Eq. 2.31 and Eq. 2.35 leads to

1
CDmax,1LH :TiNR:1LH



1
CDmax,2LH :TiNR

 CDmax,1LH :TiNR:1LH  CDmax,2LH :TiNR  CDmax,2LH
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1
CDmax,2LH

(2.36)

Chapter 3. Numerical Simulation of Chiral
Nanoplasmon–Induced Enantiomeric Excess (ee)
Chiral nanoplasmons tend to locally amplify the optical chirality of CPL, which are
highly desirable for photocatalytically asymmetric synthesis. With the
collaboration of Prof. Cheng Yang at Sichuan University, the enantioselective
photocyclodimerization of 2-anthracenecarboxylate (AC) is demonstrated on the
surfaces of AgNSs. I use FEM to numerically simulate the spatial distribution of
the optical chirality of CPL on the AgNS surfaces and to semiquantitatively account
for the enantioselective results.

3.1 Enantioselective Photocyclodimerization of AC on the
Surfaces of AgNSs
Generally, the photocyclodimerization of AC leads to the formation of four [4 +
4] regioisomers 1 to 4 (Fig. 3.1), of which the syn-head-to-tail (syn-HT) dimer 2
and anti-head-to-head (anti-HH) dimer 3 are chiral structures, whereas the antihead-to-tail (anti-HT) dimer 1 and syn-head-to-head (syn-HH) dimer 4 are not.

Fig. 3.1. Enantiodifferentiating [4 + 4] photocyclodimerization of 2 AC in
photocyclodimerization reaction.
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On the surfaces of one-pitch AgNSs highly engineered in a range of 0 to 300 nm,
photocyclodimerization of AC under excitation of nonpolarized light with a
wavelength of 365 nm was carried out at Sichuan University. AC tends to be
immobilized on the AgNSs via the spontaneous formation of the Ag-OOC contacts,
leading to the creation of dimer 3 and 4 characterized by high-performance liquid
chromatography (HPLC) (Fig. 3.2).

AC
4

3

0

25

50
75
100
Retention time / min

125

150

Fig. 3.2. Typical HPLC chromatogram of the photoirradiation of AC
mediated by AgNSs. Only anti-HH chiral cyclodimer 3 and achiral syn-HH
cyclodimer 4 were produced in the photocyclodimerization of AC with
AgNSs.

Photocyclodimerization of AC with AgNSs (finished in Sichuan University):
The AgNS arrays fabricated on sapphires were washed with 5% HF solution and
sufficiently rinsed with deionized water. After drying, the samples were immersed
in ethanol solution containing 0.5 mM AC for 1 h and dried at ambient temperature.
Photolysis of AC mediated by AgNSs was carried out in a nitrogen atmosphere at
0°C, using an LED lamp of 365 nm on the top of the sample. Therefore, the AgNS
arrays were irradiated with nonpolarized light from the normal direction. The
photolyzed samples were added to 1% NaOH solution (0.3 ml) for ultrasonication
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for 1 h. The solution was then subjected to HPLC analysis.

HPLC Analysis (finished in Sichuan University): HPLC analysis was performed
at 35°C on tandem columns of Inertsil ODS-2 and Chiralcel OJ-R diluted with 0.1%
TFA in H2O and acetonitrile (62:38 by volume) at a flow rate of 0.5 ml/min. The
ee % was determined by the differential percentage of the peak area of cyclodimer
3 and its enantiomer on the HPLC chromatogram, as shown in Fig. 3.2.

30
Experiment:
Simulation:

ee (%)

20

LH,
LH

RH

10
0

-10

0

100
200
P = H-d (nm)

300

Fig. 3.3. Plot of ee versus helical pitch (P) of AgNSs: LH AgNSs (solid red
circles and solid symbols indicate experimental results, and open symbols
represent simulation results), RH AgNSs (solid blue squares).

For cyclodimer 3, in the height (H) range of 0 to 300 nm, the LH AgNSs all have
a positive ee value and the RH AgNSs have a negative ee value (Fig. 3.3). The
enantioselective photocyclodimerization induced by the helicity-sensitive chiral
nanoplasmons is illustrated, which is further verified by the fact that the achiral Ag
nanorods without optical activity lead to an ee value of zero. An absolute average
ee value of cyclodimer 3 tends to gradually decrease with an increase of H (or P),
illuminating

that

elongation

of

AgNSs
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tends

to

deteriorate

the

photocyclodimerization enantioselectivity.

3.2 Numerical Simulation of Localized Optical Chirality on
AgNS Surfaces
Chiral nanoplasmon is induced by incident light on the AgNS surface to engineer
the optical chirality of the scattered EM field near AgNSs. It is assumed that the ee
of cyclodimer 3 is determined by the asymmetric adsorption of a dimer, which
could change in a sensitive manner with the optical chirality of the EM field. To
prove this assumption, the optical chirality of the EM field near AgNS is simulated
by FEM and counted by Matlab. The simulation is operated 0.5 nm from the AgNS
surfaces, where the surface adsorption and cyclodimerization effectively occur (Fig.
3.4).

Fig. 3.4. Schematic of cross section view of AgNS surface. AC are bound by
Ag-OOC interaction and self-assembly on AgNS surface, and the molecular
length of AC is about 1 nm, the EM field is acquired 0.5 nm away from the
AgNS surface (red curve).
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The COMSOL Multi-physics commercial software package was applied to
simulate the electromagnetic near field of a one-pitch AgNS with H varying from
136.5 to 364 nm, given d (wire diameter) of 56 nm and D (coil diameter) of 186 nm.
According to Eq. (1.11), the local optical chirality is calculated from the EM field,
as shown in Fig. 3.5. In the experiment, the incidence is nonpolarized irradiation
that can be simulated by LP rotating along the NS longitudinal axis in terms of
azimuthal angle  in a range of 0 to 165 degrees with an interval of 15 degrees
(Fig. 3.5a and b).

Fig. 3.5. (a, b) Schematic of optical chirality C on 1LH-AgNS and 1RHAgNS surface in tilt-angle view, respectively. The azimuthal angle  is
defined as the counterclockwise angle between the polarization direction of
the electric field and the positive direction of the x-coordinate for 1LH-AgNS,
whereas it is the clockwise angle for 1RH-AgNS.
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Fig. 3.6. (a) Schematic of the sampling points (red dots) surrounding onepitch LH-AgNS for exporting optical chirality. (b) Enlarged part of (a). The
distance between the points and surface of AgNS is 0.5 nm.
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Optical Chirality C
Fig. 3.7. The counting distribution of optical chirality from the sampling
points in the area away from AgNS (H of 182 nm, D of 186, and d of 56 nm)
at 0.5 nm. The AgNS was irradiated by linear polarized light with  of 0
deg.

At 0.5 nm away from the AgNS, the sampling points have a uniform distribution
in the simulation, with an area density of 0.5 nm-2 (Fig. 3.6). The coordinates of
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these points are coded in Matlab and imported into COMSOL. The optical chirality
at these sampling points is statistically plotted in Fig. 3.7. The sum of positive and
negative localized optical chirality is defined as

C ,avg   C  Counts

(3.1)

C,avg   C-  Counts

(3.2)

where C and C are the local positive and negative optical chirality, with the
number of counts (Counts), respectively.

The ee value can be simulated by

ee 

C ,avg  C,avg
C ,avg  C,avg

100%

(3.3)

The calculated ee value is then averaged in terms of azimuthal angles  , leading
to the net ee value under nonpolarized irradiation (Fig. 3.8a and Table 3.1). The
numerical simulation shows that the net ee value reverses its sign by switching the
helicity of AgNSs, so that Fig. 3.3 only shows the simulation results of the LH
AgNSs. The simulation shows that the ee value tends to reduce with elongating
AgNSs, and the sign changes and the value reaches a plateau when P > 250 nm.
The simulated elongation-induced weakening of the ee value is in qualitatively
good agreement with the experimental results. Due to the experimental limits of
GLAD, it is difficult to reliably generate AgNSs with a helical pitch over 250 nm,
so the simulated change of the sign of the ee value still cannot be verified
experimentally. Fig. 3.8b demonstrates that the performance of each simulated ee
66

value shows sinusoidal variation in terms of

 with the given H of 136.5, 182,

227.5, 273, 318.5, and 364 nm. Moreover, to ensure that the convergent result is
obtained, with a given D and d, the numerical ee value is exhibited in terms of

,

of which the sampling points are 0.5, 1, and 2 nm away from the one-pitch LHAgNS surface (Fig. 3.9). The ee value shows good convergence within the
concerned

 range.
LH-H137

LH-H182

LH-H228

LH-H273

LH-H319

LH-H364

H (nm)

136.5

182

227.5

273

318.5

364

D (nm)

186

186

186

186

186

186

d (nm)

56

56

56

56

56

56

Average
ee (%)

20.13

13.86

7.01

1.40

−3.07

−3.75

Table 3.1. The dimensions of AgNS and simulated average ee value of AgNS irradiated under
nonpolarized light.

LH-P100

LH-P200

LH-P300

RH-P100

RH-P200

RH-P300

H (nm)

108

182

298

101

205

269

D (nm)

77 ±7

186 ±20

287 ±10

95 ±9

176 ±22

261 ±2

d (nm)

49 ±7

56 ±10

63 ±6

48 ±4

51 ±5

52 ±6

ee (%)

3.5 ±3.2

2.8 ±2.6

1.9 ±1.0

−5.5 ±1.9

−3.1 ±0.6

−2.6 ±1.3

Table 3.2. The dimensions of AgNS arrays applied in photodimerization of AC. The
incidence is nonpolarized light with  of 365 nm.

The quantitative deviation of the simulation results from the experiment is mainly
attributed to two factors. One is that I mainly numerically simulate the contribution
of H (or P) to the enantioselective photocyclodimerization, given a fixed D and d.
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However, experimentally, D and d vary simultaneously with AgNS elongation. D
and d also have an important effect on the ee value. The other factor is that the
photocyclodimerization is experimentally performed on a close-packed random
array of AgNSs, and the chiral plasmonic coupling and multi-scattering among the
neighboring AgNSs inevitably affect the enantioselective photocyclodimerization,
which is not numerically simulated.

It has been experimentally demonstrated that chiral nanoplasmons contribute to
enantioselective photocyclodimerization and that short AgNSs lead to a high level
of enantioselectivity. The FEM simulation shows that chiral nanoplasmons
engineer the optical chirality of the radiation in the vicinity of AgNSs, accounting
for the observed enantioselective photocyclodimerization.

Fig. 3.8. (a) Schematic of AgNS in FEM simulation with H of 136.5, 182,
227.5, 273, 318.5, and 364 nm, respectively. (b) Simulated ee of AgNSs. The
performance of each simulated ee is sinusoidal variation in terms of  .
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Fig. 3.9. Numerical ee in terms of  , of which the sampling points are 0.5, 1,
and 2 nm away from the one-pitch LH-AgNS surface, with a given D and d.
H of AgNS is 136.5, 182, 227.5, 273, 318.5, and 364 nm, respectively.
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Chapter 4. Chiroptical Activity and Mechanism of
Homochiral AgNSs via LC Circuit Theory and FEM
Simulation
From the review of the studies of plasmonic NSs given in Chapter 1, we know that
the research into their chiroptical activity is in its infancy. In particular, few
analytical models have been presented to promote an understanding of the
chiroptical response of metallic NSs. I studied the evolution of chiroptical activity
with the full-pitch growth of homochiral AgNS arrays, which were simulated with
the FEM and the LC circuit theory to study their mechanism of chiroptical activity.

4.1 Chiroptical Activity of Homochiral Coaxial AgNS
Homochiral coaxial AgNS arrays consist of one or multiple full-pitches (n: 1 [Fig.
2.2a and b], 2 [Fig. 2.2c and d], and 3 [Fig. 2.2e and f]) that have identical chirality
(LH [Fig. 2.2a, c and e: in red] or RH [Fig. 2.2b, d and f: in blue]) and grow along
a longitudinal coil axis. They are denoted as either co-nL or co-nR AgNSs, where
co-, n, L, and R represent the coaxial nature, the number of pitches, and the left- or
right-handedness of AgNSs, respectively. Fig. 4.1 shows the CD spectra of a
homochiral coaxial array with a tailorable n, in which the CD amplitude (i.e.,
ellipticity) is normalized by n, and the CD spectra flip along the zero axes as the
helical handedness of the AgNS switches. At n of 1, the CD spectrum is composed
of two bisignate peaks, one in the UV regime and the other in the visible. The UV
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chiroptical mode barely varies with n, in terms of the n-normalized ellipticity and
peak position. On the contrary, for the visible chiroptical mode, an enhancement in
terms of n significantly reduces the n-normalized ellipticity and causes the visible
peak to split into two bisignate peaks, which causes the peak with the shorter
resonant wavelength to blue-shift. It can be seen that the chiroptical activity of UV
mode differs from that of the visible mode.

Fig. 4.1. Chiroptical activity of coaxial AgNS arrays. CD spectra of co-nL
and co-nR AgNS arrays (n of 1, 2, and 3). The amplitude of CD is normalized
by n. The blue and pink backgrounds highlight the UV and visible modes,
respectively.

To understand the wavelength-related chiroptical differential, the FEM is applied
for numerical simulation of the CD of individual homochiral coaxial AgNS under
incidence irradiated along the helix longitudinal axis from normal direction (see
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Sec. 2.4). In FEM simulation, the optical interaction of individual AgNS involves
scattering (i.e., radiative loss characterized by a radiative resistance Rrad ) and
absorption (i.e., Ohmic loss within the metal characterized by the Ohmic resistance

Rohm ). The simulation demonstrated that radiative loss (or Rrad ) dominates in the
visible regime, but its contribution is comparable to that of the Ohmic loss (or Rohm )
in the UV region, as shown in Fig. 2.13. The LC circuit theory (see Sec. 2.5)
illustrates that the n-normalized CD spectra can be evaluated by Rrad / n in a
reciprocal manner (see in Eq. (2.17) and (2.19)). When n < 1, Rrad / n quickly
increases with n (see Fig. 2.14). Rrad / n of the UV mode appears to enhance more
rapidly than that in the visible mode and reaches a maximum plateau when n > 1.
This accounts for the decoupling of the n-normalized UV ellipticity from n of 1 to
3. In the same regime of n, Rrad / n of the visible mode increases continuously
with n, which leads to a gradual reduction in the n-normalized visible CD. The
visible mode tends to have a maximum of Rrad / n at n > 3, which accounts for the
observation that the n-normalized visible CD saturates from n in the range of 3 to 5
(see Fig. 4.2). It is challenging to simulate the entire chiroptical activity of closepacked and random AgNS arrays; however, FEM simulation of individual AgNSs
can explain very well the chiroptical dependence of a random array on n, which
indicates that the simulation of a single AgNS can extract the intrinsic mechanism
of the chiroptical activity of random homochiral AgNS arrays.
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Fig. 4.2. (a) SEM tilted-view image of homochiral co-5R AgNSs deposited
on Si wafer. (b) CD spectra of homochiral co-nR AgNS arrays (P of ~200 nm)
deposited on sapphires, with n of 1, 2, 3, and 5. ECD intensity is normalized
by n.
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4.2 Distribution of Scattering Electric Field of Homochiral
Coaxial AgNS
The distribution of the scattering electric field Esca excited by UV and visible
CPL irradiation (Fig. 4.3a–c) is exported from the numerical simulation. Fig. 4.3(d)
illustrates the circumferentially integrated scattering intensity (|Esca|2) normalized
by the intensity of the incident beam, versus radius r pointing from the center of a
wire cross section. It can be seen that outside of the AgNS, the visible incidence
causes more scattering energy than the incidence in the UV regime because the
visible regime has a longer wavelength, whereas inside the metal, the UV has a
lower extinction coefficient to extend further into the metal than the visible.

Consequently, more energy in the UV regime is localized inside the structure,
whereas more energy is scattered in the visible regime, which accounts for the
wavelength-related chiroptical distinction. Note that the wire cross sections, as
shown in Fig. 4.3(a), have been arbitrarily selected from the co-3LH AgNS
simulation and that analogous results are obtained.

74

Fig. 4.3. (a) Schematic of a co-3L AgNS intersected by a red sheet, under
LCP incidence along the helix longitudinal axis. The distribution of Esca
(scattering electric field) in the red sheet, with λ of: (b) 360 nm (in UV
regime); (c) 500 nm (in visible regime). (d) Plot of |Esca|2 per |E0|2 versus r
(the radial axis pointing from the center of the red sheet, as inset in [b, c]).
The air and AgNS area are denoted by r > 37.5 nm and r < 37.5 nm,
respectively. |Esca|2 is the circumferentially integrated intensity in terms of r.
E0 is the amplitude of the incident electric field.

4.3 Summary
An AgNS array with a helical pitch of approximately 200 nm is deposited on a
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UV–visible transparent substrate by GLAD, illustrating the wavelength-related
chiroptical activity differential. For the homochiral coaxial array, the UV chiroptical
mode is irrelevant to the full-pitch growth (n: 1, 2, 3) in terms of the resonance CD
wavelength and n-normalized ellipticity. On the contrary, the full-pitch growth
causes the visible chiroptical mode to significantly quench the n-normalized
ellipticity and divide into two bisignate modes, of which the one with the shorter
resonance wavelength blue-shifts with the helical growth. The FEM simulation and
the LC circuit theory show that the wavelength-related chiroptical distinction stems
from the difference in optical interaction. The radiation in the UV regime is mainly
absorbed into the metal, whereas visible light is preferentially scattered by AgNS.

Announcement
This chapter is reproduced from “Junhong Deng, Junxue Fu, Jack Ng and Zhifeng
Huang,* Tailorable chiroptical activity of metallic nanospiral arrays, Nanoscale, 8:
4504-4510 (2016).” with permission from the Royal Society of Chemistry.
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Chapter 5. Chiroptical Contribution of Radiative
and Ohmic Loss in HJNSs
In this chapter, I propose an analytical LC circuit mode to simulate and analyze the
CD response of HJNSs, which is considered to be contributed by the radiative and
Ohmic loss. GLAD is used to generate AgNS:TiNR:AgNS HJNSs, and the Ti
nanorod (lTiNR) is engineered to have a length between 0 and 177 nm. The CD of the
HJNSs in the UV–visible regime (with a wavelength  of 300 to 700 nm) is
monitored as a function of lTiNR, which can be analytically simulated and analyzed
with the LC circuit theory, and the ratio between the radiative and Ohmic loss in
the AgNSs is precisely calculated. Analytical calculation reveals that AgNSs in
HJNS have a chiroptical activity that is mainly contributed by the radiative loss.

5.1 Chiroptical Activity of HJNSs
A close-packed array of two-pitch AgNSs was deposited on a nonpatterned
surface by means of GLAD. The 2LH/RH-AgNS array exhibits very strong CD
signals in the UV–visible region, composed of two CD peaks that are separated at

 of approximately 400 nm and have opposite signs. Although the array is too
thick to monitor an extinction spectrum, our previous study revealed that the UV
and visible CD peaks are ascribed to the transverse (T) and longitudinal (L)
plasmonic modes, respectively.[85] The CD spectrum flips around the zero-CD axis
as the helical handedness is switched, which illustrates that the AgNSs’ chiroptical
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activity stems intrinsically from the structural helicity.

Fig. 5.1. EDX spectrum of 1LH:TiNR:1LH HJNSs with lTiNR of 106 nm on
Si substrate, showing that the atomic proportion of Ag and Ti is 94.5% and
5.5%, respectively.

Inserting a TiNR (with a tilting angle of 63 degrees with respect to the substrate
normal) in a two-pitch AgNS to separate the two one-pitch AgNSs, as confirmed
by the EDX spectrum (Fig. 5.1), produces an HJNS that retains the helicity-induced
chiroptical activity (Fig. 5.2b). In the 1LH-AgNS:TiNR:1LH-AgNS (i.e.,
1LH:TiNR:1LH) HJNSs, elongation of the tilted TiNR to 177 nm causes the two
plasmonic modes to reduce in CD amplitude continuously and to red-shift in a range
of 20 to 40 nm (Fig. 5.3a).
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Fig. 5.2. CD spectra: (a) 2LH-AgNSs (red line) and 2RH-AgNSs (blue line)
with a P of ~210 nm; (b) 1LH:TiNR:1LH (red line) and 1RH:TiNR:1RH
HJNSs (blue line) with a P of ~210 nm and lTiNR of 106 nm. T and L denote
the transverse and longitudinal plasmonic modes, respectively. Insets: (a, b)
schematic diagrams and SEM cross-sectional images of the samples; scale
bar, 200 nm; (b) λmax is the wavelength at which a CD peak has its maximum
amplitude (CDmax).
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Fig. 5.3. (a) CD spectra of the 1LH:TiNR:1LH HJNSs with a P of ~210 nm
and lTiNR of 0 (black line), 30 (red line), 106 (green line), and 177 nm (blue
line). Plots of CDmax-0.5 (black squares) and λmax (red triangles) versus lTiNR
(empty symbols for lTiNR of 0; solid symbols for lTiNR > 0): (b) T-mode, (c) Lmode. At lTiNR > 0, the plots of CDmax-0.5 ~ lTiNR are linearly fit (black lines)
and extrapolated to lTiNR = 0.
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5.2 Electric Evaluation of Transverse and Longitudinal
Mode of HJNSs
The TiNR-induced chiroptical weakening is analytically simulated by LC circuit
theory (see Sec. 2.5.2, Fig. 5.4a and b), which shows that the plasmonic CD is
proportional to the light-induced power loss of the HJNSs. Incident light interacts
with the HJNSs and excites an oscillating electric current (I) in the HJNSs, which
are equivalently composed of five in-series electric components, including two
identical 1LH-AgNSs, two identical 1LH-AgNS:TiNR contacts, and one TiNR.
Because the tilted TiNRs do not have a chiroptical response (Fig. 2.16), the CDmax
(the maximum CD amplitude of the plasmonic T- and L-modes) of the HJNSs is
proportional to the power loss of I2(2R1LH) (Eq. 2.22, where R1LH is the electrical
resistance of the 1LH-AgNS, and 2 denotes the contribution of the two 1LHAgNSs), at the resonance wavelength

max (inset in Fig. 5.2b) given by

max  2c L1LH C1LH

where

(5.1)

c is the speed of light, and L1LH and C1LH are the electric inductance and

capacitance of the 1LH-AgNS, respectively. Because

max of the two plasmonic

modes varies by less than 10% with lTiNR (Fig. 5.3b and c), it can be assumed that
L1LH and C1LH are independent of lTiNR. The light-induced power loss that contributes
to CDmax includes radiative loss, which is attributed to some of the light energy
being released from the AgNSs as re-emitted radiation, and Ohmic loss, which is
ascribed to the rest of the light energy being absorbed by the AgNSs and eventually
becoming heat. As a result, the 1LH-AgNS has R1LH contributed from Rrad,1LH
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(radiative R1LH) and Rohm,1LH (Ohmic R1LH) that are electrically in series (Eq. 2.26).
The titled TiNR without chiroptical activity tends to have an indirect effect on the
CDmax by altering I (Eq. 2.23 and 2.24). The TiNR elongation causes the RTiNR
(electric resistance of TiNR) to increase (Eq. 2.27) and thus reduces I, which
accounts for the decrease in CDmax (Fig. 5.3a). The AgNS:TiNR contacts may play
a nontrivial role in determining I and consequently CDmax, in terms of the contact
electric resistance Rc (Eq. 2.24). It can be derived from LC circuit theory that

1/ CDmax ,1LH :TiNR:1LH increases linearly with lTiNR (Eq. 2.28), and the interception
(a, Eq. 2.29) and slope (b, Eq. 2.30) can be evaluated by using the linear fitting in
Fig. 5.3(b) and (c). The ratio of Rc to R1LH can be calculated by evaluating a and
CDmax,2LH (CDmax of the 2LH-AgNSs; Fig. 2(a)), according to Eq. 2.29, 2.31, and
2.32. Given l1LH (the length of 1LH-AgNS) of 675 nm, the ratio of (R1LH + Rc)/l1LH
to RTiNR/lTiNR can be evaluated by Eq. 2.33. The ratio of Rrad,1LH to Rohm,1LH can be
evaluated by Eq. 2.34 and is equal to that of the CDmax determined by radiative loss
to the CDmax determined by Ohmic loss with a given I propagating in the electrically
in-series resonance CD circuit.

Fig. 5.4(c) summarizes the LC circuit evaluation in terms of the two plasmonic
modes. Rc/R1LH is 0.045 in the T-mode and −0.068 in the L-mode. The negative sign
results from the fact that the L-mode has 1/ CDmax ,2 LH  a (highlighted by the
olive dashed rectangle in Fig. 5.3(c)). Note that the 2LH-AgNSs are composed of
two pitches that grow around one longitudinal axis (i.e., the coaxial structure; Fig.
5.2(a)), but the two pitches in the 1LH:TiNR:1LH HJNSs grow around two
longitudinal axes (i.e., the biaxial structure, Fig. 5.2(b)). Because the L-mode is
sensitive to the alignment of the longitudinal axes, the differences in the coaxial and
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biaxial structures may account for the negative sign of Rc/R1LH of the L-mode.
Regardless of the sign, the evaluation of Rc/R1LH reveals that Rc is negligible with
respect to R1LH. The ratio of (R1LH + Rc)/l1LH to RTiNR/lTiNR of the T-mode is 0.315,
and that of the L-mode is 0.399. It can be seen that the insertion of TiNR increases
the electrical resistance Rt of the HJNS, resulting in a decrease in I and CDmax. Given
the negligible Rc, Eq. 2.24 can be simplified to be

Rrad ,1LH
Rohm,1LH

where  Ag and



a Ti
1
2bl1LH Ag

(5.2)

Ti represent the electric resistivity of Ag and Ti, respectively.

The evaluation shows that Rrad,1LH/Rohm,1LH of the T-mode is 7.45, and that of the Lmode is 9.72. It is concluded that the two plasmonic modes have chiroptical activity
that is mainly caused by the radiative loss and that the radiative contribution to the
L-mode is slightly higher than that to the T-mode. The resonance of the L-mode
occurs in the visible region, and that of the T-mode occurs in the UV region. Inside
the metal, UV light has a lower extinction coefficient than visible light and thus
extends further into the metal[4]; this accounts for the greater contribution of
radiative loss to the L-mode CD than to the T-mode CD. Furthermore, we deposited
2LH:TiNR HJNSs with lTiNR of ~100 nm. The LC circuit theory reveals that the two
plasmonic modes have CDmax,1LH : TiNR : 1LH < CDmax,2LH : TiNR < CDmax,2LH (Eq. 2.36),
which is in good agreement with the experimental results, as shown in Fig. 5.5.
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Fig. 5.4. LC circuit theory of a 1LH:TiNR:1LH HJNS: (a) schematic diagram
of an HJNS excited by circularly polarized light; (b) equivalent circuit
diagram; (c) electric evaluation of the T- and L-modes. Rrad,1LH and Rohm,1LH
are the electric resistance of the 1LH-AgNS, which are attributed to radiative
and Ohmic loss, respectively. R1LH = Rrad,1LH + Rohm,1LH. RTiNR and Rc are the
electric resistance of the TiNR and AgNS:TiNR contact, respectively. The
1LH-AgNS resonant system has the electric inductance (L1LH) and
capacitance (C1LH).
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Fig. 5.5. CD spectra of 2L-AgNSs (black line), 2L:TiNR HJNSs (red line),
and 1L:TiNR:1L HJNSs (green line), with a P of ~210 nm and lTiNR of 106
nm. Insets: schematic diagrams of the samples; CD spectra of the T- and Lmode.

5.3 Summary
AgNS arrays exhibit strong chiroptical activity (characterized by CD) composed
of a plasmonic T-mode in the UV region and an L-mode in the visible region, and
the two modes have opposite CD signs. The chiroptical activity originates from the
AgNS helicity. The LC circuit theory shows that the plasmonic CD can be
contributed from light-induced radiative and Ohmic loss. The AgNS:TiNR:AgNS
HJNSs, in which the tilted TiNR is inserted between two AgNSs, and the TiNR
length can be engineered by GLAD, provide a controllable helical model for the
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analytical study of the chiroptical activity of AgNSs using the LC circuit theory. It
is revealed that the radiative loss makes the main chiroptical contribution to the two
modes and that the L-mode receives a greater contribution from the radiative loss
than the T-mode. The AgNS:TiNR contacts in the HJNSs have a negligible effect
on the chiroptical activity of HJNSs.

Announcement
This chapter is reproduced from “Junhong Deng and Z. F. Huang,* Radiative LossDetermined Circular Dichroism of Plasmonic Nanospirals with Bendable Stability
of Chiroptical Activity, RSC Adv., 2016, 6: 84348.” with permission from the Royal
Society of Chemistry.

86

Chapter 6. AgNSs Arrays Function as Circular
Polarizers with Bendable Stability of Chiroptical
Activity
In this chapter, the potential applications of AgNS arrays are determined. The
biaxial AgNS arrays are demonstrated to function as circular polarizers in the
visible regime, and AgNS arrays deposited on a flexible polymer substrate illustrate
excellent mechanism stability, which is desirable for development of a new
generation of flexible/wearable optical and optoelectronic devices.

6.1 Heterochiral Biaxial AgNS Arrays Function as
Circular Polarizers
6.1.1 Chiroptical Activity of Heterochiral Biaxial and Coaxial
AgNS Arrays
GLAD enables chiroptical activity to be tailored via the incorporation of LH and
RH helices to form heterochiral AgNSs and via control over the alignment of the
longitudinal axes of the two incorporated helices. A heterochiral bi-(1L + 1R) array
(see Fig. 6.1a) and its mirror image bi-(1R + 1L) (see Fig. 6.1b) are deposited, where
“bi-” represents the biaxial structure with misalignment of the longitudinal axes of
the two incorporated helices. It was found that the visible CD mode (composed of
two bisignate peaks, separated at ∼550 nm) reverses signs, which means that the
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arrays trend to block another CPL when the direction of the optical incidence
irradiation is switched. The polarization state of the transmitted light is reversed
when the incidence is switched, but the UV mode does not switch, as shown in Fig.
6.1(c) and (d). This finding further illuminates the wavelength-related chiroptical
distinction and illustrates that the heterochiral biaxial array can function as a
circular polarizer in the visible regime by simply rotating the array to switch the
incident direction. When the two longitudinal axes are aligned (i.e., the fabrication
of a heterochiral coaxial array; Fig. 6.2a and b), the function of the visible circular
polarizer induced by switching the incident direction is effectively eliminated (Fig.
6.2c and d). Analogously, a homochiral coaxial array does not change its CD sign
when the incident direction is switched (see Fig. 6.3), which illustrates that the
circular polarizer function stems mainly from the hetero-axial misalignment.

After switching the incident direction, the CD spectrum fails to overlap with the
original spectrum regardless of the CD sign (see Fig. 6.1 and 6.2); that is, there is
incident direction–related chiroptical asymmetry, which is probably ascribed to the
extinguishing achiral nanoparticles, as shown in Fig. 6.2(a) and (b). The GLAD
process is dominated by the self-shadowing and competing effect, which leads to
the extinguishing of small nanoparticles located in the shadow regions of the
growing AgNSs.[80] The extinguishing nanoparticles attach to the substrate without
growing into AgNSs and are buried in the AgNS array. Consequently, they tend to
be invisible under forward incidence irradiation but emerge under backward
incidence irradiation. As a result, the incident direction–related chiroptical
asymmetry originates from the structural asymmetry with respect to the supporting
substrate.
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Fig. 6.1. Chiroptical activity of heterochiral biaxial (i.e., bi-) AgNS arrays, as
a function of the incident direction. SEM tilted-view images: (a) bi-(1L+1R);
(b) bi-(1R+1L). Insets: schematics and SEM images depict the as-deposited
heterochiral structures. Scale bars, 200 nm. CD spectra of a biaxial AgNS
array deposited on a sapphire: (c) bi-(1L+1R), (d) bi-(1R+1L). As shown in
the inset schematics, the red and blue spectra are detected under the forward
and backward incidence, respectively.
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Fig. 6.2. Chiroptical activity of heterochiral coaxial AgNS arrays, as function
of incident direction. SEM tilted-view images: (a) co-(1L+1R); (b) co(1R+1L). Insets: schematics and SEM images depict the as-deposited
heterochiral structures. Scale bars, 200 nm. CD spectra of a coaxial AgNS
array deposited on a sapphire: (c) co-(1L+1R), (d) co-(1R+1L). As shown in
the inset schematics, the red and blue spectra are detected under the forward
and backward incidence, respectively.
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Fig. 6.3. CD spectra of a homochiral co-3L (in red) and co-3R (in blue) AgNS
arrays deposited on a sapphire substrate with P of ~200 nm, under the forward
(solid lines) and backward (dash lines) incidence.

6.1.2 Chiroptical Evolution of Biaxial and Coaxial AgNS Arrays
Unexpectedly, the hetero-chirality incorporation does not extinguish the
chiroptical activity. To understand it, we studied the chiroptical evolution with the
fractional-pitch growth of the upper spiral (Fig. 6.4 and 6.5) by depositing a series
of heterochiral arrays of bi-(1L + nR), bi-(1R + nL), co-(1L + nR), and co-(1R +
nL) with an n of 0, 1/3, 2/3, and 1 (Fig. 2.3 and 2.4). For the heterochiral biaxial
AgNS array, an increase in n from 0 to 1 eventually causes the UV chiroptical mode
to blue-shift (Fig. 6.4c) and switch CD signs (Fig. 6.4d). The evolution of the visible
mode appears to be more complicated than that of the UV mode. When n is
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increased to 2/3, the single-peak visible mode begins to divide into two bisignate
peaks. The chiroptical response for 380 to 500 nm eventually switches the CD sign
(e.g., at the wavelength of 450 nm; Fig. 6.4e). When the heterochiral biaxial array
is changed to become coaxial (Fig. 6.5), the fractional-pitch growth eventually
causes the UV mode to be located at ∼360 nm (Fig. 6.6a) and switches the CD sign
(Fig. 6.6b and c). The visible mode appears to divide into two bisignate peaks in
the initial growth stage (n: from 0 to 1/3, Fig. 6.5). Hence, the visible chiroptical
mode is divided into V1 and V2 modes (Fig. 6.6i). Both V1 and V2 modes tend to
red-shift with increasing n (Fig. 6.6d and g) and maximize the chiroptical activity
at an n of 2/3 (Fig. 6.6e, f, and h).

Fig. 6.4. Evolution of chiroptical activity of heterochiral biaxial AgNS arrays:
(a) bi-(1L+nR); (b) bi-(1R+nL), with n of 0, 1/3, 2/3, and 1. The legend of
plot (a) is the same as that of (b). For the UV mode, a plot of (c) λmax and (d)
CDmax versus n. CDmax is the maximum amplitude of a CD peak at a
wavelength of λmax, as shown in (a). (e) A plot of CD450 (CD amplitude at a
wavelength of 450 nm) versus n, for the visible mode. The legends of plots
(d, e) are the same as that of (c).
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Fig. 6.5. Evolution of chiroptical activity of heterochiral coaxial AgNS arrays:
(a) co-(1L+nR); (b) co-(1R+nL), with n of 0, 1/3, 2/3, and 1. The legend of
plot (b) is the same as that of (a).

The change in the hetero-axial alignment does not affect the n-induced
chiroptical evolution of the UV mode (as illuminated by the green and red vertical
arrows in the UV regime; Fig. 6.4(a) and (b) versus Fig. 6.5(a) and (b)), but it does
cause a significant difference in that of the visible mode, which further illustrates
the wavelength-related chiroptical distinction. It is intriguing that the chiroptical
activity in the heterochiral biaxial arrays is remarkably quenched in the spectrum
between 300 to 700 nm at an n of 1/3 and nearly vanishes between 300 and 500 nm
at an n of 2/3, but the UV–visible chiroptical response is evoked when n is increased
from 2/3 to 1. When the heterochiral biaxial array becomes coaxial, no chiroptical
extinction occurs with the evolution of n, except that the UV chiroptical response
is roughly eliminated at an n of 1/3, as shown in Fig. 6.6(b) and (c).
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Fig. 6.6. Quantitative analysis in the CD evolution of heterochiral coaxial
AgNSs (Fig. 7): co-(1L+nR) (black squares) and co-(1R+nL) (red squares).
n is engineered to be 0, 1/3, 2/3, and 1. (i) Each CD spectrum is composed of
UV, V1, and V2 modes, marked in blue, magenta, and orange backgrounds,
respectively. Each CD peak has a maximum amplitude (CDmax) at the
wavelength of λmax and an integrated area A, as shown in (i). (a, d, g): plots
of λmax versus n; (b, e, h): plots of CDmax versus n; (c, f): plots of A versus n.
(a-c): UV mode; (d-f) V1 mode; (g, h): V2 mode. The legends of plots of (bh) are the same as that of (a). No bisignate splitting occurs at n of 0, and the
single peak at n of 0 is assigned to the V2 mode. Hence, there is a missing
data point at n of 0 in (d-f). The V2 mode cannot be fully monitored between
300 and 700 nm, so there is no plot of A for the V2 mode.
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6.1.3 Summary
For the heterochiral array, the chiroptical activity can be effectively tailored with
respect to the sign, amplitude, and resonance wavelength of the CD via the
fractional-pitch growth of the upper spiral (n: 1/3, 2/3, 1) and control over the
alignment of the longitudinal axes of the two hetero-helices. The change in the
hetero-axial alignment has little effect on the n-induced evolution of the UV
chiroptical mode, but remarkably alters that of the visible mode, which further
illustrates the wavelength-related chiroptical distinction.

The facile sculpturing of helical structures and handedness via GLAD leads to a
broadening of horizons in the understanding and tailoring of chiroptical activity,
which is of vital interest in exploring a wide range of optical applications. For
instance, a heterochiral biaxial AgNS array can function as a circular polarizer in
the visible spectrum; it is simply triggered by either inverting the direction of the
optical incidence irradiation or by flipping the array under a given optical incidence
irradiation. The latter approach is practically preferential in the design of optical
devices and is superior to the method of switching two homochiral AgNS arrays
that are mirror images of one another, because the use of only one array can
significantly reduce the device dimension and cost.

6.2 AgNS Arrays Deposited on ITO-PET Flexible
Substrate with Bendable Stability of Chiroptical Activity
One-pitch AgNSs were deposited on ITO-PET polymer flexible substrate, which
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is transparent in the visible region, as shown in Fig. 6.7(a). Because the UV
radiation is blocked by ITO-PET, the flexible AgNS thin films exhibit only the Lmode CD peak that flips around the zero-CD axis because the helical handedness
is switched, as shown in Fig. 6.7(b), which illuminates that the flexible thin films
have a helicity-induced chiroptical response.

Fig. 6.7. (a) Transmission spectra of an ITO-PET thin film without (black line)
and with (blue line) deposition of 1RH-AgNSs. Insets: photographs of the
samples; the gray dashed line is the zero-CD axis. (b) CD (solid lines) and
extinction (dashed lines) spectra of the 1LH-AgNS (red lines) and 1RHAgNS (blue lines) arrays deposited on ITO-PET substrate. Insets: SEM topdown images of 1LH-AgNSs (red border) and 1RH-AgNSs (blue border);
scale bar, 200 nm.

To study the mechanical stability of plasmonic NSs’ optical activity, the CD
spectra of one-pitch AgNSs deposited on an ITO-PET flexible substrate were
measured after forward or backward bending. I used two tweezers to clamp and
bend them 90 degrees (see inset of Fig. 6.8b and Fig. 6.8c). The curvature radius of
the bent sample is about 0.95 cm.
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Fig. 6.8. 1L-AgNS arrays deposited on ITO-PET after 50-time forward (a-b)
and backward (c-g) bending. (a, b, e, f, g) SEM top-down images; (c, d) SEM
cross-sectional images. Insets: (a) photograph of an ITO-PET deposited with
the 1L-AgNS array under forward bending; schematic diagram of the forward
(b) and backward (c) bending.

Fig. 6.9. Photograph of ITO-PET: (a) bare thin film without bending; with
the 1L-AgNS array under 50-time forward (b) and backward (c) bending.

When the flexible sample was bent forward (inset in Fig. 6.8a and b), the helical
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structures were barely damaged at the macro- (Fig. 6.9), micro- (Fig. 6.8a), and
nanoscales (Fig. 6.8b). As a result, multiple forward bends hardly deteriorated the
L-mode in terms of CDmax (Fig. 6.10c) and ACD (the integrated area of a CD peak
with respect to the zero-CD axis, as shown in Fig. 6.11), and caused a slight blueshift of

max by less than 3 nm (see Fig. 6.10d). In contrast, backward bending

(inset in Fig. 6.10c) causes an abrupt decrease in the L-mode of more than 20% in
the CDmax and ACD after the first bending, and then a gradual reduction to 60% to
65% of the original CDmax and ACD with multiple bending (see in Fig. 6.10b).
Meanwhile, backward bending leads to a red-shift of the L-mode, which fluctuates
in a range of 0 to 10 nm (see Fig. 6.10d). The chiroptical degradation caused by
backward bending could be attributed to detachment of some of the AgNSs from
the flexible substrate, as shown in Fig. 6.10(c–g). Backward bending inevitably
caused physical collision and repulsion between neighboring AgNSs in the closepacked arrays. Consequently, some AgNSs peeled off the flexible polymer to give
the polymer the appearance of having many stripes where no AgNS remained (Fig.
6.11c). It is concluded that the AgNS flexible thin films tend to have very stable
chiroptical activity under forward bending, but the chiroptical activity can be
mechanically degraded under backward bending. Therefore, backward bending
should be avoided.

The AgNS arrays deposited on the flexible polymer tend to retain their
chiroptical activity under forward bending; but the backward bending causes the
chiroptical activity to undergo degradation of 30% to 40% due to the detachment of
AgNSs from the flexible substrate. Benefiting from the flexible engineering of
nanostructures using GLAD, this work provides an effective model for the study of
plasmonic CD, which opens an alternative door for the investigation of
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nanoplasmonic optical activity and for the design of chiral plasmonic systems. It is
also demonstrated that the generation of flexible/wearable chiral nanoplasmonic
systems over a macroscale area is feasible, with excellent mechanical stability of
chiroptical activity.

Fig. 6.10. CD spectra of the 1L-AgNS arrays deposited on ITO-PET, as a
function of m (the number of bends): (a) forward bending (+m); (b) backward
bending (-m). (c) The plot of (CDm/CDm=0)max versus m, (d) plot of
(Δλ/λm=0)max versus m, in terms of forward (blue triangles) and backward (red
squares) bending.

99

Fig. 6.11. Plots of (Am/Am=0)max versus m, in terms of forward (blue triangles)
and backward (red squares) bending. A is the integrated area of the L-mode
CD peak with respect to the zero-CD axis.

Announcement
This chapter is reproduced from “Junhong Deng, Junxue Fu, Jack Ng and Zhifeng
Huang,* Tailorable chiroptical activity of metallic nanospiral arrays, Nanoscale, 8:
4504-4510 (2016).” and “Junhong Deng and Z. F. Huang,* Radiative LossDetermined Circular Dichroism of Plasmonic Nanospirals with Bendable Stability
of Chiroptical Activity, RSC Adv., 2016, 6: 84348.” with permission from the Royal
Society of Chemistry.
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Chapter 7. Conclusions and Perspectives
This dissertation examines the uniform fabrication of plasmonic NSs across a
macroscale area by means of GLAD and investigates the optical activity of
plasmonic NSs characterized by CD. The optical activity of plasmonic NSs is
simulated numerically with FEM and analyzed with LC circuit mode, leading to an
understanding

of

chiral

nanoplasmon–induced

enantioselective

photocyclodimerization of AC, the disclosure of the chiroptical mechanism, and
quantitative evaluation of the chiroptical contribution. The use of GLAD to
fabricate plasmonic NSs paves the way for mass production of chiroplasmonic
devices. From the application point of view, plasmonic NSs are demonstrated to
function as circular polarizers by control of their helicity. Plasmonic NSs deposited
on flexible substrates show excellent chiroptical stability, which has practical value
in the development of flexible/wearable chiroptical devices.

The photocyclodimerization of AC on the surfaces of AgNSs leads to
enantioselective products. Left-handed AgNSs make the ee value positive, and the
RH AgNSs make it negative. The ee value tends to decrease with an increase of the
helical pitch of the AgNSs. FEM simulation of the optical chirality of the EM field
on the AgNS surfaces was in semiquantitative agreement with the experimental
results. It is illustrated that the circular polarization of the EM field on the AgNS
surfaces leads to the enantioselective adsorption of the AC dimers, which accounts
for

the

chiral

nanoplasmon–induced

enantioselectivity

of

the

photocyclodimerization.

An AgNS array with a helical pitch of approximately 200 nm deposited on a UV–
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visible transparent substrate with GLAD has intrinsic optical activity. For the
homochiral coaxial array, the UV chiroptical mode is irrelevant to the full-pitch
growth (n: 1, 2, 3), in terms of the resonance CD wavelength and n-normalized
ellipticity. On the contrary, full-pitch growth causes the visible chiroptical mode to
significantly quench the n-normalized ellipticity and divide into two bisignate
modes, of which the one with the shorter resonance wavelength blue-shifts with the
helical growth. The FEM simulation and LC circuit theory reveal that the
wavelength-related chiroptical distinction stems from the difference in optical
interaction. The irradiation in the UV regime is mainly absorbed into the metal,
whereas the visible light is preferentially scattered by AgNS.

The chiroptical activity originates from the AgNS helicity. The LC circuit theory
shows that the plasmonic CD can be contributed from light-induced radiative and
Ohmic loss. The AgNS:TiNR:AgNS HJNSs, in which the tilted TiNR is inserted
between two AgNSs and the TiNR length can be engineered by GLAD, provide a
controllable helical model for quantitative evaluation of the chiroptical contribution
of AgNSs using the LC circuit theory. It is revealed that the radiative loss makes a
main chiroptical contribution to the two modes and that the longitudinal mode
receives a greater contribution from the radiative loss than does the transverse mode.
The AgNS:TiNR contacts in the HJNSs have a negligible effect on the chiroptical
activity of HJNSs.

For the heterochiral arrays, the chiroptical activity can be effectively tailored with
respect to the sign, amplitude, and resonance wavelength of the CD, via the
fractional-pitch growth of the upper spiral (n: 1/3, 2/3, 1) and control over the
alignment of the longitudinal axes of the two hetero-helices. The change in the
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hetero-axial alignment has little effect on the n-induced evolution of the UV
chiroptical mode, but it remarkably alters that of the visible mode, which further
illustrates the wavelength-related chiroptical distinction. The heterochiral biaxial
AgNSs can function as circular polarizers in the visible regime. The AgNS arrays
deposited on the flexible polymer tend to retain chiroptical activity under forward
bending, but the backward bending causes the chiroptical activity to degrade by 30%
to 40% due to the detachment of AgNSs from the flexible substrate.

Perspective
Without a surface pre-pattern, GLAD enables the deposition of a close-packed,
random array of AgNSs with some irregular helicity, which makes numerical
simulation difficult. It is planned to deposit plasmonic NSs on a periodic seed array.
Given an appropriate size of the seeds and spacing, only one NS will grow on a
seed, so that a periodic array of plasmonic NSs with well-defined helicity will be
generated. Such periodic NS arrays could facilitate numerical simulation of their
optical activity.

Furthermore,

the

periodic

AgNS

arrays

can

be

applied

to

the

photocyclodimerization of AC. The simulation results obtained in Chapter 3 show
that the ee value is dependent on the azimuth angle of LP incidence, and the
nonpolarized light will be replaced by LP at an appropriate azimuth angle to
markedly enhance the ee value. Moreover, when 1LH-AgNS is irradiated with RCP
and LCP, the optical chirality of the electromagnetic field on the NS surfaces can
be markedly enhanced, leading to an increase of the ee value to 95.36% and
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−94.99%, respectively. (Fig. 7.1) This suggests that CPL should be used for
dramatic enhancement of enantioselectivity.

Fig. 7.1. Schematic of numerical optical chirality C on the surface of 1LHAgNS (with H of 182 nm, D of 186 nm, and d of 56 nm) irradiated by (a) LP
and (b) RCP incidence, respectively.

Furthermore, the facile sculpture of NS helicity via GLAD leads to a broadening
of horizons in the understanding and tailoring of chiroptical activity, which is of
vital interest in the exploration of a wide range of optical applications. For instance,
a heterochiral biaxial AgNS array can function as a circular polarizer in the visible
spectrum, simply triggered by either inverting the direction of the optical incidence
irradiation or flipping the array under a given optical incidence irradiation. A
periodic AgNS array can be deposited on the flexible substrate with suitable spacing
between each AgNS to alleviate the damage caused by backward bending, and the
CD spectra of an AgNS array during bending will be measured to study the change
in chiroptical activity. The latter approach is preferential in the design of optical
devices and is superior to the method of switching two homochiral AgNS arrays
that are mirror images of one another, because the use of only one array can
significantly reduce the device dimension and cost.
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