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Abstract

Chiral light-matter interaction attracts significant interests in classical and quan-
tum optics due to its underlying applications in quantum communication, all-optical
selection and separation, and biosensing, etc. Chiral plasmonic nanostructures can
uniquely and controllably enhance the chiral light-matter interaction effectively at the
nanoscale. Top-down lithography techniques are applied to fabricate plasmonic chiral
nanostructures with two-dimensional geometries, and it has remained challenging to
prepare three-dimensional nanostructures. Recently, a bottom-up wet-chemistry strat-
egy has been developed for synthesizing nanoparticles with innate chirality. Chiral
gold nanohelicoids (GNHs) with intense chiroptical activity are synthesized in the
presence of chiral amino acids/ peptides. These GNHs with intrinsic chiral structures
open a new pathway for building up nanophotonic systems with single chiral
nanostructures. To unleash the great potential in nanophotonics, it is important to un-
ravel the underlying mechanism responsible for the interaction between chiral light
and these GNHs. This thesis reports the GNH-mediated chiral light-matter interaction
by investigating the interaction between the GNHs and chiral light, an achiral photon-
ic microcavity, and chiral molecules.

Firstly, I present a thorough study on the chiral excitation and emission proper-
ties of GNHs at the single-particle level to deeply understand the chiroptical proper-
ties of the GNHs. The photoluminescence (PL) of a single GNH under circular light

excitation is also circularly polarized, and the polarization-resolved PL spectroscopy
I
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of chiral PL signals have a preferential handedness to the excitation polarization. Two
physical models are developed to understand these experimental observations.

Based on the understanding of the GNH’s chiral absorption and emission proper-
ties, I subsequently investigate the effect of electromagnetic coupling between the
GNH and an achiral photonic microcavity in the chiral Purcell enhancement of the
hybrid system. The present of the GNH on the SiO/Si FP cavity introduces an addi-
tional phase change at their interface, leading to compound peaks spectrally detuned
from the original FP modes. Importantly, the introduced GNHs on the SiO»/Si sub-
strate could modulate the Si Raman signals in a chiral manner, demonstrating the ef-
fectiveness of chiral modulation in the local near-field regime.

Finally, to extend the chiral light-matter interaction of the GNH with chiral ac-
tive materials, and further explore the feasibility of GNHs in practical applications, I
combine the GNHs with chiral molecules for enantioselective recognition by Raman
spectroscopy. In the presence of GNHs, I observe a significant difference in the Ra-
man scattering signal intensities of two enantiomers probably due to surface-enhanced
chiral Raman scattering.

In summary, the chiral excitation and emission characteristics of the GNH re-
veals the relationship between the handedness of chiral emitters and incident circular
polarization states. Chiral scatterometry and Raman scattering of the GNH-FP hybrid
cavity extends the coupling of localized surface plasmon resonances and FP modes to
the chiral regime with an enhanced chiroptical effect. Pairing the use of GNHs with

chiral molecules’ recognition through Raman spectroscopy reports underlying appli-
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cations of the GNHs in chirality-based biosensing and probing. Those works on plas-
monic GNHs provide comprehensive insights of chiral light-matter interaction mech-
anisms of chiral plasmonic nanostructures, and thus flourish their applications in chi-

ral imaging, photonic circuits, and enantio-discrimination.
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Chapter 1 Introduction

1.1 Overview of nanoscale light-matter interactions

The interaction between an oscillating electromagnetic field and the charged par-
ticles in the matter results in the classical light-matter interaction. Absorption, fluores-
cence, and light induced ionization and photochemistry are all common forms of
light-matter interaction. Light-matter interaction is pervasive and important in a vast
realm of physical processes including atom optics, electrical engineering with fre-
quency, and condensed matter physics. Manipulation of these phenomena enables the
development of frontier technologies ranging from atomic transitions to photosynthe-
sis on earth.! However, on a subwavelength scale, the light-matter interaction is re-
stricted by the optical diffraction limit.>* The restriction severely hinders the control
of the optical phenomena within the subwavelength regime. Therefore, precise ma-
nipulation of light-matter interaction, in particular, in the subwavelength scale, be-
comes emergent. The appearance of plasmonic can enhance the light-matter interac-
tion effectively, making the light-matter interaction research more important. It should
be stressed that, when the sizes of noble metals reach ~100 nm or smaller, these
nanostructures possess elusive electronic, optical, and catalytic properties, which are
totally different from their bulk counterparts.*’ The plasmonic induced strong light-
matter interactions can be applied in the field of plasmon-enhanced photolumines-

1

cence (PL),® ? surface enhanced Raman scattering (SERS),!> ' and plasmon-
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enhanced interaction between the molecules.'?

Greek Atomists — 5t century BC
Empedocles - four elements
Euclid - Optics

Descartes — 17t century AD
matter and motion

Newton — matter
is mass

Huygens — light is a
wave

Young — interference
Lavoisier — mass
conserved in
chemical reaction

Fresnel — diffraction

Fizeau, Foucault —
speed of light

Mendeleev —
periodic table Maxwell -
electromagnetic
field
m= E/c? Einstein — special relativity
E=hy ‘ Planck = quantum energy
m= /—" v . mass is proportional to

c” light frequency

Figure 1.1 The major developments of light and matter research.!

When twist light into left- or right-handed state, it produces crucial characteris-
tics which can be used for many chirality-related natural and technological phenome-
na discrimination. Compared with light-matter interaction, chiral-light matter interac-
tion is more complicated and less studies have been done on it. It has been found that,
in the field of pharmaceuticals, the interaction of chiral light with chiral matters is
non-invasive to the chiral matters (e.g., chiral molecules), and can hinder the unwant-
ed side-effects. However, the chiral light-matter interaction is also restricted by the

optical diffraction limit. Chiral plasmonic nanostructures have drawn great attention
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due to their enhancement of chiroptical activity and sensitivity of chiral molecules.'*
14 Thus, chiral plasmonic materials are essential to broadening the research of chiral

light-matter interactions on the nanoscale.

1.2 The Purcell effect in optical resonators

The spontaneous decay rate of a quantum emitter relies on the electromagnetic
environment. In the 1940s, Edward Mills Purcell developed the process of increasing
the nuclear magnetic transition rates by importing atoms into a resonant cavity.!> The
Purcell effect reflects the spontaneous emission enhancement of a quantum system via
its environment. The magnitude of the enhancement, which is expressed by the ratio
of the modified emission rates to the free-space emission rates is called the Purcell
factor. The introduction of the Purcell factor has allowed a path to of light-matter in-
teraction studies.

The derivation of the Purcell factor starts from Fermi’s Golden rule. For an achi-

ral emitter and its spontaneous decay rate is expressed as:!'® 17

I'=22p-E@)%p(w) (1.1)
where p is an electric dipole of the emitter, and p(w) is the density of electromagnetic
modes at the frequency w. Semi-classical normalization factor « is used to normalize
the classical electric fields E(r) of the cavity mode, which is given by:!’

2mhw,

2
O T e Emax (0 2d%r (1.2)




@ THE HONG KONG POLYTECHNIC UNIVERSITY Chapter 1

where |E,.«|? is the intensity of the electric field at the maximum position and @y is
the cavity resonant frequency. After normalization, the spontaneous decay rate can be

written as:

2 E(r)|?
I = 22 @2 || Eqnaxl 2P (@) i (1.3)

max ()2

where 7 is the orientation factor representing the orientation matching of the electric
dipole moment p and the cavity mode E(r). # is expressed as:

n=Ip-EM|/A{Ipl*IE®)I?} (1.4)

Inside the single mode cavity, the mode density is given by:!¢

2 Aw3 _2Q w3

TAwg 4(W—wo)2+AwE  Twg 4Q2(w—w)?+w3

p(w) = (1.5)

where Aw, and Q = Aw—afo are the linewidth and quality factor of the single cavity
mode, respectively. The mode volume of the cavity is defined as V = [ €|E(r)|? d°r/
(¢|Emaxl?). The decay rate in free space is I, = 32n|p|?m3/3hA3. The spontaneous
decay rate normalized by decay rate in the free space is expressed as:

g [E()I?

r=F n? (1.6)

P w3+4Q2(w-w0)? [Emax(r)|?

The cavity decay rate enhancement is evaluated by the Purcell eftect, which is defined

as:

_ 3 () e

Fp = an? (n) (V) (1.7)
This formula reveals the requirement of the emission rate enhancement in an optical
resonator: light confinement down to small dimensions and long-time light storage.'®
The temporal and spatial confinement of light is attributed to the quality factor and the

cavity mode volume, respectively.!” The Purcell factor can be a powerful tool to fur-

ther understand and control the light-matter interaction in a resonator.

4
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Quantum
emitter

%

Nanoresonator

Purcell factor ~ Re (%) ~ 17

Figure 1.2 Schematic illustration of the nanoscale resonator with mode volume radiation losses

V.19

Photonic crystal microcavities?® and plasmonic nanocavities?! are two common
optical resonators which have high quality factors, which in turn could provide ex-
tremely high mode confinements. Compared with photonic crystal, plasmonic
nanocavities are not confined by the diffraction limit. This is because the light can be
restricted on length scales down to the dimensions of the plasmonic nanocavities due

to the light coupling to electron oscillations or plasmons in the metal.??

1.3 Propagating surface plasmon polaritons and localized sur-

face plasmon resonances

Surface plasmons are defined as the hybrid electron-photon oscillations at the

metal-dielectric interface and occur at any metal-dielectric interface.”* The name and
5
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theoretical description of surface plasmons were raised by Rtichie in 1957.2% Later on,
Andreas Otto, Erich Kretschmann, and Heinz Ritchie came up with the optical excita-
tion of surface plasmons, and two independent approaches for surface plasmon gener-
ation were reported.”> Surface plasmon polaritons (SPPs) are termed as surface
bounded mode of coupled collective electron oscillations and electromagnetic wave at
the metal-dielectric interface.?® Generally, SPPs are characterized by dispersion and
spatial profile. Owing to the surface mode nature, the SPPs are able to confine light
beyond diffraction limit. However, it is impossible to directly excite SPPs with elec-
tromagnetic waves. This is because the SPP dispersion relation w(k) is below that of
free-space light leading to a momentum mismatch between the SPP and free-space
light.

In two- or three- dimensionally confined plasmonic nanoparticles, plasmon reso-
nances become highly localized and are defined as localized surface plasmon reso-
nances (LSPRs). LSPRs are collective and non-propagating oscillations of free elec-
trons in the conduction band of metallic nanostructures (Figure 1.3).2” Compared with
SPPs, LSPRs have several distinctive features.?® First, subwavelength scale plasmonic
nanostructure enables the direct coupling of propagation light in free space with the
plasmonic localized modes. Second, the LSPRs exhibits higher tunability in the reso-
nance frequency. The wavelengths of LSPRs can be tuned from ultraviolet to near-
infrared regions by varying the composition, size, and configuration of the metallic
nanocrystals. At last, the LSPRs of metal nanocrystals confine light into localized

space, which enhance the near-field significantly. The prominently enhanced optical

6
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density of states leads to strong light-matter interactions and extends the plasmon-

enhanced spectroscopy areas,?’ plasmon-enhanced nonlinear effect,’® 3! as well as
plasmon-participated catalytic reactions.>
a b
Electric field
Electron

cloud
+

et 8

Time
Gold film

Figure 1.3 Illustration of surface plasmon polaritons and localized surface plasmon resonances.
Collective oscillation of electrons excited by incident electromagnetic field at (a) gold-air interface

and in (b) gold (Au) nanoparticles.?’

In the past few years, metal nanocrystals, typically gold (Au) and silver (Ag) na-
noparticles (NPs) are the most widely studied plasmonic materials due to their good
chemical stability and high electrical conductivity. Thanks to the improvement of nu-
merical methods precise control of noble nanocrystals with different geometries and
the appearance of high-sensitivity optical characterization techniques, the 1900s be-
came the period the field of plasmonics rapidly developed. Specifically, dark-field
scattering spectroscopy with the help of scanning electron microscopy (SEM) imaging
became a useful tool to probe the plasmonic characteristics of nanocrystals at the sin-

gle-particle level. Subsequently, the plasmon coupling hybridization model*® and
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quantum plasmon resonances of single metallic nanocrystals** were reported. Com-
pared to the individual plasmonic nanostructures, the combination of plasmonic
nanostructures and molecules could create some new optical responses and modify
the plasmon properties of plasmonic nanostructures. In order to recognize the weak
chiroptical response of natural entity, the chiral plasmonic system seems promising,

which has been developed rapidly in recent years.*>

1.4 Circular dichroism
1.4.1 Circular dichroism of chiral molecules

Circular dichroism (CD) reflects the absorption difference between left and right
circularly polarized (RCP and LCP) light of the same molecular system. CD appears
in chiral molecules in which a mirror image could not be superimposed. The handed-
ness of incidence causes the different decay rate of different molecules. If a chiral
molecule is strongly coupled to one handed circularly polarized light instead of oppo-
site handed, there will occur a decay rate difference of the molecules. CD originates
from the differential decay rate of chiral molecules. CD is an intriguing phenomenon
of biomolecules.

Herein, the microscopic origin of CD in chiral molecules is summarized. Accord-
ing to Fermi’s Golden Rule, the decay rate of a molecule from the state |(n —
1) (K, h)) to the sate |n(k, h)) can be expressed as:

[ = 22 [V 2 = 22 p[((n = 1) (&, ) | Hine I (k, )2 (1.8)

8
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where p, Vi, Kk, are the density of states, transition matrix elements and momentum of
light, respectively. #=L/R is the helicity of light, where L and R are denoted as left and
right handedness, respectively. A chiral molecule is modeled as an electric dipole p
and magnetic dipole moment m, and the interaction Hamiltonian of a chiral molecule
is written as:
Hpyw=—-p-E—m:-B (1.9)
Substituting Equation 1.9 into the transition matrix elements, we could get:
Vi =—-p-((n— DE&DIER (k) —m-((n— 1) (k) Bln (k2)) (1.10)
Quantized electromagnetic fields are expressed as:
E(r) = iZk,A\/:::; (eWaM(k)ekT — e~ (Mgt (k)ekT) (1.11)
B(r) = i ia: ST‘*; (b®a®™ (k)T — =W gth) (k)eikr) (1.12)
In terms of circular polarization, b%/R(k) = k x el/R(k) = Fiel/R(k).
Using the quantized fields, the transition matrix elements are given by:
Vi = \/Z::) (—ip ¥ %m) . eL/R)giker (1.13)
Because angular momentum operator L is determined by the magnetic dipole, and it is
purely imaginary, that the electric dipole moment p is purely real and the magnetic
dipole is completely imaginary.’® Thus the rotational averaged spontaneous decay rate
can be expressed as:

3 —
(T) = = (IpI? + — Im|> F 2Im[p - m] (1.14)

" 3meghc3

Subscript + denotes the decay rate under the right (-) and left (+) circularly polarized

light excitation, respectively. Here, p(w) = (w?n3/m?c?), the density of states in the
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homogeneous medium of refractive index 7 is used. Consequently, the differential de-

cay rate resulting in CD of chiral molecules can be written as:*’

4w3n

ATy =(I) —(Ip) = —

—— Im[p - m] (1.15)
For CD spectroscopy, it is a technique based on Beer’s law, and directly reflects

intensity of CD signals in terms of wavelength. CD spectrum is reported as ellipticity

0, and is measured in units of mdeg.

1.4.2 Plasmonic circular dichroism

Plasmonic CD refers to the CD responses at LSPR region of plasmonic nano-
materials.>® For the CD spectroscopy sensitivity improvement, plasmonic nanomateri-
als are good candidates due to their unique optical properties.***’ There are two types
of plasmonic circular dichroism. One is the plasmonic CD signaling of achiral plas-
monic nanostructures, which originate from the molecular chirality transferring to
plasmonic nanostructures. In general, to acquire meaningful CD signals of biochemi-

cal molecules with adequate signal-to-noise ratios,*! 42

a high concentration is re-
quired because their chiroptical response is extremely weak and generally appears in
the ultraviolet (UV) band. The electronic structures of molecules lead to the UV re-
sponse, and the weak chiral optical activity results from the dimension difference be-
tween UV light (hundreds of nanometers) and molecules (nanometers or below). Con-

sequently, scientists took advantage of plasmon resonance of achiral metallic

nanostructures to enhance the electronic transition of adjacent chiral molecules, and

10
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thus, enhanced the CD signals of molecules. At the same time, a new CD signal at the
LSPR band of achiral plasmonic materials appears.*’ The interaction between chiral
molecules and the achiral plasmonic nanostructure can be explained by a dipole-
dipole interaction system. As shown in Figure 1.4a, the resonance of the chiral mole-
cule is regarded as a two-level system with two coupled dipoles: magnetic and electric
dipole. The newly induced plasmonic CD signal originates from the Coulombic (di-
pole and multi-dipole) interactions between chiral analytes and achiral plasmonic na-
nomaterials.****> Chiral molecules attached to the single achiral nanoparticles,'? 44 4¢
and achiral nanoparticles linked together by chiral molecules are two common ap-
proaches to realize the chiral plasmonic activity.' 4748

The other type of plasmonic circular dichroism originates from chiral plasmonic
nanostructures (Figure 1.4b). Due to the mature technique of metasurface fabrication,
metallic nanostructures such as a helix or a spiral can be artificially designed. These
nanostructures with distinct handedness exhibit intrinsic chiral responses at their

plasmon resonance band. The chiral assembly caused plasmonic circular dichroism

mechanism will be discussed in detail in Chapter 2.

a Chiral b

Bk current / ‘,&
e A A
C {\ ,, 5 —

Chiral G y %
molecules N S\
u pS

Figure 1.4 Schematic illustration of two approaches to realize plasmonic circular dichroism. (a)

Dipole-dipole interaction. (b) Chiral plasmonic nanotructure.’
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1.5 Outline of the thesis

The thesis is organized as following chapters:

In chapter 1, we first briefly review the light-mater interaction concept and histo-
ry, followed by an introduction and comparison of SPP and LSPR. Then the Purcell
effect in a resonator, and two kinds of plasmonic CDs are summarized.

In Chapter 2, a review of chiral plasmonic nanostructures and works done on
single gold nanohelicoids (GNHSs) on substrate are given first. In the second part, the
synthesis method, optical and morphological properties, as well as simulated electric
and magnetic distribution of the GNH used in the work are introduced.

In Chapter 3, a thorough research on chiral PL features of the single GNH is pre-
sented. For one specific circular polarization light excited PL, signals of GNH enanti-
omers have a reverse intensity trend due to different circular dichroism absorption,
while the polarization-resolved chiral PL signal is driven by circular polarization.

In Chapter 4, we exploit the scattering spectra properties of the single GNH on a
Fabry-Perot (FP) cavity. Two strong scattering peaks with the same intensity contrast
towards right and left circularly polarized white light illumination are observed. It is
also found that, through the local field modulation of GNHSs, the Si Raman signals of
the FP cavity could have chiral features.

In Chapter 5, we report the GNH assisted Raman enantioselective recognition of
chiral molecules. According to the Raman spectroscopy, three kinds of chiral mole-

cules (cysteine, glutathione, tryptophan) and their handedness can be discriminated

12
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via Raman spectra. The Raman scattering intensity difference between cysteine enan-
tiomers can reach twofold.
In Chapter 6, we summarize the three works done using GNHs and provide some

future work that could be done on the single GNHs.

13
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Chapter 2 Synthesis and characterization of gold nanoheli-

coids

In this chapter, | will briefly review the chiral plasmonic nanostructures and works
done on the single GNH. The synthesis method and properties of GNHs are also in-

troduced. The following works in the thesis are all based on the synthesized GNH.

2.1 Overview of chiral plasmonic nanostructures

In chirality related research, chiral plasmonic structures have drawn a lot of at-
tention because of their intense chiroptical signals and strong light-matter interactions

compared with pure chiral molecular systems, which paved the way for the develop-

49-51 52-54 55, 56

ment of chiral sensing, chiral imaging, chirality switching, and polariza-

tion manipulation.’’>’

Chiral plasmonic nanostructures with geometric chirality are the most commonly
used chiral plasmonic nanostructures. Two rules can be used to fabricate artificial chi-
ral nanostructures with strong optical chiral response: (1) the electric and magnetic
resonances are oriented non-orthogonally; (2) two non-parallel electric resonances are
placed in different equiphase planes of the incident light.®® The two kinds of resonant
modes are coupled with each other by the physical connection or near-field.

Conventionally, there are two strategies to make intrinsic chiral plasmonic
nanostructures. One is the top-down fabrication technique used to make planar chiral

61,62 or three-dimensional (3D) chiral nanostructures;>” ® the other is the bot-

14
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tom-up method in which chiral molecules like DNA,*% %5 phospholipids,*® or pep-
tides®’” act as links or templates to assist metallic particles forming chiral configura-
tions (Figure 2.1).

d

C Left-handed helix Right-handed helix

Figure 2.1 (a) Chiral twisted stacked crosses.’! (b) Tapered gold helices.®® (¢) Gold nanoparticles

bonded on DNA origami formed left- and right-handed helix structures.®

However, both strategies cannot generate highly-customized 3D plasmon
nanostructures cost-effectively. Lately, a newly pioneered water-based bottom-up ap-
proach was reported; the method introduced the application of cysteine and cysteine-
based peptides, therefore various 3D intrinsic right- and left-handed chiral as well as
achiral NPs were shown to be synthesized.®® To synthesis these kinds of chiral Au
NPs, a seed-mediated synthesis method was used, and during the colloidal growth
procedure amnio acids or peptides act as chiral shape modifiers to guide the formation
of chiral morphology. Since then, based on the new synthesis method, some other chi-

15
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ral Au NPs have been reported,®®’! and the single-step synthesis approach has been
improved to the multi-chirality-evolution step to achieve chiral Au NPs with a higher
chiroptical response.”” The geometry of chiral Au NPs can be adjusted by the synthe-
sis conditions including the amount and morphology of the seed, the introduction of
different chiral molecules, as well as injection time of chiral ligand. Figure 2.2 depicts
several chiral Au NP growth pathways under different synthesis parameters. The flex-
ibility of fabricating those chiral Au NPs will be beneficial in designing varies chiral
plasmonic nanostructures for chirality sensing, 3D chiral imaging, microstructure

analysis, etc.
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Figure 2.2 Schematic of geometric evolution of different gold nanohelicoids.®’
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2.2 Chemical synthesis of gold nanohelicoids

Chemicals

Tetrachloroauric (iii) trihydrate (HAuCls), Hexadecyltrimethylammonium bro-
mide (CTAB), sodium borohydride (NaBHas), ascorbic acid (AA), and L-/D-Cysteine
(L-/D-Cys) were purchased from Aladdin and all chemicals were used without purifi-
cation. Deionized water (DI) was used for all the experiments.
Synthesis of Gold Seeds

Small 2-nm-sized spherical gold seed nanoparticle synthesis was achieved by
adding 0.25 mL 10 mM HAuCl4 to 7.5 mL 100 mM CTAB, and then rapidly injecting
0.8 mL 10 mM NaBHj4 into the mix solution. Immediately after the injection, the mix-
ture became dark brown. The resulting mixture was aged at 28 °C for 3 h.%’
Synthesis of Cubic Seed Gold Nanoparticles

Using a growth solution containing 8 mL DI water, 0.2 mL HAuCls (10 mM), 1.6
mL CTAB (100 mM), and 0.95 ml 50 mM AA, and by adding 55 pL 1/10 diluted
spherical gold seeds to the growth solution, large cubic seed gold nanoparticles were
prepared. After 15 min, the final solution turned pink, and which is then centrifuged
twice and redispersed in the | mM CTAB solution.”
Synthesis of Chiral Gold Nanoparticles

A growth solution to synthesize GNHs was readied by mixing 3.95 mL DI water,
0.8 mL 100 mM CTAB, 0.475 mL 100 mM AA, 0.1 mL 10 mM HAuCls, and 5 pL

100 uM L/D-Cys. The synthesis of GNHs was performed by adding 100 pL of pre-

17
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made cubic nanoparticles to the growth solution, and allowing the mixture to process
for 1h. After two centrifugations, unreacted chemicals were removed, and the chiral

nanoparticles were placed in a 1 mM CTAB solution for following measurement.-

2.3 Structural characterization gold nanohelicoids

Scanning Electron Microscopy (SEM)

SEM images were taken by Field Emission Scanning Electron Microscope
(Tescan MAIA3), and were used to characterize the chiral geometric morphologies of
gold nanohelicoid. 100 pL gold nanohelicoids were centrifuged twice to remove the
attached CATB, and the resultant solution was redispersed in 50 uL. DI water. Then
they were drop-cast on an ITO glass for SEM imaging. Since ITO is conductive, using
ITO glass could avoid gold deposition, which is better to observe the chiral morphol-
ogy of gold nanohelicoids. The left panels of Figure 2.3 show the SEM image of left-
and right-handed gold nanohelicoid (L-/R-GNH) structures and their corresponding
3D constructs (in the illustrations). Figure 2.3¢ and d depict the zoomed in SEM im-
ages of L-/R-GNH configurations, the white dashed lines illustrate the handedness of
the two constructs, where structural chirality can be seen at both the surfaces and cor-

ners of the GNHs.

18
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Figure 2.3 Grouping of scanning electron microscopy (SEM) images of (a) left- and (b) right-
handed gold nanohelicoids (GNH) with sizes ranging from 120-150 nm. Insets are the correspond-
ing three-dimensional (3D) chiral constructs. Zoomed in SEM images of (c) left- and (b) right-
handed GNH. Blue arrows and white dashed lines (linking the orange vertices) assert the helicity

of the GNH enantiomers.

Circular Dichroism Spectroscopy (CD)

CD spectroscopy reflects measured CD as a function of wavelength. L-/R-GNH
solutions with appropriate concentrations were loaded in a 1-cm-thick quartz cell for
extinction and CD spectra measurement by JASCO CD spectrometer (J-100).
Through calculating the extinction and CD spectra, the g-factor spectra can be con-
verted directly from the CD spectrometer.

As shown in Figure 2.4a, the CD spectrometer measures the different intensities
of LCP and RCP light beams after passing through the quartz cuvette. Figure 2.4b and

19
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¢ depict the extinction and CD spectrums of the L-/R- GNHs in an aqueous solution
of CTAB, both having good concordance in relation to both the simulated calculations
(dashed lines) and experimental results (solid lines). As can been seen from Figure
2.4b that the extinction cross section spectrum of the L-GNHs is mainly monopolized
by a broadband electric dipole resonance crest from about 500 to 800 nm. It is inter-
esting to note that, the CD spectrums for both L-GNHs and R-GNHs (Figure 2.4c¢) flip
at about 610 nm (close to the experimental extinction peak at about 650 nm) and ex-
hibit mirror-symmetric bisignate resonances with opposite helicity. In the meanwhile,
the degree of the innate geometric chirality for the GNHs can be evaluated by a CD g-

+_
factor, defined as gcp = 2 A—A_, where 4 stand for the circularly polarized extinction

AT+A
and the superscripts “+” and “-” are denoted as the helicity of circular polarization
excitation. The results in Figure 2.4d reveal that the maximum CD g-factors of the L-

GNHs and R-GNHs are about -0.012 and 0.008, respectively, which are comparable

to the values of £0.01 in the reported work.®
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Figure 2.4 (a) Schematics of the CD and extinction measurements of the GNHs solution. (b) Ex-
perimental extinction (solid line) and calculated extinction, scattering and absorption (dashed blue,
green, and red lines, respectively) spectrums of the left-handed GNH in CTAB aqueous solution.
(c) Experimental (solid lines) and calculated (dashed lines) CD spectrums of the left-handed GNH
(L-GNH) and right-handed (R-GNH). In the calculated spectrums, the crests and trough at around
700 nm may be attributed to the difference between the real morphology and the simplified ideal

model. (d) Experimental g-factor spectrums of GNHs with different handedness.

Electromagnetic Simulation

Considering Finite-difference Time-domain (FDTD) could produce a full spec-
trum with a single run and enable the observation of the electromagnetic field distri-
bution at any time of the simulation. The FDTD method was applied to study the
electric and magnetic characters of the GNH. The monitored cross section of a simpli-
fied 3D GNH model used for FDTD simulation is described in Figure 2.5. The circu-
larly polarized light is vertically illuminated on the model surface.
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\
Figure 2.5 The simplified 3D model and monitored cross section of the gold nanohelicoid. Blue

shadowed area indicates the cross-section shape of the monitor.

Figure 2.6a and b depict the simulated electric and magnetic near-field distribu-
tions in the middle-plane cross section (dashed ‘pinwheel’ pattern) of the chiral
nanostructure. Figure 2.6¢ and d render the calculated electric and magnetic near-field
intensity difference for the R-GNH structure under RCP and LCP excitation, which
manifests that the chiral optical response of the GNH is caused by its intrinsic geo-
metric chirality. Herein, we only show one right-handed structure simulation due to

the sole difference of GNH enantiomer being helicity.
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Figure 2.6 (a) Simulated electric near-field intensity distribution for an R-GNH under 593.5 nm
LCP excitation. (b) Simulated magnetic near-field intensity distribution for an R-GNH under
593.5 nm LCP excitation. (c) The intensity difference of electric field in an R-GNH under circular
polarization excitation. (d) The intensity difference of magnetic field in an R-GNH under circular

polarization excitation.
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Chapter 3 Chiral photoluminescence from gold nanoheli-

coids

3.1 Introduction
3.1.1 Single-photon photoluminescence of gold nanoparticles

Similar to semiconductors or fluorophores, interband transition in metal causes
single-photon absorption induced luminescence, i.e., PL. Mooradian, in 1969, initially
depicted the idea of PL of gold in both experiment and theory.” As shown in Figure
3.1, the emission of bulk gold is attributed to the radiative process that occurs when
the combination of electrons exist in the sp band, while holes remain in the d band.
However, the emission quantum efficiency is only approximately around an order of
1071°. In 1986, Boyd et al. observed enhanced PL from roughed metal films with ~107°
quantum efficiency. They reported a widely adopted electric field enhancement theo-
ry, which suggests that the improvement of both excitation and emission efficiency is

caused by the enhanced local electric field at corresponding wavelengths.”
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Figure 3.1 Illustration of the single-photon photoluminescence (PL).

Subsequently, a series of observations of PL enhancement in metallic nanostruc-
tures, in particular, gold nanostructures, have been reported. Hu et al. reported the PL
and scattering spectra of different individual gold nanodisks with different diameters,
nanotriangle, and nanorod.”® As shown in Figure 3.2a, the PL peak position of a single
gold nanodisk is modulated by the plasmon resonances, which are strongly dependent
on the shape and size of single Au nanostructures. Later on, scientists expanded the
PL study on colloidal Au NPs. Zhang et al. experimentally revealed that the PL prop-
erties of a single gold nanorod depend on the polarization of excitation light (Figure
3.2b).”" Different conversion efficiencies of interband transition and plasmon emis-
sion lead to the polarization-dependent PL quantum yield (QY). In addition, stronger
mode coupling results in higher plasmon emission efficiency, which means localized
surface plasmon (LSP) mode coupling attributes to the plasmon emission efficiency.

Rao et al. compared the PL properties of Au nanobipyramids and Au nanorods under
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different excitation and detection polarization (Figure 3.2¢).”® For gold nanobipyra-
mids and gold nanorods with similar surface plasmon resonance ranges, the PL QY of
a single gold nanobipyramid is twofold higher. This difference is because gold nano-

bipyramids have stronger field intensities integrated over their volume.
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Figure 3.2 (a) PL and scattering spectrums of lithographically made gold nanodisks with different
diameters.”® (b) PL spectrums of a single gold nanorod under 532 nm and 633 nm excitation.”” (c)

PL and scattering spectrum of a single gold nanobipyramid.’®

The e-h pair exhibited PL in gold is correlated with the enhanced local electric
fields at the plasmon resonance frequency; the level of PL enhancement by Au NPs is
limited. Recently, scientists found that a plasmonic system formed by metallic nano-
particles deposited on metallic or highly polarizable substrates’’ could generate strong
localized resonances near the gap between the particle and the substrate, which can be
used to significantly enhance the PL.*° Lumdee et al. studied the gap-mode-enhanced
PL of the single Au NP on an Al,Os-coated gold film (Figure 3.3a).%! Based on this
system, it was noted that under 633 nm excitation, the largest PL enhancement factor
that could be observed was 28000. Li ef al. reported the Au NP dimer on a thin gold

film could have about 200 times the PL intensity enhancement and about 4.6 times the
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emission line-width narrowing compared to Au NP dimer on a glass substrate (Figure

3.3b).82
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Figure 3.3 (a) PL spectrums of Al,O3 coated gold film with and without single Au NP under 532
nm and 633 nm excitation.?! (b) PL excitation illustration and spectrums of Au NP dimer on a

glass substrate and a thin gold film.%?

However, all above discussed PL studies or polarization involved PL research on
a single Au NP or metal-substrate-mediated Au NP hybridization system are limited in
achiral regime. Widening the scope of PL polarization research, development, and
control into the field of chiral research has many important potential applications for

optical data storage, biosensing, bioimaging, etc.

3.1.2 Circularly polarized luminescence

In chiral plasmonic-related PL studies, circularly polarized luminescence (CPL)
is a well-known and commonly used technique to study chiral PL. CPL reflects the
difference in the RCP and LCP emissions of a chiral emitter (Figure 3.4), which dis-

closes the excited state information and is associated with the magnetic dipole mo-
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ment involved in the optical transition.
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Figure 3.4 Schematic illustration of circularly polarized luminescence (CPL).%*

CPL-active materials have found potential applications in 3D displays, % chirop-
tical materials,®® smart memory®’” materials, and optical devices.’® ¥ Generally, to
generate CPL-activity, the utilization of luminescent organic or inorganic materials is
required. Both chiral and achiral chromophores can be endowed with CPL activity
through self-assembly. As shown in Figure 3.5, through self-assembly, co-assembly,
or doping into liquid crystals, not only achiral but also chiral building blocks could

assemble into chiral nanostructures, emitting CPL.
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So far, three typical methods to make CPL-active material are shown in Figure
3.6: (i) chiral luminescent assemble into chiral morphology; (ii) chiral molecules
combine with achiral luminophores; (iii) chiral assembly of achiral luminescent.?* In
general, these approaches require tedious and long synthesis processes, thus the fur-

ther development of fabricating inorganic CPL-active materials is impeded.
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Figure 3.6 Schematic illustration of three approaches to realize CPL in nanoassemblies.3*

Normally, to eliminate the polarized light impact originating from the coupling
effect between the nonideal properties of the instrument and macroscopic aniso-
tropies, the excitation light source used for CPL measurement is linearly polarized.””"
92 Under this condition, the CPL cannot reflect the relationships between excitation,
emission circular polarization, and the helicity of chiral emitters; a condition which is

causing chirality-involved PL procedure to be elusive even until now.
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3.2 Experimental methodology

3.2.1 Sample preparation

A 50 pL solution of synthesized GNH was centrifuged two times, and then the
centrifuged GNHs were redispersed into 100 uL DI water. A single drop of the diluted
solution (about 20 uL) was casted onto a pre-cleaned ITO glass. After drying in the air
for about 3min, the solution on the substrate was blown off by using a rubber suction
bulb. The majority of GNH clusters were scattered into monomers with large particle-

particle distance, thus, enabling the measurement of single nanoparticles.

3.2.2 Single-particle scattering and photoluminescence spectroscopy

A fluorescence microscope equipped with a home-built polarization-resolved
dark-field illumination module was applied to perform the chiral scatterometries and
PL spectrums of each single GNH. A linearly polarized monochromatic continuous
wave (CW) laser (CNI Co., Ltd.) with wavelength of 532/593.5 nm was chose as the
excitation source and a quarter-half waveplate combination was applied to produce
circularly polarized light (Appendices (A)). A three-axis piezo-controlled stage was
then used to move each GNH to the middle of the laser target area. The laser power
was adjusted to about 80 W to generate the PL signal. The confocal 100X micro-
scope (NA 0.8, LMPlan, Olympus) focused and collected the PL or scattering signal

from the sample. The signal integration time is 20s. Every signal acquisition was done
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three times. The polarization-dependent effect of the beam splitter (BS, BSW10R,
Thorlabs, Inc.) inside the microscope was canceled out by a polarization calibration.
Using two 600 nm long pass filters (LPF, FEL0600, Thorlabs, Inc.) the 532 or 593.5
nm excitation was obstructed, while using an imaging spectrometer (Acton Sp2300,
Princeton Instruments integrated with PIXIS 400 CCD camera), the signal was rec-
orded.

As sketched in Figure 3.7, a CW laser beam traverses through a short pass filter
(SPF, FES0600, Thorlabs, Inc.), a half and a quarter waveplate, generating circularly
polarized light, which is then concentrated by an objective lens to excite single GNHs.
The use of SPF is to eliminate the side band effect of the 593.5 nm laser. Since the
593.5 nm laser is a custom product, it has a side band wavelength at around 670 nm.
The use of SPF could effectively block the side band wavelength ensuring the excited
PL is generated by the 593.5 nm. The half waveplate in the optical path is to eliminate
the polarization effect of the beam splitter in the excitation path. Collection of the PL
emission signal is performed using the same objective; then for spectral analysis, the
collected signal is sent to a spectrometer; and for image capturing, a CCD camera is
used. A polarizer and a quarter waveplate are set in front of the spectrometer to check
the polarization state of the PL signal. When equipped the same microscope system
with a white light source, the chiral scattering spectra of the single GNH can also be

measured.
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Figure 3.7 The illustration of single-particle experiment setup for polarization-resolved dark-field
scattering and PL measurements. HWP: Half waveplate, QWP: Quarter waveplate, BS: Beam
splitter, SPF: 600 nm short pass filter, LPF: 600 nm long pass filter, Pol.: Polarizer, AS: Aperture

slot.

3.3 Chiral photoluminescence in single gold nanohelicoids

3.3.1 Selective excitation of polarization-steered chiral photolumines-

cence

Before measuring the PL signal, the chiral scatterometry spectra of single GNH
were measured first. An obvious difference in the circularly polarized scattering inten-
sities of the L-/R-GNH structure can be seen in Figure 3.8, manifesting a sufficiently

strong chiral optical activity for studying chiral PL at the single-particle level.
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Figure 3.8 Scattering spectra of a (a) left-handed GNH (L-GNH) and a (b) right-handed GNH (R-
GNH) structure (used for the 593.5 nm laser illumination) under white right circularly polarized

(RCP i.e., 0, red) and left circularly polarized light (LCP i.e., 6, green) light illumination.

Using the above experimental system, PL spectrums of the GNHs generated by
circularly polarized light to probe the chiral excitation and emission characteristics of
GNHs were measured. The LCP and RCP excitation wavelength was set at 593.5 nm
(close to the extinction main peak of the GNH) to achieve plasmon-enhanced PL exci-
tation. As described in Figure 3.9a, the L-GNH generates a smaller PL signal in re-
sponse to the LCP excitation than to the RCP one, while the PL signal of the right-
handed displays a reversed intensity contrast (Figure 3.9b). These results clearly
demonstrate that the GNHs with opposite handedness show a reversed absorptivity
response to the RCP and LCP light. The dissymmetry factor of PL intensity is calcu-
lated by gpy, = 2 %, where [ are denoted as the emission PL intensities and the su-
perscripts “+” and “-” represent the left- and right-helicity of excitation polarization.
Correspondingly, the gpr for R- and L-GNH are +0.12, respectively. In addition, it

should be also noticed that the PL spectrums of GNH enantiomers show similar reso-

nance and intensity characters with their scattering spectrums (Figure 3.8), all display-
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ing a broad peak at around 640 nm, and similar intensity contrast tendency with re-
gards to excitation light with opposite polarization helicity. Such PL-scattering, dis-
cussed later, is due to the PL signals of Au NPs generally being dominated by plas-
mon-modulated and enhanced radiative recombination. The intensity differences of
the polarization-steered PL towards RCP and LCP excitations come from the structur-
al chirality of the GNH. Verification of these differences was performed through the
process of checking the scattering and PL spectrums of a 100 nm achiral gold
nanocube. Figure 3.9c and d show that there is no difference under the LCP and RCP

excitation with regard to scattering or PL intensity.
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Figure 3.9 (a, b) PL spectrum of a single (a) L-GNH and (b) an R-GNH under RCP (o, red) and
LCP (o™, blue) laser excitation at 593.5 nm. The PL intensity has a cliff at 600 nm (black dashed
line) is attributed to the cut-off response of the long-pass filter applied in the optical path. The sol-
id lines show the Lorentzian fits of the raw data. (c) Scattering spectrums of an achiral nanocube

with RCP (red) and LCP (green) light excitation. (d) PL spectrums of an achiral nanocube under
34
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RCP (red) and LCP (green) laser excitation at 593.5 nm.

In order to understand the chiral features of the measured PL signals for both
GNHs in Figure 3.9a and b, decomposition of the PL signals into the LCP and RCP
elements was performed by combining a quarter-waveplate and a polarizer. The de-
composition results are summarized in Figure 3.10. As can be seen, the dominant chi-
ral element of the PL signal of each nanoparticle is identical to that of the excitation
light, i.e., LCP (RCP) illumination produces LCP (RCP) element dominated PL irre-
spective of the geometric helicity of the GNH. In order to evaluate the PL helicity
quantitatively, we calculated the chiral degree of polarization of the measured polari-

zation-resolved PL, i.e., so-called polarization-resolved PL g-factor, defined as

LI
Li+I_

IrpL = 2 , Where [ are denoted as emission polarization-resolved PL intensities
and the subscripts “+” and “-” refer to the helicity of emission polarization. Based on
this definition, an absolute grpL value of 0.73 was found for both the RCP and LCP
excitations for an achiral Au nanocube particle with similar size to GNHs, implying
an excitation-polarization-independent grpL (Figure 3.10a and b). In the meanwhile,
we observe from Figure 3.10c that the absolute value of grpr for the L-GNH under the
RCP illumination is about 0.55, which is much smaller than that for the R-GNH under
the RCP illumination (1.03 for Figure 3.10d). However, the results for the two struc-
tures under the LCP excitation reverses (1.04 for Figure 3.10e and 0.62 for Figure

3.10f). These distinctive results confirm a crucial role of geometric chirality in the

chiral degrees of emission polarization. In comparison with the achiral nanocube, the
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absolute grpr value of the GNHs with co-/anti-chiral excitation is en-
hanced/suppressed with a normalized enhancement factor of 1.41 (Figure 3.10d) and

0.75 (Figure 3.10c), supporting a polarization-steered effect.
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Figure 3.10 (a, b) Emission polarization-resolved PL spectrum for the achiral nanocube under the
RCP (a) and LCP (b) laser excitation at 593.5 nm. (c-f) Emission polarization-resolved PL spec-
trum for the L-GNH (c, ¢) and the R-GNH (d, f) under the RCP (c, d) and LCP (e, f) laser excita-

tion at 593.5 nm. The solid lines show the Lorentzian fits of the raw data.

To broaden understanding of the chiral activities, the aforementioned measure-
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ments for the GNH enantiomers were also conducted at an excitation wavelength of
532 nm. In comparison with the excitation at 593.5 nm, the chiral PL and polariza-
tion-resolved chiral PL intensities of GNH under 532 nm excitation are much lower
(Figure 3.11). This can be resulted from the larger absorptivity of GNH at 593.5 nm
(highlighted with an orange point, Figure 2.4b) with respect to that at 532 nm (high-
lighted with a green point), thus allowing more photons at 593.5 nm to participate in
the whole PL process. Besides, the gpr at 532 nm is also lower than that at 593.5 nm,
which is in consistence with the results in Figure 2.4c, that the GNH excited at 593.5
nm (marked with an orange point) shows larger absolute CD value than at 532 nm
(marked with a green point). These observations ulteriorly suggest that the 593.5 nm
light is more efficient for enhancement of the chiral PL response. Finally, the polariza-
tion-resolved chiral PL under 532 nm excitation presented in Figure 3.11c-f shows a

similar scenario of the polarization-steered PL as that of the 593.5 nm excitation.
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Figure 3.11 (a) PL spectrum of a single L-GNH under RCP (o7, red) and LCP (c*, blue) laser exci-
tation at 532 nm. (b) Similar results as (a) for a single R-GNH structure. (c-f) Emission polariza-
tion-resolved PL spectrum for the L-GNH (c, ¢) and R-GNH (d, f) under the RCP (c, d) and LCP

(e, f) laser excitation at 532 nm. The solid lines show the Lorentzian fits of the raw data.

It should be noticed that, compared with 593.5 nm results, the PL main peak un-
der 532 nm has a little red shift. This is due to the GNH under 593.5 nm not being the
same one as 532 nm. The scattering spectrums of GNHs used in 532 nm measure-

ments are shown in Figure 3.12 whose main peaks also appear at a longer wavelength.
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Figure 3.12 Scattering spectra of (a) a L-GNH and (b) an R-GNH used for the laser excitation
conditions in Figure 3.11 (a) and (b), measured under white RCP (o, red) and LCP (¢, green)

light excitation.

3.3.2 A phenomenological model for chiral photoluminescence

In order to disclose the mechanism behind the aforementioned experimental ob-
servations, the energy band structure of gold around the X point in the first Brillouin
zone is shown in Figure 3.13. The Figure 3.13 shows the chiral PL process:

(1) Excitation. After absorbing the incident excitation photons, electrons near the top
of the d-band are excited into the upper sp-band, with holes left at the top of the d-
band.” The absorption probability Yabs(wex) is used to describe the probability of a
single-photon absorbed by materials at the excitation frequency wex. The pumping rate
P of the single-photon PL process is determined by the local electric field intensity
I(wex). In our case, the single GNHs have significantly different optical absorptivity
when excited with circularly polarized light with different handedness. Take the L-

GNH as an instance. In accordance with its negative CD value at about 593.5 nm
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(Figure 2.4c), it prefers to absorb RCP light, meaning more electrons can be excited
into the upper sp-band (Figure 3.13).

(2) Relaxation. Subsequent to the upward electron excitation, the energetic electrons
experience a nonradiative thermalization process, which gives rise to a broad distribu-
tion of electron energies. The population of the excited electrons relaxing to a specific
emission state with angular frequency wem is determined by the relaxation probability
Yi(®em).

(3) Emission. At last, the excited electrons either directly recombine with the d-band
holes, and simultaneously emit photons, or excite the localized surface plasmon of
metal nanostructures. The LSP typically decays in both the nonradiative (via ohmic
loss) and radiative (far-field radiation) ways. For nanostructured noble metals, most of
the PL emission arises from the radiative plasmon damping, while a small percentage
is from the direct recombination of the energetic electrons with the holes left in the d-
band.’® 8% 93 9% The photon emission probability is described by Yem(wem), and the
emission oscillation direction is reconstructed by the excitation polarization state and

affected by the chiral morphology of the GNH. >

40



@ THE HONG KONG POLYTECHNIC UNIVERSITY Chapter 3

[[+———
=K== (==
Laser e /O\ ' Q0 ol
(s 1
line A I 0 o™
| QQ
| N
1 Photonsﬂ \3
1
Er | |
| v A
I g (1)
I Emission |
I
= + |
B B ™ d-band
Excitation!

Figure 3.13 Schematic graph of the chiral PL process of the chiral nanostructures. Here take the L-
GNH under 593.5 nm excitation as an example. The RCP light (red thick upward arrow) generates
more d-band electrons of gold to the sp-band based on its larger absorptivity compared to that of
the LCP light (green thinner upward arrow). The majority of the energetic electrons transfer to the
localized surface plasmon (LSP) band while a minority of them directly recombine with the holes
(brown thin downward arrow). Following this, the excited LSPs undergo either radiative decay to
generate PL emission (red and green dashed arrows) or non-radiative decay leading to Ohmic loss.

The PL emission can be modulated by the geometric chirality of the GNH.

According to the above discussions, we can quantitively evaluate the single-
photon absorption induced luminescence of gold by a phenomenological model. Spe-
cifically, the chiral PL intensity from an elementary volume dV is written as:*®

Ipt-av (Wex) = [(@ex)Yabs (@ex) Y (Wem)Yem (@em) (3.1)
In a phenomenological way, we can simplify and modify Equation 3.1 according to
the following considerations: (i) The excitation intensity /(wex) at a local elementary

volume is |Ejpc(wex)|?; (ii) The absorption probability Yans(wex) and relaxation proba-
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bility Yi(wem) are constants and are related to the imaginary part of the permittivity of
gold; (ii1) The emission probability of radiative recombination Yem(wem), which is pro-
portional to the field intensity at the emission frequency |Ejoc(wem)|%,” and is deter-
mined by the local field density of optical states (LDOS). In the view of the above
hypothesis, the relative chiral PL intensity of nanohelicoids with different helicity de-
scribes in Equation 3.1 can be written as:

5P (0e) = [1Eioc(@ex)/Eo(@ex)|* * | Eioc(@em)/Eo(@em)I?dV (3.2)
where Ej is the background electric field intensity. Thus, the relative chiral PL intensi-
ty can be evaluated by the electric fields respectively at the excitation and emission
frequencies, which can be obtained from numerical simulations. As depicted in Figure
3.14, the calculated (orange line) gpr spectrums of L-GNH at 593.5 nm excitation and
at 532 nm excitation (green line) comply well with the experimental results (black
line). The results demonstrate the dissymmetry characters of chiral nanohelicoids

originates from the different spatial overlapping profile of local electric enhancement

field distributions under excitation and emission.
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Figure 3.14 The L-GNH chiral PL g-factors structure under near-resonant 593.5 nm (upper panel)
and off-resonant 532 nm (lower panel) illuminations. Black dots suggest experimental data while
orange and green lines indicate calculation results. Blue dashed lines assert the averaged g-factor
at the PL crests (shadowed region): 0.12 for the 593.5 nm illumination and 0.1 for the 532 nm il-

lumination.

3.3.3 Super-chiral near-field enhancement and the chiral Purcell ef-

fect

The superchiral field and its light interactions in an optical cavity can be quanti-
fied by the local optical chirality.*> 1% 1°! The near field distribution of the optical chi-
rality is expressed as a pseudoscalar, in term of the symmetry of time and parity:'%>
13 c(r) =— % Im[E*(r) - B(r)], where E, B, ¢, w, are the electric field, magnetic
field, permittivity of vacuum, and the angular frequency, respectively. This term can

be treated as a chiral analogue to the LDOS, and manifests enhancement of chirality

of the local field.!® As depicted in Figure 3.15a and b, the simulated near-field distri-
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bution of optical chirality exhibit asymmetric profile under circularly polarized light
excitation. For the LCP (RCP) excitation condition, the chiral field inside the GNH
(dashed ‘windmill’ profile) and at the corners of the GNH show positive (negative)
C/Co, where Cy is the value of optical chirality of circularly polarized light without
GNHs. A maximum optical chirality about + 8 is gained inside the R-GNH and L-

GNH hot spots, manifesting strong local chiral enhancement.
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Figure 3.15 (a) Calculated near-field chirality distribution in the R-GNH under LCP 593.5 nm ex-
citation. (b) Calculated near-field chirality distribution in the R-GNH under RCP 593.5 nm excita-

tion.

The integration of the optical chirality inside GNHs is performed to obtain the
spectral net optical chirality C (Figure 3.16a). With opposite excitation polarizations,
the net optical chirality have reverse signs, which is in consistent with the flips of the
dominant components depicted in Figure 3.10c-f. The net optical chirality feature at
600 nm is also in accordance with CD spectrum in Figure 2.4c as the absorption rate
is closely related to C:% CD(r) = — %)”C (r), where G"is the imaginary part
of isotropic mixed electric-magnetic dipole polarizability G.'%°
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Additionally, the optical chirality in the near-field accounts for the polarization
feature of the far-field PL via so-called chiral Purcell effect, which ascribes to the grpL
gained in experiments (Figure 3.10c-1).!1%1% The GNHs’ chiral PL is modeled as uni-
formly distributed chiral emitters inside the GNH cavity with excitation-dependent
polarization and modified spontaneous decay rate. In accordance with previous work,

the modification factor of chiral molecules can be calculated via the chiral Purcell ef-

Ar(r) « _@

A, —sy- For opposite circular polarization, due to the spin-

fect by:' M(r) =
Lt ()-I,~(r)

T I +1, the chiral Purcell equation can be given

photon locking effect, i.e.,

by:

rt ct
() o — (r)
Iy w3Ut

Mi(r) =

(3.3)

where the superscript stands for the excitation polarization state. The spontaneous de-

cay rate is modified by the chiral Purcell equation:lo2 Ajﬁr) =
0
F wd w§ €W ) x —D here Al'(r) =TI'*(r) — ' (r) stands for the
¢ w? a)g+4-Q2(a)—w0)2 Cmax Ne w3U’ B

differential decay of a chiral dipole emitter coupled to the ¢* and ¢~ circularly polar-
ized modes of the optical cavity at frequency w. Alo, Fc, wo, O, C(r), Cmax, #c, and U
are the unmodified differential decay, the chiral Purcell factor, the resonant frequency,
the quality factor of the optical cavity, local optical chirality, maximum optical chirali-
ty, exciton orientation factor, and total energy of the cavity, respectively.

The chirality of the emitter can be expressed by the contrast of polarization-

resolved PL from a 100 nm achiral nanocube. The corresponding dissymmetry factor

+
VN

IA+i+IA_

H+l H+

can be expressed as: ga* = 2 , where [ Aii are the intensity of opposite chi-

ral components of achiral nanocube PL under opposite chiral excitation. Based on
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&

symmetry of achiral nanocube under opposite excitation, we have ga* = —g,~, that
is, I,V =1,_" and I,_" =1,,7, respectively. Consequently, |ga¥| is about % in
Figure 3.10a and b. In our case, the enhanced/suppressed grer of polarization-resolved
PL generated from hot spots in GNHs under opposite helicity excitation can be writ-

ten as:

R QVNEE S (T
T+t + -t

o Cr@IA /U= (I _F /U™
T T CtMIps /U (1At U

(3.4)

We use a spatially averaged net value of optical chirality to consider an overall effect

for 2> 600 nm:
+ _ o [CFliast /Ut —[CT 1A% /U™
g = |cH|1a+T/U*+ICTIa-F /U~ (3-5)
which can be expanded in the following form:
Floe=ut
IA++—IA—++7|C ||C|—i||u_ a-t b
—Ipa-t+
gt =2 | = 2 e (3.6)
—|cF|+iT= = Ins " +Ip-" -
|cF|+1c=]
IA+++IA—++|CT+|U _+
Lo
o] = 2 | e e | ST, 57
g1= I I VTN N :
IA_ +IA+ +T A+
. _ g+ o —u- o
o I T A c=-[cF| % -
where a = | ||c_+| CJp-Tand B = Tl U% 5+~ . For R-GNHs, we have: |U—+—

I
U

spondingly:

lg*l =2

lg~|

IA++—IA_++(X|
IA+++IA_+—(Z
|1A—_—1A+_+[>’
In-"+Ia+"—B

+ +
Ipn+——Ia—~
IasF+Ip*

+ +
In+——Ia—~
IasT+Ip_ %

= |gal

= |gal

C—: < 0 as depicted in Figure 3.16b. As a result, we have ¢ > 0 and f < 0 and corre-

(3.8)

(3.9)

Consequently, this result confirms the enhancement/suppression of dissymmetry fac-
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tors in Figure 3.10a-d.
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Figure 3.16 (a) The integrated net optical chirality for a L-GNH under RCP (red) and LCP (black)

excitation. (b) (é—+ + (é—_ represents the totality of the integrated optical chirality for GNHs under
0 0

RCP and LCP excitation. The non-zero value relates to the chiral antenna mode of the GNHs, with

the greatest dissymmetry factor appearing at about 600 nm. For A > 600 nm, the parameter % -

|U—+ is negative, which manifests the polarization steering activity in polarization-resolved PL.

In the above process, we can also understand the asymmetric chiral response of
the GNH by the chiral antenna effect. Under linearly polarized excitation, GNHs’ res-
onant scattering response can be separated in the far field domain with a numerical
method (Eycp = Ex + IE), and Ercp = Ey — iE,,). The dissymmetry contrast is calcu-
lated and depicted in Figure 3.17a, which is in consistence with the net optical chirali-
ty under isotropic excitation (Figure 3.16b, Cig’%?pic = % + %), both having a valley
at about 600 nm. The GNHSs’ chiral antenna emission procedure is also conducted ex-
perimentally through using linearly polarized light (593.5 nm and 532 nm) to generate
the CPL signal of GNHs (Figure 3.17b and c). R-GNH exhibit smaller LCP PL than

that of RCP, while L-GNH had a reverse scenario. Treating the linearly polarized ex-

citation as a superposition of two excitations with reverse helicity, the enhancement
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and suppression grpL in experimental polarization-resolved chiral PL results depicted
in Figure 3.9a and b can be further proved by CPL results as obtained above. Alt-
hough the intensities are different, the contrast and polarization feature of chiral PL
signals obtained under the 593.5 nm and 532 nm excitation conditions have identical
performance, which demonstrates a similar chiral-antennas-like behavior of GNHs at
wavelengths ranging from 600 to 750 nm.

In addition, Appendices (B) confirms the ITO substrate has no influence on the

chiral PL properties of GNHs.
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Figure 3.17 (a) Calculated dissymmetry contrast D of CPL. D= (I.cp - Ircp)/ (ILcp +rep). licp and

Ircp is derived from the x and y component of the electric field as I; cp = |Ex +iE, |2 and Ixcp =

|Ex - iEy|2. CPL spectra of the R-GNH (pink) and L-GNH (blue) under (b) 593.5 nm and (c) 532

nm laser excitation. The solid lines show the Lorentzian fits of the raw data.

Notably, the chiral PL of the GNH with another kind of morphology (Appendices
(C)) has a higher dissymmetry factor, revealing that the construct of the GNH has in-

fluence on the chiral PL properties.
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3.4 Conclusion

In this chapter, the chiral PL properties of GNHs at the single-particle level are
experimentally studied. It was found that, the excited PL signals of GNH enantiomers
have a reverse intensity trend in accordance with circular dichroism absorption, while
the polarization-resolved chiral PL signal is driven by circular polarization. The phe-
nomenological model quantifies the dissymmetry g-factor of chiral PL, having good
concordance with our experimental results. The simulated optical super-chiral near
field confirms that GNH acts as a chiral antenna via chiral Purcell effect, and leads to
preferred emission of polarization-resolved chiral PL signals. Experimental observa-
tions indicate that the scattering and PL of the GNHs have single-particle level circu-
lar differential performance and specific favored emission handedness, further foster-
ing potential application in the area of chirality-related biology imaging, biosensing,

and probing.
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Chapter 4 Gold nanohelicoid modulated chiral Raman scat-

tering through a Fabry-Perot cavity

4.1 Introduction
4.1.1 Chiral gold nanoparticle modulation in nanophotonic systems

Newly appeared Au NPs with intrinsic geometric chirality have relative strong
and tunable chiral optical activities in the visible region of electromagnetic spectrums,
one of which possesses strong CD signals with the g-factor up to 0.2. Recently, the
investigation of single-particle chiral scatterometry!® and hyper-Rayleigh scattering
of the GNH solution'!® extend those chiral gold nanoparticle chiroptical response
properties. These chiroptical responses allow them to modulate the circular polariza-
tion of hybrid nanophotonic systems such as quantum dots or two-dimensional transi-
tion metal dichalcogenides’ (TMDCs) valley polarization. For example, Miandashti et
al. experimentally demonstrated one kind of these chiral nanoparticles could be suc-
cessfully used to generate photothermal chirality of AlGaN: Er*" film (Figure 4.1a).!"!
The absolute temperature difference of 6K under the RCP and LCP light excitation

can be achieved. Kim et al.''?

applied chiral nanoparticles on a monolayer WS,
achieving a large degree of circular polarization; up to 45% (Figure 4.1b).!'? The sin-

gle chiral nanoparticle makes it possible to excite valley-polarized luminescence with

a linearly polarized light excitation.
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Figure 4.1 (a) Schematic illustration of chiral gold nanoparticles participated photothermal chirali-

ty excitation.!!'! (b) Polarization resolved PL emission from WS, with and without a chiral nano-

particle on WS, under right circularly polarized light excitation. '

However, the gold nanohelicoid modulated chiroptical activities are not strong

and the mechanism behind them is still not clear enough.

4.1.2 Fabry-Perot optical cavity

An optical cavity or optical resonator confines electromagnetic wave at one or
more resonant frequencies. The confinement of the standing waves is realized by re-
flective boundaries formed by two mirrors. The FP cavity is one of the most important
microcavities due to its higher resolving power and light throughput.

The FP cavity was invented in 1899,!'3 and contains a gap between two mirrors
with high reflectance. There are two kinds of FP resonators: planar and curved mirror
FP cavities. For a planar mirror FP cavity, a normal incident light will be reflected
several times, causing numerous transmission and reflection components. The propa-

gation phase shift for light travelling a single round is expressed as:

_4m
=%
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where Ao is the wavelength in vacuum, # is the refractive index of the cavity medium,

and L is the thickness of the cavity. The total transmission can be calculated by:!!*

I _ (1-R)?
I; ~ (1—-R)2+4R sin2(6/2)’

4.2)
where [;, I;, and R are the overall incident intensity, transmitted intensity, and the re-
flectance of the mirror, respectively. According to Equation 4.1 and 4.2, the condition

for a resonance frequency can be expressed as:

Vi = mﬁ 4.3)

where m is an integer representing the longitudinal mode order. Now the allowed
modal resonance wavelengths can be calculated by:

A = — 4.4

To make the series of reflections interfere constructively, the phase shift of the

light propagating in the cavity is supposed to be a multiple of 2. According to Equa-

tion 4.3, the free spectral range (FSR) is written as:

c

The FSR represents the frequency difference between mode order m and m+1. If we
do not consider effects such as material dispersion and mirror penetration phenomena,

the FSR in terms of wavelength is written as:

A= 2m (4.6)

™ m+1

Finesse (F) and quality factor (Q) are two important figures-of-merit of FP cavity. F'is
denoted as:

_r
F=2 4.7)

where Av is the full width at half maximum (FWHM) of the resonance peak. Q is de-
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fined as:

Q=" (4.8)

L

Figure 4.2 Schematic illustration of a Fabry-Perot (FP) cavity with two parallel planar mirrors.'!>

FP cavities have been found to have many useful applications in various fields.
For example, a FP cavity with high F can be used as an interferometer in uncountable
spectroscopy. FP cavity is also widely employed in lasers as a resonator to provide
significant optical feedback and spectral discrimination in lasers. Additionally, FP
cavity can be applied as an archetype to help study other optical resonators like ring
and crystal resonators.!!> Considering FP cavity could enhance the interaction be-
tween light and matter, and has the advantage of position insensitivity, it may be a

good candidate to further increase the chirality modulation response.

4.1.3 Fabry-Perot cavity coupled with plasmonic nanostructures

The electric field at the interface of metallic nanoparticles could be strongly con-
fined and enhanced by their LSPRs; this feature allows metallic nanoparticles to be

widely applied in SERS,!'"® nonlinear nanophotonics,'!” biosensing,''® nanolasing,'"
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and so on. However, the LSPRs of metallic nanoparticles generally have broad band-
width and high radiative damping.'?® Because their resonance frequencies are ex-
tremely sensitive to the particle size, geometry, composition, and surrounding medi-
um, in order to maximize the local field enhancement of metallic nanoparticles to the
full extent, approaches such as adjusting the dimension and loading composition of
nanoparticles to tune the resonances have been applied.'?! 122

Photonic cavities could offer amplified optical modes with narrow spectral
spreads and provide higher energy confinements with faster responses. Therefore, in-
tegrating plasmonic nanostructures with photonic cavities could be an effective ap-
proach to generate strong optical confinement and a high quality mode.'** The plas-
monic-cavity hybrid system can further amplify the local electric field intensity of
plasmonic nanostructures and consequently enhance light-matter interaction.

Among optical cavities, FP cavities combined with plasmonic nanostructures

124125 plasmon relaxation modulation,'?® optimized SERS

could realize mode splitting,
measurement, >’ 12% etc. Shuford et al. combined dimer nanoparticles with a dielectric
FP cavity for SERS measurement enhancement (Figure 4.3a).!?” They revealed how a
silver disc dimer/ bowtie nanoparticle hybrid system improves the SERS gain. Their
results indicate that the array pattern of nanoparticles could also effectively increase
the SERS gain. Maier’s group demonstrated that a single plasmonic nanoparticle-FP
cavity system could narrow the broad localized resonance of nanoparticles, increasing

the sensing figure-of-merit significantly (Figure 4.3b).!?° Such system notably im-

proves the detection resolution, manifesting its potential applications in remote sens-
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ing and dynamic biosensing. Tsukruk et al. studied the multibody coupling behavior
of Au nanospheres (Au NSs) on a SiO»/Si formed FP cavity (Figure 4.3¢).!? It is re-
ported that, the Au NS positioned on the FP cavity outcouples the standing wave in-
side the cavity to the far field, indicating the formation of highly localized hybrid

modes which is apparently different from the original pure FP cavity mode.

V. V.
d Z b Scattered light ¥ c 1 2
5 J_’X

Gap Incoming light Gold nanoparticle Plasmonic

y > resonator

FP cavity

High-index = &

hy = £r1 film Dielectric
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Figure 4.3 (a) Cross view of the disc dimer on top of a double layer FP cavity.'?’” (b) Schematic
illustration of a hybrid nanoparticle-microcavity system. The FP cavity is formed by high refrac-

tive index film deposited on low-index substrates.'?® (c) Schematic illustration of an Au nano-

sphere monomer and dimer on SiO,/Si FP cavity.!?

4.1.4 The chiral Purcell effect in a gold nanohelicoid-FP cavity cou-

pling system

In Chapter 3, we already know that the chiral Purcell effect accounts for the far-
field chiral response, so that chiral Purcell effect may also play a key role in studying
the circular polarization modulation mechanism in the nanophotonic system.

The Purcell effect describes the emission modification by optical resonator. Pre-
viously, it had been demonstrated that optical resonators could also enhance the chiral
emissions. Yoo et al. expanded the Purcell effect to the chiral light-matter interaction

in an optical resonator. They came up with a figure-of-merit chiral Purcell factor F,

55



@ THE HONG KONG POLYTECHNIC UNIVERSITY Chapter 4

which reflects the optical resonators’ ability on chiral emission modifications and
could be used to evaluate the enhancement of CD signal intensity. The chiral Purcell

effect is calculated by:!%?

_ 1 ()} ,0
Fo=— (W) ) (4.9)
The chiral mode volume V¢ is calculated by:
_ wlU U
VC - €Cmax o Uc,max (410)

where Cmax, U, and Ucmax are the maximal optical chirality in the cavity, total energy
of the cavity, and the maximum chiral energy density in the cavity, respectively. It
should be noticed that, uc is correlated with the degree of light, which is given by:!3

Uc

h=— (4.11)

cw
In fact, the chiral Purcell factor is similar to the standard Purcell factor. The only dif-
ference is the mode volume, which is substituted by chiral mode volume.

So00 et al. assumed a diffraction-limited lateral cavity with width L, = L, ==
as FP cavity to study the chiral Purcell effect in it. A¢ is the lowest order resonance
wavelength. They assumed that, in order to achieve high uc, the mirrors of the cavity
could preserve the polarization upon reflection.'*!> 132 The resonance of FP cavity is
trapped along the z with Lz=d. As shown in the Figure 4.4, the CD enhancement
AT /AT, could reach 10% thus manifesting the resonator could be used as a way to en-

hance the chiroptical activity as well as the dissymmetry factor. The volume-averaged

dissymmetry factor can be increased up to 10° inside the FP resonator.
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Figure 4.4 Enhanced CD of a polarization-preserved cavity. The mirror reflection coefficients are
90.0% (black line) and 99.8% (red line). The refractive index of the chiral molecule is 1.5. The

illustration depicts the polarization situation in the two cavities.!%?

4.2 Experimental methodology
4.2.1 Sample preparation

A 50 pL solution of synthesized GNH was centrifuged two times, and then the
centrifuged GNHs were redispersed into 100 pL DI water. A single drop of the diluted
solution (about 20 pL) was casted onto a pre-cleaned Si and 1000 nm SiO»/Si sub-
strate. Upon drying in the air for more than 10-15min, the solution on the substrate
was blown by a rubber suction bulb. The majority of GNH clusters were scattered into
monomers with large particle-particle distance, thus, enabling the measurement of

single nanoparticles.
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4.2.2 Single-particle scattering and Raman spectroscopy

The same home-built optical system introduced in Chapter 3 was also applied to
measure the chiral scatteromertries and Raman spectrums of the single GNH. A line-
arly polarized 532 nm/593.5 nm CW laser acted as the excitation source to excite the
Si chiral Raman signal of Si or 1000 nm SiO2/Si substrate. The laser light first trav-
ersed through a quarter and a half waveplate, generating circularly polarized light.
The single GNH was positioned at the center of the laser target area. To generate the
Raman signal, the power of the laser was adjusted to about 750 uW, and the integra-
tion time was limited to 8s. To block the excitation source before acquiring the Raman
signal, two long pass filters were used during the 593.5 nm excitation. When the exci-
tation source was 532 nm, two 533 nm cut-off wavelength (NF 533-17, Thorlabs,
Inc.) notch filters were used. This is because, under 593.5 nm and 532 nm excitation,
the silicone Raman signals are supposed to appear at around 613 nm and 547 nm, re-
spectively. The chiral scattering spectrum of the single GNH is measured by the same

microscope system equipped with a white light source.

4.3 Gold nanohelicoid modulated chiral Raman scattering

through a Fabry-Perot Cavity

4.3.1 Gold nanohelicoid modulated chiral Raman scattering

According to the discussion above, FP cavities are generally composed of an op-
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tically transparent medium sandwiched by two parallel reflective surfaces. In our
work, considering the fabrication procedure and cost, the FP cavity we use is formed
by a layer of 1000 nm SiO; sandwiched between Si and GNHs. Here, we only con-
centrate on the chiroptical modulation performance of GNHs in the FP cavity, the fig-
ure-of-merit of the cavity is less relevant. In the future, if the FP cavity with a high-
quality factor is required, we could use FP cavities formed by materials with high re-
fractive index difference. Figure 4.5 depicts the schematic illustration of the hybrid
system. The circularly polarized incident white/laser light is vertically illuminated on
the single GNH structure to excite the scattering signals of GNHs and Raman signals

of Si0,/S1 substrate.

Circularly polarized
white/laser light excitation

) Gold
"nanohelicoid

SiO, FP cavity

~

Sj Dielectric
substrate

Figure 4.5 Schematic illustration of a single gold nanohelicoid on the SiO/Si FP cavity.

Figure 4.6a and b depicted the scattering spectra of the single GNH on the hybrid
cavity system. The chiral scatterometry spectra intensities of GNH enantiomers are

different under the opposite circular polarization illumination. For one specific GNH

59



@ THE HONG KONG POLYTECHNIC UNIVERSITY Chapter 4

enantiomer, the scattering spectra have two peaks, one is at 550 nm and the other is at
660 nm, and both of them are at the wavelength that is close to the original CD and
absorption range of GNHs. In addition, the two peaks’ intensities’ trend towards RCP
and LCP illumination are the same. As a comparison, the scattering spectrums of sin-
gle GNH on the bare glass substrate are also measured. The scattering spectra given in
Figure 4.6¢ and d are similar with their scattering spectra on the high refractive index
ITO glass (Figure 3.8 and 3.12), but have a main peak shift from 650 nm to 600 nm;
all of them only have one peak between 500 and 800 nm. This indicates that, the
change of substrate refractive index has influence on the plasmonic resonance range.
The smaller linewidths of the two peaks in Figure 4.6a and b are about 50 nm, which
is much shorter than that of the peak with about 110 nm linewidth in Figure 4.6¢ and
d, manifesting their origin from the standing wave resonance condition of GNH and

1000 nm Si0»/Si substrate formed by the hybrid FP cavity system.
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Figure 4.6 Scattering spectrums of the (a) L-GNH and the (b) R-GNH structures on the 1000 nm
Si0,/Si substrate measured under white RCP (red) and LCP (green) light illumination. The data
are calculated by averaging 8 different GNHs scattering spectrums. Scattering spectrums of an (c)
L-GNH and an (d) R-GNH structure on the pure glass substrate measured under white RCP (o,

red) and LCP (c%, green) light illumination.

In order to further verify the role of the hybrid FP cavity and the GNH on the
scattering spectrum, the same measurements have also been done on a single achiral
nanostructure. As shown in Figure 4.7a and b, achiral nanostructures do not have a
scattering intensity difference under RCP and LCP illumination, and the two peaks
appearing on the 1000 nm SiO2/Si substrate are located at the same position of that of
the GNH. In addition, Figure 4.7c and d show the scattering spectra of L-GNH on the
pure Si and 1000 nm SiO2/Si substrate under the illumination of white light without a

circular polarization state, revealing that the two peaks of scattering spectra are at-
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tributed to the formed cavity system. Therefore, we could conclude that, the interac-
tion between the GNH and the 1000 nm SiO»/Si substrate leads to the two strong
peaks of scattering spectra and the same intensity trend of the corresponding two

peaks. The mechanism of these phenomena will be discussed later.
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Figure 4.7 Scattering spectra of an achiral structure on (a) pure Si substrate and (b) 1000 nm
Si0,/Si substrate measured under white RCP (o7, red) and LCP (%, green) light illumination.
Scattering spectrums of a single L-GNH structure on (c) pure Si substrate and (d) 1000 nm SiO»/Si

substrate under white light illumination with no circular polarization state.

To further study the chiral modulation between the FP cavity and GNHs, we also
investigated the phenomenon on another optical parameter of the hybrid system. Si
Raman spectra of the SiO2/Si substrate were measured using the same dark-field scat-
tering measurement system with integrated CW lasers. As Figure 4.8a and b show,
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under the 593.5 nm RCP light excitation, the L-GNH structure has a stronger Raman
signal than that of the LCP excitation, while the Raman signal of R-GNH has a oppo-
site intensity contrast. These experimental results clearly demonstrated that the chi-
roptical activity of GNH modulates the chiral Raman responses of SiO2/Si substrate,
and the properties of modulated Raman signals are in consonance with the GNH en-
antiomers. The results given in Figure 4.8c and d show the Raman signals of single
GNH on the pure Si substrate, which also have similar results. In addition, Raman
signals of the 1000 nm SiO>/Si and Si substrate with or without the achiral nanostruc-
ture reported in Figure 4.9 do not have intensity difference towards RCP and LCP il-
lumination. These results also prove that the Si chiral Raman property is due to the
existence of the GNH.

The degree of the Raman intensity differential is evaluated by the dissymmetry
Ip+—IR

factor gr, which is defined as g = —— — where [ r+ 1s denoted as the Raman inten-

Rt

sity excited by LCP light, and Ir- refers to the Raman intensity generated by RCP
light. According to the definition, the absolute values gr of L-GNH and R-GNH on
the 1000 nm SiO»/Si substrate are about 0.22 and 0.25, respectively. Meanwhile, the
absolute values of gr for the GNH enantiomers on the pure Si substrate are around
0.29 (L-GNH) and 0.25 (R-GNH), which are little bit larger than that of the GNH-FP

hybrid cavity system.
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Figure 4.8 (a, b) Raman spectrums of the single (a) L-GNH and (b) R-GNH structure on 1000 nm
Si0»/Si substrate under RCP (o7, red) and LCP (c*, blue) laser excitation at 593.5 nm. (c, d) Ra-
man spectrums of the single (¢c) L-GNH and (d) R-GNH structure on pure Si substrate under RCP

and LCP laser excitation at 593.5 nm.

64



R
&

v THE HONG KONG POLYTECHNIC UNIVERSITY Chapter 4
a b N
8o —O
—~ 60 —
3 3 -
s s
> S, 60
w40 ‘B
5 5
£ E %
g 20f g
£ € 20
] ]
x x
D 0
605 610 615 620 605 610 615 620
Wavelength (nm) Wavelength (nm)
40
c d
—_— —g _— —0
5 —o* 5 —o*
s s 40f
2 2
2 20 2
2 3
= £ 20
c c
(] ©
§ g
X 9 14
0
605 610 615 620 605 610 615 620
Wavelength (nm) Wavelength (nm)

Figure 4.9 (a, b) Raman spectrums of an achiral structure on the (a) 1000 nm SiO»/Si and (b) pure
Si substrate under RCP (o7, red) and LCP (c*, blue) laser excitation at 593.5 nm. (c, d) Raman
spectrums of a (c) bare 1000 nm SiO,/Si and (d) bare Si substrate under RCP and LCP laser exci-

tation at 593.5 nm.

To make a comparison, the above measurements for the L-/R-GNH on the
Si02/Si and Si substrate were also conducted at 532 nm excitation. In comparison
with the results of 593.5 nm illumination, the Si Raman intensities of the substrate
under 532 nm excitation are smaller (Figure 4.10). Accordingly, absolute gr values of
532 nm excitation are also smaller than that of 593.5 nm, which are about 0.21 for L-
GNH and 0.14 for R-GNH on the Si0,/Si substrate, and 0.20 (L-GNH) and 0.18 (R-
GNH) for GNHs on the pure Si substrate. In the meantime, gr values for the bare Si
substrate are larger than on SiO2/Si substrate, similar to that of the 593.5 nm excita-
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tion. These observations indicate that the chiral Raman signals are determined by the
intrinsic chiral performances of GNHs as shown in Figure 2.4c: GNHs have smaller
chiral response at 532 nm than that at 593.5 nm. This is because both incident laser
light and optical responses of substrate are modulated by the GNH. Therefore, to have
chiral Raman signals with a higher dissymmetry factor, 593.5 nm illumination is bet-
ter than 532 nm. This conclusion is similar to the acquisition of higher enhanced chi-

ral PL of GNHs obtained in Chapter 3.
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Figure 4.10 (a, b) Raman spectrums of the single (a) L-GNH and (b) R-GNH structure on the 1000
nm SiO»/Si substrate under RCP (o7, red) and LCP (¢7, blue) laser excitation at 532 nm. (¢, d) Ra-
man spectrums of the single (¢) L-GNH and (d) R-GNH structure on pure Si substrate under RCP

and LCP laser excitation at 532 nm.
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Additionally, the scattering and Raman spectrums of GNHs on SiO»/Si substrate

with different thicknesses are given in Appendices (D).

4.3.2 An extended chiral-modulated Fabry-Perot cavity model

To understand the scattering properties of the hybrid system, relevant theoretical
analysis and numerical simulations using Lumerical FDTD have been done on an ex-
tended chiral-modulated FP cavity model. The FP model describes the reflected elec-
tric field amplitude Arp of an air-SiO»-Si cavity, which can be expressed as:

App = Tair—sio,Ao + L& tairsi0,Tsi0,-sitsio,—air (T5i0,air Tsiop—si) "€ %% Ag(4.12)
where Ao is the amplitude of incident electric field, ¢ is denoted as the amplitude
transmittance, 7 is the amplitude reflectance, and Jrp is the phase difference of the FP
cavity. Since 750, —qirTsio,-si 18 about 0, considering the first two terms, the reflec-

tance of the FP cavity can be written as:

*

I
Prp =1 =7 = Pair-sio, T Tair-si0,Psi0,-siTsio,—air T

2\/pair—SiOZTair—SiosziOZ—SiTSiOZ—airCOSSFP (4.13)
where the intensity reflectance p = 2, intensity transmittance 7 = % t?=1-p, and
1
: . . : : 4
the optical path difference induced phase difference is 67F = %nsiozL. L represents
the thickness of the SiO; layer. The first two terms of reflectance in the Equation 4.13

are the reflectance of a multilayer model without FP modulation, which is written as:

PML = Pair-sio, T Tair-sio,Psio,-siTsio,—air 4.14)
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According to the equation, the enhancement and suppression factor Ap can be calcu-

lated by:

__ PFP _ 2./Pair-si0,Tair—si0, PSi0,-Sitsio,—air
Appp =——1=—"—"— T - — —CoS
PML Pair-Sio; tTair-Si0, PSi0,-SitSi0y—air

41T

Nsio, L (4.15)
Using Fresnel’s formula and FDTD solution, the reflectance/transmittance at different
interfaces, and reflectance of FP cavity can be calculated, respectively. The simulated
Ap of FP and calculated Ap based on Fresnel’s formula as a function of wavelength
are plotted in Figure 4.11a. Both intensity and phase match well. The calculated spec-
tra of the SiO» layers with different thicknesses also have good alignments with the
experiment results.

Since the introduction of plasmonic nanoparticles on a FP cavity can induce an
additional phase shift @ of the reflected beam, and elongated penetration depth of
the electrical magnetic wave into the upper interface of the FP cavity by a distance of
AL. Therefore, to qualitatively analyze the scattering features of the 1000 nm Si02/Si
substrate with the GNH on it, an extended FP model is introduced here:'?°

SUSPFP = T _poo (L + ALY + ¢y (4.16)

ALSP-FP

As a result, by ignoring the multi-reflected terms in FP, the scattering amplitude of the

hybrid system can be expressed as:

— cbackward forward LSP—FP
Apsp—rp = Sair—GNH-si0,A0 + tair—GNH-510,75i0,-5i55i0,~GNH-air0 Ay (4.17)

where S is the amplitude scattering parameter. The scattering cross section orcp-rp 1S

given by:
— backward + . ) ) ] forward +
O0Lsp-FP = Ogir—GNH-5i0, T Tair—-GNH-5i0,P5i0,-5i95i0,~GNH-air
backward forward LSP—FP
2\/O'air—GNH—SiOZPSiOZ—siTair—GNH—siozO'SiOZ_GNH_airCOS(S (4.18)
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Similar to the equation without GNHs, the first two terms in Equation 4.18 stand for
the scattering cross section of the GNH on a multilayer structure without FP modula-

tion, which is defined as:

_ _backward forward
OLsp-ML = Ogir-GNH-si0, T Tair-GNH-5i0,P5si0,-5i%si0,-GNH-air (4.19)

The simulated orcp-rp of FP and calculated orcp-mL based on Equation 4.18 and 4.19
above are shown in Figure 4.11b. In the oLcp-ML spectrum, there are two peaks in the
calculated intrinsic GNHs spectra, which is attributed to the structure of the simulated
GNHs design interacting with substrate, while in the o1 cp-rp spectrum of the GNH-FP
hybrid configuration, more peaks with narrower linewidths have been seen. The 150
nm single GNH has a broad scattering peak with pronounced spectral oscillations at
the long wavelength edge of the visible range, whose linewidth is Akrspr 130 nm. The
FP cavity modified scattering mode of the GNH has split peaks with a linewidth AA;.
spr of 60 nm, which is 2.2 times smaller than that of the intrinsic scattering spectrum
FWHM of GNHs. In the FP modulated spectrum, two peaks centered at 580 nm and
690 nm agree well with peaks under experimental observation (Figure 4.6). Figure
4.11c describes the electric field distribution in SiO2 layer under 593.5 nm excitation,
displaying a hybrid scattering mode pattern inside the cavity with scattering confined
at a limited angle. The large reduction of the linewidth of each individual resonance
could significantly improve the Purcell factor or break the detection resolution limit
when the hybrid resonance is applied in refractive index sensing applications. '

The simulated enhancement and suppression factor can be written as:

Aoysp_pp = —Zz:::;i -1 (4.20)
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and calculated factor is expressed as:

backward forward

A 2 |%air-GNH-5i0,PSi02-SiTair-GNH-Si0295i0,-GNH-air . .

OLsp-Fp = backward T ] ] .O_forward cos ALSp—Fp nSiOZ( +
air—-GNH-Si0, T Tair-GNH-Si0, PSi02-5i%5i0,-GNH-air -

AL) + ¢y (4.21)

The calculated factor as a function of wavelength is depicted in Figure 4.11d. The
phase is optimized to match the result of the simulated factor. Fitted AL=110 nm and
®nv=0.297t are obtained. The resonance condition of the particle-cavity to obtain a
maximum reflection is modified to be written as:

41T

2mm = Nsio, (L + AL) + (nbM (422)

ALsp-Fp
where 7 is the additional phase of the half wave loss, m is the FP mode order number
at the resonance wavelength AALspr, 7nigi0, is the refractive index of the SiO» layer,
and d is the thickness of the SiO; layer. The matching provides the correct mode order
number of each resonance. In Figure 4.11d, the coarsely matched order number of
five peaks at 430 nm, 490 nm, 570 nm, 690 nm, and 860 nm are 8, 7, 6, 5, and 4 re-
spectively. When the thickness of the FP cavity varies, the calculated peak position

using the same AL and ®wm still match the measured peak position well, confirming

the accuracy of the extended model.
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Figure 4.11 (a) Simulated and calculated relative intensity of the bare 1000 nm SiO»/Si FP cavity.
(b) Simulated and calculated scattering spectra of the GNH on the 1000 nm Si0O,/Si FP cavity. (c)
Electric field distribution of a cross section of the GNH on Si0O,/Si substrate hybrid FP cavity sys-

tem. (d) Simulated and calculated relative intensity of the GNH on the 1000 nm SiO»/Si FP cavity.

The chiral properties of the hybrid system are investigated by its different extinc-
tions to RCP and LCP. Compared with GNHs in free space, the reflection of Si sub-

strate induces the excitation spin flipping. Thus:

+ F
+ _ backward - + forward
OLsP—FP~ = Ogir-GNH-Si0, T Tair—GNH-Si0, PSi0,-5i05i0,~GNH-air T
+ T
backward 5. . 4 forward LSP—FP
ZJUair—GNH—sioz Psio,-sitair-GNH-5i0,~ 0si0, - GNH-air cosd (4.23)

where the superscripts + indicate the RCP and LCP scattering direction. Subscripts

backward and forward indicate the transmission and reflection condition. Similarly,
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the first two terms are the scattering cross section of the GNH on the multilayer struc-

ture without FP modulation, which can be expressed as:

+ T
+ _ _backward = + forward
OLsP-ML™ = Ogir—GNH-si0, T Tair—-GNH-5si0," Psi0,~5i05i0,~GNH-air  (4-24)

The simulated CD of GNH on the FP cavity is defined as: CD;gp_pp = Orsp—pp T —
o.sp—rp - The calculated CD of GNH in the multilayer reflective model is defined as:
CDsp_mi = Orsp—mLt — 0Lsp—m.” . CDrsp-rr and CDirsp-mr as functions of wave-
length are plotted in Figure 4.12a.

In comparison with the simulated CD of the GNH on the infinity thick SiO>
(green line in Figure 4.12a), the sign of the calculated CD at 550 nm flips across the
calculated region. This is due to the dominant CD factor mainly originating from the
reflective part (second term in Equation 4.24) in our model. Interestingly, the CD of
the GNH-FP cavity hybrid system has more complex features, including several peaks
and valleys. At the FP modulated resonance peaks, i.e., 590 nm and 690 nm, negative
CD signs are observed. The two peaks with the same intensity contrast of the hybrid
system are mainly caused by the direction change of 4 in reflection. When one specif-
ic circularly polarized light reflects from the bottom of the FP cavity, the reflection
causes the spin state to change to the opposite, leading to the change of & direction,

thus the flip of scattering signal. Qualitatively, the CD difference can be written as:

— — + + -
ACD = CDysp_pp — CDysp_ym1 = (Opsp—pp” — Opsp-mr™) — (OLsp—pp  —

- _ backward + + _forward _
OLsp-mL” ) = Z(JUair—GNH—sioz Psio,-siTair-GNH-5i0;  95i0,-GNH-air

— _forward

gbackward = T . +)COS 4t
air—-GNH-5i0, PSio,-Sitair-GNH-5i0, 9si0,—GNH-air -

Nsio (L + AL) +
ALSP-FP 2
bm (4.25)
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Simulated and calculated results using the same phase parameters are shown in Figure
4.12b, which have a good agreement in phase. When preforming the calculations of

the FP cavity with different thicknesses, results also agree well.
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Figure 4.12 (a) The simulated (red) and calculated (blue) CD of the GNH on the 1000 nm SiO»/Si
substrate using the FP modulated model. The CD of the GNH on the infinity SiO» substrate. (b)
The simulated (red) and calculated (blue) CD difference of the GHN on the 1000 nm SiO»/Si sub-

strate using the FP modulated model.

4.4 Conclusion

In this chapter, we systematically studied the chiral scattering spectra of GNHs
on a FP microcavity at the single-particle level. The corresponding scattering spectra
have two strong peaks with the same intensity trends under different circular polariza-
tion illumination, and both of them are corresponding to their absorption spectrum. In
addition, the Si Raman intensities of the SiO2/Si substrate under LCP and RCP light
excitation are modulated by the GNH on it. The dissymmetry g-factor of the Raman
intensity contrast can reach around 0.2. A detailed theoretical analysis including an

extended FP model and numerical calculations has been given to reveal the single-
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particle circularly polarized scattering spectra and chiral Raman feature of the GNHs-

FP cavity hybrid system.
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Chapter 5 Gold nanohelicoids based chiral molecule recog-

nition using Raman spectroscopy

5.1 Introduction
5.1.1 Raman spectroscopy

Raman spectroscopy is a technique that utilizes the intra- and inter vibrational
modes of molecules to study the structural information of the molecules. The Raman
effect results from the inelastic scattering of light by matter, and it provides the insight
into the low frequency modes and vibrations of systems.

When photons are scattered, dominant elastic scattering is Rayleigh scattering,
and a very small amount of inelastic scattering is Raman scattering.'** Figure 5.1 de-
picts the Rayleigh and Raman scattering processes, which both contain scattering in-
cident light from a virtual state. Rayleigh scattering starts from incident photons,
which are excited to the virtual state and then transit back to the ground state. During
this process, there is no energy change. Raman scattering results from the incident
photon emitted from the virtual state to the first excited state. The frequency of the
emitted photon changes down (Stokes Raman scattering) or up (anti-Stokes Raman
scattering).”*> The frequency of scattered light can be expressed as: w = w, +
Wosc, ¢ Where wosc is the lattice or molecule vibration frequency, and w, is the fre-
quency of incident photon. “+” represents the energy conservation state. The collision

between the photon and molecules leads to different vibrational energy, thus causing
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the energy and frequency shift.
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Figure 5.1 Schematic illustration of Rayleigh scattering and two kinds of Raman scattering pro-

cesses.1?

5.1.2 Surface enhanced Raman spectroscopy

SERS is a surface-sensitive spectroscopy technique that enhances the Raman
scattering of molecules by the LSP induced amplification of electromagnetic fields,
which allows analytes with low concentration to be sensed. The enhanced Raman
spectrum of pyridine on a roughened silver film was observed in 1974, however, at
that time, scientists did not discern that the enhanced spectrum accounts for new phe-
nomena.’’” In 1977, the concept of SERS was reported, and mechanisms of the ob-
served enhancement were proposed.'*® Subsequently, the research on SERS has
grown exponentially in various fields including sensing, imaging, molecule detection,

etc.]39’ 140
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Figure 5.2 Number of publications on surface enhanced Raman (SERS) technique research.!'?°

The electromagnetic enhancement is the widely accepted mechanism that causes
the Raman signal enhancement.'*! The enhancement is attributed to the LSPRs in-
duced light amplification. The electromagnetic enhancement for SERS can reach fac-
tors of ~10'°-10!! determined by the plasmonic material used for the SERS.!** In gen-
eral, the enhancement factor is estimated by the magnitude of the localized electric
field to the fourth power.!'*!

Another mechanism in signal enhancement is chemical enhancement. Charge
transfer mechanism is a type of chemical enhancement, which occurs when the excita-
tion wavelength is resonant with metal-molecule charge transfer electronic states.
Theoretically, the chemical enhancement factor could reach up to 10 based on the
time dependent density functional theory.'*

Electromagnetic and chemical enhancement results lead to the resulting SERS
enhancement, which is calculated by the product of the two kinds of enhancement
(Figure 5.3a).!%¢ The effective SERS enhancement greatly relies on the interaction be-

7



@ THE HONG KONG POLYTECHNIC UNIVERSITY Chapter 5

tween adsorbed molecules and the plasmonic nanostructure interface. Au, Ag, and
Copper (Cu) are three commonly used SERS substrates. Compared with Cu, Au and
Ag are more often used SERS substrates because they are more stable in the air. The
LSPRs of these three metals ranges from the visible to infrared region, which could
satisfy most Raman measurements (Figure 5.3b). In the past few decades, scientists
have been working on improving the configuration and structure of the substrate to
further increase the SERS enhancement factor. In recent years, Au or Ag NPs with
different shapes and coatings were developed as new category substrates for SERS
measurement. Taking advantage of these new substrates, SERS have been demon-
strated to have significant applications in the field of biosensing,'*

electrochemistry,'* as well as single molecule detection.!4¢

a Surface-Enhanced Raman Scattering b
Plasmonic ==
Plasmon Active  Elctric Field
Nanoparticle @ Wg ﬂ Au
@T ‘ ad
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Figure 5.3 (a) Schematic illustration of SERS process.!3¢ (b) LSPRs range of Ag, Au and Cu.'*’

5.1.3 Raman optical activity

Raman optical activity (ROA) measures the small intensity difference between
Raman scattering in RCP and LCP light. It is a chiral optical technique manifesting

the vibrational optical activity.!*” The fundamental mechanism research of ROA start-
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ed from Atkins and Barron.!* Compared with vibrational circular dichroism (VCD),
ROA is more sensitive on reflecting the 3D structural conformational information of
chiral molecules in the solution,'* and there is no limitation on the size and type of
molecules. There are four forms of ROA, which are determined by the incident polar-
ization and scattering geometry. The most common ROA is incident circular polariza-
tion (ICP) ROA, whose scattered intensities are excited by RCP and LCP incident
light. The other form is scattered circular polarization (SCP) ROA, whose incident
excitation is linearly polarized, and whose scattered light is resolved into RCP and
LCP components. The last two forms are dual circular polarization one and two,
whose incident and scattered light are both circularly polarized.'>® Generally, circular

intensity difference (CID) is used to quantify the degree of Raman optical activity:

IR—

L
;L. I} and I" are the scattered intensities in RCP and LCP incident light, re-

A R L

T IR+

spectively.

ICP ROA
B
F
N H \\“w"'
® Br c R
e
SCP ROA a\
® -0,

Figure 5.4 (A) Incident circular polarization (ICP) and (B) scattered circular polarization (SCP)

Raman optical activity (ROA) form with incident light of angular frequency w.'>°
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ROA is widely applied in the study of proteins, viruses, carbohydrates, etc. It
provides extra and intense information of the most rigid and chiral parts of the struc-
ture, and is a more sensitive technique on structural related measurement than Raman
spectroscopy.'>! However, it is restricted by the intrinsic weakness scattering radiation
of molecules, requiring long data accumulation times and high concentrations of the
sample. Generally, the ROA intensities are three to five orders of magnitude weaker
than the normal Raman scattering.'>? This is because ROA requires higher-order elec-
tric quadrupole and magnetic dipole to obtain circular intensity difference.'>* Apply-
ing SPR to the sample to excite SERS is an underlying approach to increase the inten-
sity of ROA response. Some research has been done on surface-enhanced Raman op-
tical activity (SEROA)."** The theory of SEROA was first brought up by Efrima who
revealed that apart from the evanescent electric field of metal surfaces, electric field
gradient could also enhance the ROA signal.!>> 15¢ Osinska et al. measured the
SEROA spectra of cysteine enantiomers by using a roughened silver-based system;'>’
although the authors could not observe the SERS spectra of L-/ D-Cys. Ostovar et al.
observed a chiral effect on the surface enhanced resonant Raman spectroscopic spec-
trum of the achiral benzotriazole dye by using an achiral Si0; coated Ag NP and chi-
ral analyte.!>® However, until now, it is still hard to obtain reliable SEROA spectrum
without spectral artifacts. Since the metal surface may change the circular polarization
state of reflected electromagnetic waves, it induces an elliptically polarized light.!>
Additionally, it was found that the ROA signal is molecule-substrate orientation sensi-

tive.]sz’ 153
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Considering the drawbacks of ROA, recently Jin’s group reported a new enanti-
oselective differentiating approach on traditional Raman spectroscopy with the assis-
tance of chiral Au clusters.'®® However, this approach is limited in its ability to recog-
nize all chiral molecules. This is because, the inorganic crystal interfaces formed by

chiral atoms’ arrays have different absorption abilities toward organic enantiomers.'°"

162

5.2 Experimental methodology

5.2.1 Sample reparation

To assess the Raman enantio-discrimination ability of GNH, chiral molecules in-
cluding cysteine (Cys), glutathione (GSH) and tryptophan (Trp) were selected. First,
pre-prepared 3 mL vials of GNH solutions were centrifuged two times to remove the
attached CTAB, and then the solution was redispersed in 150 pL. DI water. Second,
the condensed 150 uLL GNH solution was mixed with 150 pL 200 uM L-/D-Cys, or
300 uM L-GSH, or 200 uM L-/D-Trp solution. When adding the L-/D-Trp to the GNH
solution, the pH was adjusted to about 9 by adding propriate 0.1 M sodium hydroxide
(NaOH), since the Trp is more stable in an alkaline environment.'*® After gently stir-
ring the mixed solution overnight, 100 pL the mixture was dropped onto the 1 cm X 1
cm Piranha-etched glass. Finally, the dried sample was positioned on the sample stage
of the Raman spectrometer for further measurement. Four kinds of coupled samples

were made, which include L-GNH/ L-Cys, L-GNH/ D-Cys, R-GNH/ L-Cys, R-GNH/
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D-Cys, L-GNH/L-Trp, L-GNH/D-Trp, R-GNH/L-Trp, R-GNH/D-Trp, L-GNH/L-GSH,
and D-GNH/L-GSH.
The attachment of Cys and GSH on GNHs are due to the formation of Au-S

bonding between Cys and GNHs,!'®® while the attachment of Trp is due to the Au-N

bonding. '
SH
0 o] [e] (o]
[ PP
s N NoH HO/\-,_/\/\N on Mo | AN
i o
NH, NH, o ﬂ
Cysteine Glutathione Tryptophan

Figure 5.5 Molecular structures of cysteine, glutathione, and tryptophan.

Glass with Piranha treating is to enhance its hydrophilic ability, making the GNH
mixture dispersed uniformly. Before hydrophilic treatment, glasses were cleaned by
ultrasonication in acetone, ethanol, and DI water. After cleaning, they were immersed
in Piranha solution (H2SO4 (95%—-98%) / H2O2 (30%) = 7:3) at 100°C for 1h, and then
were rinsed and ultrasonically cleaned for 30 min with pure ethanol and water.'® The
obtained functionalized glasses were dried in a stream of N> gas for the further sample

preparation.

5.2.2 Raman characterization

The Raman spectrums of the samples were recorded by a commercial confocal
Raman spectrometer (Witech alpha300 R). The sample was focused under a 100X mi-

croscope and the Raman signals were collected under 633 nm excitation. The laser

82



@ THE HONG KONG POLYTECHNIC UNIVERSITY Chapter 5

power was set to be 0.5 mW and the integration time was 15s with 2 times accumula-
tion. The use of 633 nm rather than 532 nm as excitation source is because the gold
nanohelicoid has stronger CD response (Figure 2.4c¢) at 633 nm. The low power of
laser and long accumulation time is to avoid damaging the chiral morphology of na-
nohelicoids and obtain reliable signals. For each sample ten Raman spectrums were

measured at different spots.

5.3 Gold nanohelicoid assisted Raman enantioselective recogni-

tion

First, we measured the CD and Raman spectrums of pure L-Cys and D-Cys as
given in Figure 5.6. The CD spectra of Cys enantiomers show a mirror image CD re-
sponse while the Raman spectra are almost the same indicating the Raman spectros-
copy cannot be used to distinguish Cys enantiomers directly. In this work, we take

advantage of GNHs for Cys enantiomers discrimination using Raman spectroscopy.
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Figure 5.6 (a) CD spectra of 1 mM L-Cys and D-Cys solution. (b) Raman spectra of pure 10mM L-

Cys and D-Cys.
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After mixing Cys with GNHs in solution and dried on glass substrate, it is re-
vealed that for one handedness GNH attached with L-Cys and D-Cys, their character-
istic Raman peaks (497 cm™) are the same but differ in intensity. As shown in Figure
5.7a, the L-GNH/ D-Cys is apparently stronger than that of L-GNH/ L-Cys. Similar
results can also be found in R-GNH mixtures (Figure 5.7b), where the intensities for
R-GNH/ L-Cys are stronger than that of R-GNH/ D-Cys. The relative standard devia-
tion (RSD) of the peak at 497 cm™ of the 10 Raman spectra for L-GNH/ D-Cys, L-
GNH/ L-Cys, R-GNH/ L-Cys, and R-GNH/ D-Cys are 1.5%, 2.2%, 1.7%, and 2.4%,
respectively. These RSD values manifest that the collected Raman spectra have good
reproducibility. The peak at 497 cm™ corresponds to the S-S bond stretching of cys-
tine. This is because during the several hours’ sample drying process, Cys is easily

oxidized into cystine through S-S bond formation'60 166
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Figure 5.7 Raman spectra of (a) L-GNH/ D-Cys and L-GNH/ L-Cys and (b) R-GNH/ D-Cys and R-

GNH/ L-Cys at around 497 cm™!.

We use the discrimination index (Di) to quantitively evaluate the recognition
abilities of the GNHs toward Cys enantiomers. The Di is correlated with the intensity

differences of Raman signals, which can be written as:
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I(R—GNH/ p-Cys)—I(R—GNH/ L-Cys)

DI (R — GNH) = e o eys) H1(R_GNF/1-Cys)

(5.1)

I(L—GNH/ p-Cys)—I(L-GNH/ L-Cys)
I(L—-GNH/ D-Cys)+I(L—GNH/ L—Cys)

Di (L — GNH) = (5.2)
where [ represents the averaged intensity of 10 Raman spectra for each samples. The
calculated Di of R-GNH and L-GNH are 0.613 and -0.615, respectively. It can be seen
from Figure 5.8 that the Di curves of R-GNH and L-GNH show a mirror image,
which is similar to their CD spectra. This feature, to some extent, also reflects the chi-
rality degree of GNHs, manifesting that Cys enantiomers can be used as chirality in-

dicators to detect GNHs’ chirality without obtaining their absorption activity in the

UV-vis region.
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Figure 5.8 The deviation index (Di) curve of L-GNH and R-GNH.

To further confirm the enantioselective effect universality of GNHs on other chi-
ral molecules, we also use L-GNH and R-GNH to recognize L-/D-Trp and L-GSH. As
can be seen from Figure 5.9b and c, similar to cysteine results, the peak intensity at

755 cm! 167 168 of T-GNH/D-Trp is stronger than that of L-GNH/L-Trp while R-
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GNH/L-Trp is stronger than that of L-GNH/D-Trp. The Di value of L-GNH or R-GNH

mixtures can be 0.23.
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Figure 5.9 (a) CD spectra of 10 mM D-Trp and L-Trp solutions. Raman spectra of (b) L-GNH/ D-

Trp and L-GNH/ L-Trp and (c¢) R-GNH/ D-Trp and R-GNH/ L-Trp at around 755 cm™'.

Figure 5.10 depicts the enantioselective performance of GNHs on discrimination
of L-GSH. The Raman peak intensity at 925 cm™ !® of L-GNH/L-GSH is about 1.7

times stronger than that of R-GNH/L-GSH.
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Figure 5.10 (a) CD spectra of 100 uM L-GSH solution. (b) Raman spectra of L-GNH/ L-GSH and

R-GNH/ L-GSH at around 927 cm.

In summary, the experimental results demonstrated that GNHs can be used for
effective enantio-discrimination of chiral molecules by SECRS. The Raman scattering

signal intensities tend to be much higher if the GNH-chiral molecules mixture is the
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combination of chiral molecules and the GNH with same chiral response. Generally,
SERS enhancement for target chiral molecules attached on the gold nanoparticles is
nonselective. Here, it can be concluded that the enantioselective phenomenon is main-
ly similar to the chirality manipulation mechanism as discussed in the Chapter 3 and
Chapter 4. In short, GNHs have different absorptivity towards excitation light, and
also manipulate the Raman scattering light generated by chiral molecules. Additional-
ly, GNHs also act as a kind of SECRS substrate, which enhances the specific Raman
peak of different molecules effectively for their recognition. To clarify, the interaction
between the GNH and chiral molecules is the interaction between two chiral objects,
different from the situation discussed in previous chapters (interaction between chiral

and achiral objects), deep understanding is supposed to be discussed in the future.

5.4 Conclusion

In this chapter, we found that the GNH without the combination of chiral organic
molecules could directly be used for amino acid enantio-discrimination by Raman
spectroscopy. It is believed that, these experimental results can be crucial to the de-
velopment of both chiral inorganic nanomaterials and SECRS spectroscopy in multi-
aspects: first, making common Raman spectroscopy be a supplementary and efficient
tool to probe enantioselective processes, in particular, in the chirality-related in vivo,
on-spot and imaging tests; second, offering a deeper understanding of the common

SERS mechanism; finally, promoting techniques including spatial, configurational,
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and electromagnetic development in chirality involved species analysis.
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Chapter 6 Summary and outlook

6.1 Conclusion

Two works have been done on the GNH to thoroughly reveal the chiral light-
matter interaction mechanism via the Chiral Purcell effect, and the last work intro-
duced the practical application of GNHs in chiral molecules’ recognition. These stud-
ies contain the details of GNHs in terms of synthesis, morphology characterization,
optical properties (extinction, CD, chiral PL, chiral scatterometry, and chiral Raman),
as well as related theory analyzation.

The first work is to study the chiral PL properties of the GNH at the single-
particle level. The circular dichroism responses and excitation/emission polarization-
resolved PL spectrums of the GNHs are measured; these measurements reveal that the
innate chirality is originating from the structural helicity of the GNH, therefore induc-
ing the observed excitation-polarization-correlated chiral PL. Two models are em-
ployed to illustrate the obtained circular-polarization-steered effect: (1) a chiral PL
phenomenological model quantitatively reproduces the PL dissymmetry characteris-
tics; (2) a chiral Purcell effect model discloses that the super-chiral near fields in the
GNHs attribute to the far-field chiral responses such as the polarization-steered chiral
PL. This study not only provides crucial comprehension of the physical mechanism
account for luminescent chiral plasmonic nanostructures, but also broadens the re-
search on chiral PL-active materials from achiral/chiral hybrid systems to plasmonic
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nanostructures with innate geometric chirality, thereby expanding the field of applica-
tions in 3D chiral displays and sensing, as well as microstructure analysis.

In the second study, we exploit the spacing, spectral positions, as well as intensi-
ty contrast towards circularly polarized illumination of the hybrid localized modes
formed by the GNH-FP-based microcavity structure. It is observed that, the Purcell
factor of GNHs is improved, and the scattering spectrum has two peaks with narrower
linewidth. The intensity contrast of the two peaks towards RCP and LCP white light
illumination is the same, which can be analyzed by the reflective nature of FP cavity.
Furthermore, the Raman signals of the Si substrate in FP cavity could have chiral fea-
tures due to the GNH local field modulation. An extended FP model and calculations
are used to analyze the single GNH chiral scatterometry and chiral Raman properties
of the GNH-FP-based hybrid cavity system.

In the last part of the research, GNHs are used as a kind of SECRS substrate for
chiral molecules’ recognition. The handedness of chiral molecules is discriminated by
the Raman spectroscopy intensity, and the category of the chiral molecules is recog-
nized by specific Raman peak. The application of GNHs in Raman spectroscopy for
chiroptical analysis demonstrates that under certain circumstances, the chirality modu-
lation ability of GNHs could substitute the conventional chiroptical measurements

method, offering a more feasible and simple chirality detection approach.
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6.2 Future perspective

Our research studied the chiral PL properties of GNHs, the chiral related hybrid
modes and modulation performance of GNH on a FP cavity, and the application of
GNHs in Raman spectroscopy for the chiral molecules’ probing. With the further im-
provement of GNHs chirality performance and deeper understanding of the chiral
Purcell effect under various situations, (i) more possibilities to develop more novel
nanomaterials will be provided, (ii) interesting physical phenomena could be shown,
(ii1) more potential practical applications in the field of optoelectronics could be of-
fered. Some research objectives that can be further implemented are listed below:

(1) GNHs-based CPL-active nanomaterials

At present, the study on chiral PL-active micro-/nanoscale materials is still under
development. Most of them are mainly realized by co-assembly of achiral lumino-
phores with non-emissive chiral molecules.'”® 7! The PL intensity and efficiency of
those micro-/nano-structures are realized by the building blocks and their arrange-
ment. Achiral luminophores assemble based on the structure of chiral objects. During
the process of assembly, chiral PL activity of achiral luminophores is acquired from
their symmetry breaking. The appearance of GNHs could be a new template for achi-
ral luminophores self-assembly. It is believed that the plasmonic property of GNH
could generate chiral PL signals of the system and simultaneously enhance the PL re-
sponse of the hybrid structure.

(2) Chirality modulation enhancement of GNHs composed microcavity
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The current study of gold nanohelicoid modulated chiral scattering/Raman on a
Si02/Si substrate mainly reveals the chiral modulation properties of GNHs on a FP
cavity. The quality of the performances is less concentrated. In the future, to improve
the figure-of-merit of the GNH-microcavity hybrid system acquiring stronger optical
feedback and modes with high purity, we could substitute SiO/Si substrate with a
high-quality factor dielectric microcavity.!”? Apart from plasmonic nanostructures on
microcavity systems, coupling plasmonic nanostructures could also boost the sensitiv-
ity of the hybrid structures.!”® Additionally, a study of a FP cavity formed by a pair of
handedness-preserving metasurfaces has been demonstrated to enhance the chiral
light and chiral object interaction effectively.!”* Another work using FP cavity as the
Raman substrate successfully realized an order of magnitude SERS enhancement
from optical interference.!” In the future, applying GNHs in the microcavity may also
be a potential method to boost the sensitivity of chiral objects’ detection.

(3) Creating GNH devices in chirality-related detection

The current study on the GNHs in Raman spectroscopy 1is just in its infancy. In
the future, applying a film of GNHs to a substrate to make small, portable, cost effec-
tive and integrated devices for species-specific analysis might be an interesting re-
search area.!’® Additionally, how to take advantage of these kinds of devices to pro-
mote Raman spectroscopy to become a novel and efficient technique in chirality in-

volved sensing is another problem to be solved in the future.
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Appendices

(A) Design of the optical path to realize circularly polarized light

excitation

The polarization state of the laser beam is evaluated by degree of polarization
(DoP), defined as: DoP = %, where I, (Imin) represents the maximum (min-
imum) intensity of light passing a polarizer. The DoP is 1 for an ideal linear polariza-
tion and 0 for an ideal circular polarization. In our experiment, an extinction ratio of
500:1 was measured, corresponding to a DoP of about 0.996, which suggests an ex-
cellent linear polarization state.

Conventionally, the linear polarized laser beam can be transformed into a circu-
larly polarized one by passing a quarter-wave plate (QWP). However, some other op-
tical components in subsequent paths could introduce phase or surface reflection dif-
ferences between the orthogonal polarization components, and thereby modify the
beam polarization states. For example, the beam splitter can introduce reflection dif-
ferences between the S- and P- polarizations, and could transform a circularly polar-
ized beam into an elliptically polarized one. In our case, in the experiment path shown
in Figure 3.7, there are two BSs in the optical path, which could influence the circular
polarization state of the excitation light and detected signal.

The BSs are BSWI10R from Thorlabs Inc., whose reflection profile is shown in

Figure Al:
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Figure A1 Beam splitter reflectance profile of the BSW10R.

For the region (600 nm-700 nm) we are interested in, the reflectance to P-/S-
polarized light has a ratio of around 4:6, which is similar to the actual measured re-
flection ratio 4:7 using 593.5 nm/ 532 nm laser. To cancel such effect, we intentional-
ly inserted a half-wave plate (HWP) between the BS and the QWP. As depicted in
Figure A2, the fast axis angle of QWP is adjusted to generate an elliptically polarized
light with short axis (SA): long axis (LA) ~ 4:7. Additionally, the angle of the HWP
axis is determined according to the QWP fast axis to match the axes of ellipses to the
BS coordinates. As a result, the final polarized light after the BS is perfectly circularly
polarized. To confirm the circular polarization state of the beam passing the BS, a
power meter and a polarizer was used to measure the output light power. By rotating
the polarizer, the largest and smallest intensity of the light could be obtained. Given
the optimized QWP and HWP axis orientation angles, the DoP of the RCP and LCP
light on the focal plane of objects is about 0.015 and 0.009, respectively; indicating

excellent circular polarization states.

94



@ THE HONG KONG POLYTECHNIC UNIVERSITY Appendices
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Figure A2 Schematic illustration of circularly polarized light generation with a half-quarter wave-

plate combination.

As for the polarization effect of the BS in the detection path when doing the PL
resolving, an interesting fact is that the PL signal experiences a transmission factor

and a reflection factor through two BSs. Here is the transmission profile of the BSs

we used (Figure A3):
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Figure A3 Beam splitter transmission profile of the BSW10R.

A ratio of around 6:4 is seen for P-/S-polarized beam. As a result, a final ratio of
around: 6x4:4x6=1:1 is expected based on the alignment of two BSs. Indeed, a ratio
of 25:27 has been measured in our actual test. As a result, after QWP, the intensity of
right-/left-handed polarized PL can be resolved by an analyser with £45 degree to fast
axis of QWP. A test experiment has shown that, for a circularly polarized light reflect-

ed by a mirror at the focal plane of the object, the ratio of resolved intensity at analys-
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er £45 degree can reach 100:1. To make our measurements more accurate, we then
normalized the above minor polarization effect caused by the BSs and experimental
profile of QWP in the detection path by measuring the intensity ratio of the RCP and
LCP light resolved from a linear polarized excitation. A near-unity ratio of 0.9 was

obtained and used as calibration in all of the experiments.

(B) ITO substrate influence on gold nanohelicoid chiral photo-

luminescence

To demonstrate the ITO substrate with high refractive index, as a homogenous
material has no intrinsic chirality to influence the GNH chiral PL performance, we

studied the effect of homogeneous background refractive index based on reported

—+ = =
work.!”” Red-shift of all features (net optical chirality, CC— + CC—, %
0 0

- @) can be
seen spontaneously with peaks shifting and signs-flipping from about 600 nm to 700
nm (Figure A4) for an effective refractive index of 1.32 compared with an effective
refractive index of 1 as shown in previous figures (Figure 3.16a and b). As a result,
the critical chirality properties (e.g., sign of parameters, number of sign flip points) of
such nanohelicoid-ITO complexes mainly depend on the nanohelicoid itself rather
than the ITO substrate. This is consistent with our understanding that homogeneous
ITO substrate has no intrinsic chirality. It should be noted that the actual size of nano-

helicoids can induce red/blue-shift of spectra as well. Thus, the balance of nanoheli-

coids size (120 nm-150 nm) and effective refractive index (1-1.32) can determine the
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wavelength of critical points around 600 nm, but the critical curve features are always

preserved, which originates from the intrinsic chirality from nanohelicoids.

a 0.3 b 200
102 2 0.00 :
. = 2 8
. 401 = \“} I
=5 3 2 S
« < = ==
= 0 = |\_0 05 o
< S I =
~ T S 2 |
+ 0.1 [}
L&) |LJ bo |
2 2
0.2 lt-) 040 1 -200 C
3 . . 03 . . -
500 600 700 800 500 800 700 300
Wavelength (nm) Wavelength (nm)
. . T G v c7] |c* .
Figure A4 (a) Net optical chirality, —to and T % of a 150 nm gold nanohelicoid under a
0 0

1.32 effective refractive index. (b) ((::—+ + (é—_ represents the totality of the integrated optical chirality
0 0

for GHNs under RCP and LCP excitation with an effective refractive index of 1.32. The non-zero

value corresponds to the chiral antenna mode of the GNHs, with the largest dissymmetry factor

. ¢ |cF]. . . .
appearing at about 600 nm. For A > 600 nm, the parameter % - I[J—+ is negative, which manifests

the polarization-steering effect in polarization-resolved PL.

(C) Geometric handedness dependent chiral photoluminescence

To further understand the impact of morphology on chiral PL signals, the same
experiments were done on gold nanohelicoid with another structure (left-handed gold
nanohelicoid II, L-GNH II). The synthesis protocol is based on the reported litera-
ture.%® Figure ASa shows the SEM image and the corresponding 3D model of GNH
II. Similar to L-GNH in the main context, when excited by RCP light, L-GNH II has a
stronger PL signal due to higher absorptivity of RCP light (Figure A6a). GNH II has
larger PL intensity contrast towards RCP and LCP light, and the asymmetric chiral PL

g-factor of GNH II is 0.17 (Figure A7b). This is because the absolute CD value of
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GNH II at 593.5 nm is larger than that of previous GNHs (orange points in Figure
2.4c and Figure A5c), which means GNH II has a higher degree of optical chiral re-
sponse. Similarly, optical chirality of GNH II is obtained as shown in Figure A8. The
value C/Cy of GNH II can be as large as + 15, which is significantly higher than that
of GNH (+ 8). This near-field analysis further confirms that the GNH II has a higher
degree of optical chiral response, which can also be proved by the differential g-factor
in Figure A6b and ¢ when the chiral PL signals are depolarized. Figure A8 shows that
the super-chirality of the structure in the outer field can be as high as 80, which means
the chirality of the structure is extremely strong compared to other planar chiral struc-
tures, indicating that GNH II could have better performance than GNH in modulating

PL.
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Figure A5 (a) SEM image and 3D model of left-handed gold helicoid II (GNH 1II). (b) Scattering
spectra of left-handed GNH II used for 593.5 nm excitation under RCP (red) and LCP (green)

white light illumination. (c) CD (orange) and extinction (blue) spectra of left-handed GNH 1I in an
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aqueous medium. (d) Experimental g-factor spectra of left-handed GNH II.
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Figure A6 (a) Chiral PL spectra of a left-handed GNH II structure under the illumination of 593.5
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nm RCP (red) and LCP (green) laser. (b) Emission polarization-resolved PL spectrum for a left-
handed GNH II in (a) under the illumination of 593.5 nm RCP (b) and LCP (c) laser, respectively.

The solid line shows the Lorentzian fits of the raw data.
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Figure A7 CPL spectrum of left-handed GNH II under 593.5 nm illumination. Dots describe the
real CPL signal of GNH II. The solid line shows the Lorentzian fits of the raw data. (b) Experi-
mental chiral PL g-factor spectra of left-handed GNH II which has an averaged g-factor of ~0.17
at the main peak region (shadowed area). The cliff at 600 nm in each PL spectrum (black dashed

line) is due to the cut-off wavelength of the long-pass filter used in the optical path.
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Figure A8 (a-d) Near field optical chirality distribution of right-handed GNH II under LCP (a, ¢)
and RCP excitation (b, d). The colored bar scale of (a) and (b) is modulated to highlight the distri-
bution inside the nanohelicoids. In (¢) and (d), an actual optical chirality of 80 can be achieved at

the outer corners of the nanostructure.

(D) Gold nanohelicoid modulated chiral Raman scattering on

Si02/Si substrate with different thicknesses

Chiral scattering and Raman spectra of gold nanohelicoids on SiO/Si substrate
with different thicknesses were also measured to further verify the influence of FP
cavities, and the chiral modulation of the gold nanohelicoid. As shown in Figure A9a
and b, under the SiO2/Si substrate with SiO thicknesses of 100 nm and 300 nm, the
scattering spectra of the GNH only has one main peak at 500 nm — 800 nm; no split-

ting peaks are observed. This might be because the 100 nm and 300 nm thicknesses
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are too thin when sandwiched between Si and the GNH to form an effective FP cavity.
This hypothesis can be further confirmed by the scattering spectrum of the GNH on
Si02/Si substrate with 500 nm SiO; thickness. As depicted in Figure A9c, though no
splitting peaks appear, the main peak has a red shift and the FWHM is smaller than
that of the 100 nm and 300 nm situation. The smaller FWHM indicates the increased
SiO» thickness enhances the effectiveness of the FP cavity. The red shift of the main
peak can be attributed to the formed FP cavity. The peak at a shorter wavelength is not
obvious because a thickness of 500 nm is still not enough to acquire an effective FP
cavity mode.

The chiral Raman Si signals of the SiO2/Si substrate with gold nanohelicoid
modulation are given in Figure A9d to i. Under the same wavelength excitations
(593.5/ 532 nm), the dissymmetry factors of the Raman signals gr are irrelevant to the
thickness of the SiO,. The gr factors under the 593.5 nm and 532 nm excitations are
about 0.20 and 0.14, respectively. The larger gr factors under the 593.5 nm excitation
are consistent with the CD response of GNHs depicted in Figure 2.4c. These results
also verified that, GNHs play a major role in chiral Raman modulation procedure

when FP cavity mode is not weak.
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Figure A9 Scattering spectra of a L-GNH on the (a) 100 nm, (b) 300 nm, and (c) 500 nm SiO,/Si

substrate under RCP (o’, red) and LCP (¢, green) white light illumination. Raman spectra of a

single L-GNH on the (d)100 nm, (e¢) 300 nm, and (f) 500 nm SiO,/Si substrate under RCP (¢, red)

and LCP (c*, blue) laser excitation at 593.5 nm. (b) Similar results as (d-f) for corresponding same

single L-GNH on the (g)100 nm, (h) 300 nm, and (i) 500 nm SiO»/Si substrate under RCP and

LCP laser illumination at 532 nm.
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