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Synopsis

In the search for new optical materials contributing towards localized surface plas-
mon resonance (LSPR), the study of metal nanoparticles (MNPs) of various shape
and sizes has been a major focus of research in the area of photonics. LSPR is
a result of resonant collective oscillations of conduction band electrons in MNPs
and exhibits strong enhancement of near electromagnetic (EM) field intensity at
surface of MNPs, as well as, the enhancement of the far-field scattering by the par-
ticle.[1, 2] The EM field enhancement from such plasmonic metal nanostructures
shows remarkable applications in biosensing and bioimaging,[3, 4] photovoltaics,[5,
6] optical trapping [7] and surface-enhanced Raman scattering (SERS),[8] which
develop the basis of a rapidly developing field of research in nano-photonics called
plasmonics.[1, 9-11] Additionally, the LSPR condition also shows a remarkable en-
hancement of the near-field at the surface of the MNP, especially localized in the
regions of sharp edges, corners, tips, and apex, depending on the complexity of
the morphology of the nanoparticles. The regions characterized by highly local-
ized and strongly enhanced electromagnetic (EM) fields, known as plasmonic hot
spots, are responsible to manipulate light-matter interactions and boost non-linear
phenomena. For instance, MNPs much smaller than the wavelength of light have
been considered as the potential candidate for the massive signal enhancement
achieved in SERS. The powerful vibrational spectroscopy technique is mainly gov-
erned by the amplification of EM fields generated through the excitation of LSPs
of the SERS substrate. The SERS activity crucially depends on the LSP prop-
erties of MNPs on selected substrate. The noble MNPs (Ag and Au) are most
commonly used for SERS activity, in the form of colloidal solution, as well as,
solid substrates because of their unique optical properties. The three major fac-
tors involved in the Raman enhancement by MNPs are the size, shape and relative
position of the NPs. Furthermore, the enhanced field associated with SPs makes
them suitable for use as sensors, and commercial systems have already been de-

veloped for sensing biomolecules. Moreover, the particles having sharp surface
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curvatures and tips may provide multiple hotspots at their curvatures, tips and
also at the junction between two or more NPs. The particles having sharp surface
curvatures and tips like nanoprism,[12-14] nanorod,[15] nanodecahedra,[16-18] and
nanostar/flower [19] are exploited extensively owing to the strong localization of
the EM fields at their sharp corners or tips. Therefore, it is highly demanding to
understand the LSP properties of individual MNPs of complex shaped geometry
while using them for SERS activity, in the form ensemble MNPs on solid sub-
strates.

In this context, the single particle LSPR spectroscopy is a most powerful tech-
nique that has enough ability to explore or reveal properties of nanoparticle at
single particle level which is often overlooked or neglected or mixed in the en-
semble measurements. Most of the studies for real-space imaging of plasmonic
resonances of MNPs utilizing optical far-field techniques (excitation and detection
in the far-field) are diffraction limited and thus a spatial resolution with a length
scale below 200 nm is not easily achievable. Other well-adapted techniques to
probe LSPRs at the single NP level are photon scanning tunneling microscopy,
scanning near-field optical microscopy (SNOM),[20] and apertureless SNOM.[21]
These techniques can achieve better spatial resolution but often require fabrication
of a very delicate probe in the form of a nanoscale sharp tip and may suffer from
probe-sample interactions, distorting the signal of interest. In contrast, the use of
tightly focused electron beam from electron microscope is reported to probe SPs
either through detection of energy loss by the inelastically scattered electrons trans-
mitted through the sample, called electron energy loss spectroscopy (EELS) [10,
11, 16] in case of scanning transmission electron microscopy (STEM)/transmission
electron microscopy (TEM) or through detection of electron beam induced lumi-
nescence from the sample, called cathodoluminescence (CL) [13, 14, 22] in case of
scanning electron microscopy (SEM). These local electron probes show excellent

spatial resolution from about 20 nm (for SEM) to near atomic resolution level (for
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STEM),[23] thereby providing a unique resource for studying single particle spec-
troscopy. The EELS probes a quantity close to the full EM local density of states
(EMLDOS). On the other hand, the CL measures a different quantity called radia-
tive EMLDOS.[24] As the electron beam can be raster scanned in SEM / STEM,
one can also obtain the information about the spatial variations of the EMLDOS.
Additionally, the EMLDOS is also accessed by recording a single spectrum at a
fixed point.

The primary aim of this thesis is to directly visualize the spatial profile of the
LSPR modes of surface plasmon enhanced optical properties of complex shaped
gold nanoparticles like Au nanoflower (NF) and nanotrisoctahedron (TOH). The
CL detection technique attached with SEM probes the scattering physics of the
metal nanoobject as well as allows us to construct excitability photon maps and
site specific spectra which are proportional to the local density of optical states
(LDOS) of the structure. The surface enhanced Raman scattering (SERS) stud-
ies are partly carried out to demonstrate the significance of field enhancement
under LSPR conditions in Au MNPs.The experimentally obtained spectral and
photon imaging data were extensively analyzed using finite-difference time-domain
(FDTD) numerical simulation to generate electric near field intensity maps along
with the associated vectorial plots. Gold nanoparticles used in the present study
were synthesized using a seed mediated chemical growth method. Finally the ex-
perimentally studies have been analyzed with 3D-FDTD numerical simulations.

I have studied CL spectroscopy and imaging on two different multitipped complex
shaped (NF and TOH) geometries and demonstrate that the intensity of plasmon
induced photon emission and LSPR position strongly depends on the particles size,
shape (sharp edges and corners) as well as on the substrate on which they are sit-
ting. In case of Au NF particle, I have studied the the effect of intertip coupling on
the plasmonic behavior of individual multitipped gold nanoflower. It is the first ex-
perimental realization on the selective excitation of two closely lying tips from the

same spherical core of a multitipped gold nanoparticle with flower-like morphology
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Figure 1: (a) The experimentally acquired (red) and simulated CL (black) spec-
tra from the in the wavelength range 500-700. (b) and (c) represent the SE and
PAN CL image respectively. (e) and (f) represents the monochromatic CL images,
whereas simulated near-field intensity (|E|*) maps and the corresponding field maps
are represented at (d) and (g). (h) Schematic diagram of the geometrical con-
figuration of the Au NF along with the coordinate system used in the numerical
simulation. nm.

which also gives strong multipeaked resonance in the near-infrared region of the
far-field emission spectra showing a clear signature of tip to tip coupling (shown in
Figure 1). The simulated near field intensity maps acquired at the coupled LSPR
mode show strong local field enhancement near the apex as well as in-between the
closely lying upper and lower tip with strong dipolar charge oscillation. Besides, I
have also studied the radiative localized surface plasmon resonance (LSPR) modes
of an isolated single TOH Au nanoparticle with high resolution spatial informa-
tion on the LDOS across the visible to near-IR (NIR) spectral range (shown in
Figure 2). The CL analyses combined with FDTD simulations have helped us to
identify two dipole-active LSP modes. The higher wavelength (low energy) sur-
face plasmon mode is governed by the dipolar mode of oscillations between the
apexes of the particle, which is basically 3-fold degenerate in nature. The dipolar
oscillation is also active for lower wavelength (higher energy) LSP mode but charge
pattern oscillation takes place between base and apex points along the in-plane and
out-of-plane direction. The proximity of the substrate with respect to the point

of excitation also plays a role, especially on the degenerate apex-apex LSP mode
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Figure 2: (a) CL spectra from selected points marked as A-H of the studied TOH Au
particle. The inset SEM image shows the electron beam impact points with different
colored dots. The SEM image and the corresponding panchromatic CL map/image
of the same morphology are shown in (b) and (c) respectively. (d)-(e) monochro-
matic CL maps/images. (f) 8D-FDTD simulated spectra of the modelled TOH
structure for beam impact at the points (A, B..., F). (g) Simulated CL spectrum
from the selected points of the TOH structure for modelling under free-standing
configuration. (h) and (i) simulated near field intensity (|E|*) and corresponding
field vector maps at different resonant wavelengths.

of nanoparticle due to inherent anisotropy and complexity of the TOH Au parti-
cle. Pronounced enhancement in the Raman scattering has also been reported by
performing Raman spectroscopic measurements on Rhodamine 6G (R6G)-covered
TOH Au NPs aggregates on a Si substrate.

In summary, I expect the results and conclusion that presented in this thesis, may
lead a better way in understanding the LSPR properties of complex shaped metal
nanoparticles at single particle level that might have far reaching consequences in
light energy harvesting, optical communication, optical sensors, biosensing, and

designing nanoparticle embedded solar cells.
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Chapter 1

General introduction

This chapter describes a broad overview of optical properties of the metal nanopar-
ticles and its’ potential applications. Important highlights in the history of the
field of metal nanoparticles, the basic principles of plasmon resonances as well as
the advantage of using the spectroscopic techniques like Cathodoluminescence (CL)
and surface-enhanced Raman scattering (SERS) to probe the plasmonic properties

of the metal nanoparticles are also included.



1.1 Introduction

The phenomenon resulting from the interaction of visible light with metal nanopar-
ticles (MNPs) has painted its contributory mark in history of mankind and civ-
ilization from the ancient age. The earliest engineered nanoparticles are often
attributed to the ancient Romans, Egyptians, and Chinese. Despite not hav-
ing any scientific ideas of what they were making, they were successfully able to
prepare nanoparticle solutions of gold and other precious metals with reasonably
control over particle size and composition. These antiquarian nanoparticle solu-
tions were famous for lustre decorations due to its’ optical behavior and often used
in making stained glass paint arts (Figure 1.1(a)), other luxurious Roman crafts
like the “Lycurgus Cup” (Figure 1.1(b) and (c))etc. Although the observations
and evidences of the interaction of light and MNPs were available throughout its
thousand-year old history, the scientific origin of such colorful behavior was com-
pletely unknown. However, it takes many centuries to know the underlying science
of the coloration of stained glass paints which is nothing but the absorption and
scattering phenomenon of visible light in presence of colloidal MNPs. The color-
ful optical properties of colloidal gold solutions were partly explained by Michael
Faraday in 1847 [1-3] calling the solution “a beautiful ruby fluid” (Figure 1.2),
and noting that “a mere variation in the size of particles gave rise to a variety of
resultant colours”. The world would have to wait more than half a century before
detailed experimental results were published for plasmons living on the surface of
a MNP, [4, 5] though an understanding of the electromagnetic response of a perfect
sphere with a given dielectric function had existed following the explanation given

by Gustav Mie in 1908.[6] Such combination of detailed experimental as well as



Figure 1.1: (a) Surface plasmon effects can be seen in the stained glass of some
medieval cathedrals. The Lycurgus cup contains plasmon-supporting silver and gold
nanoparticles that cause it to appear (b) red in transmission and (c) green in reflec-
tion. Image courtesy: (a) Canterbury Cathedral (http://sew-graceful.blogspot.in).
(b) and (c) Trustees of the British Museum (http://www.ibtimes.co.uk)

theoretical explanations not only solved the century-old mystery about the color
of the stained glass but also have given birth to a new field in nanoscience which
has established that the optical properties of MNPs are basically caused by the
collective excitation of the conduction electrons in a MNP known as “plasmons”.
In case of noble metal nanoparticles, when an electromagnetic (EM) radiation is
incident on the nanoparticle, its surface electron cloud oscillates coherently relative
to a lattice of positive ions, due to the alternating field of the incident radiation
that also leads to a surface charge distribution. Now such collective oscillation

associated with different surface charge distribution is known as surface plasmons

(SPs).



Figure 1.2: Michael Faraday’s colloid, a suspension of gold nanoparticles in a
liquid. Image courtesy: Paul Wilkinson/Royal Institution

Qualitatively there are two types of surface plasmon: (a) surface plasmon po-
laritons (SPPs) which is propagating in nature and (b) localized surface plasmons
(LSPs) which is localised in nature. Just as water ripples travel along the surface
of a pond after a stone is thrown into it, collective oscillations of conduction elec-
trons called surface plasmon polaritons (SPPs) can be made to propagate along
the interface between a dielectric and metal (Figure 1.3(a)) by any external EM
wave.[7-10] On the contrary, LSP is completely localised within the surface of
the nanoparticle (Figure 1.3(b)). However, the optical frequency excitations of
both type of surface plasmons in nanostructures have drawn an intense atten-
tion in research interest in the past decade for its’ potential use in photovoltaic,
[10-12] chemical sensing,[13] surface enhanced Raman scattering (SERS),[14, 15]

ultramicroscopy,[8, 11, 16] medicine,[17, 18] and many other applications.
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Figure 1.3: Schematic of (a) propagating surface plasmons of a metal surface and
(b) localized surface plasmons (LSPs) of a metal nanosphere.

1.2 Motivation

1.2.1 Localised surface plasmon resonance properties of
metal nanoparticle
Much attention has been paid in recent years to control and manipulate light
[19, 20] using MNPs. The basic physical concept discussed mostly in this con-
nection is the idea of the so-called localized surface plasmons (LSPs), which are
non propagating excitations of the conduction electrons in MNPs. LSPs in small
MNP, mostly act like the surface charge density waves. With analogy, as the note
sounded by a bell entirely depends on its shape, size as well as the material be-
cause acoustic waves are confined at its surface, the optical properties of an MNP
depends on its shape, size and material because of LSP confinement at its surface.
Similarly, as acoustic energy density in a bell concentrates at antinodes of acous-

tic waves, LSP energy density concentrates at antinodes of LSP waves in small



volumes close to the surface of the MNP.[21] LSP when excited resonantly with
a particular wavelength of the exciting light or evanescent wave associated with
fast-moving electrons, shows considerable enhancement of the far-field intensity
and similar enhancement of the near-field at the surface of the MNP,[7, 8, 11, 21]
especially localized in the regions of sharp edges,[22-25] corners,[26-28] tips,[29—
31] and apex,[26, 27] depending on the morphology of the nanoparticles. The
regions characterized by highly localized and strongly enhanced EM fields, known
as plasmonic “hot spots”,[32] are responsible for large enhancements in surface
enhanced Raman scattering (SERS) signals and have several interesting effects,
such as enhanced fluorescence [33] or enhanced photo carrier generation,[11, 34]
that can have potential applications in biosensing,[13, 35, 36] and single molecule
detection.[14, 37, 38]

1.2.2 Importance of complex shaped gold (Au) nanoparti-

cles

The localized surface plasmon resonance (LSPR) greatly relies on the dielectric
property of the constitute material of MNPs. As an example, silver (Ag) nanopar-
ticles are the most studied in the literature due to its huge application in a num-
ber of scientific areas and applications.[39] The strong oxidation affects the reso-
nances condintion down to 350 nm for Ag NPs that degrades plasmonic properties
over time rapidly. Copper NPs are also known as the promising candidate for
plasmonic studies due to their natural abundance, low cost and good conduc-
tivity. Unfortunately the oxidation process again degrades the LSPR properties

of Cu nanoparticles forming the CuyO and CuO.[40] In contrast, Gold (Au) is



often chosen because of its chemical stability, resistance to oxidation and bio-
compatibility. Au NPs have drawn much attention in biomedical applications
including labeling and biosensing owing to its fascinating features such as ease of
synthesis and and non-cytotoxicity.[41, 42] The functionalization processes of Au
NPs with with biomolecules open a new way in biomedical applications including
contrast agents,[43] drug delivery vectors,[44] localized heat therapy,[44-46] and
ultra-sensitive biomarkers.[47] In case of Au NPs the LSPR properties mainly oc-
cur at visible region which has a very important implications in surface-enhanced
spectroscopies, [8, 40, 48] sub-wavelength optics,[49] and bio-photonics.[50, 51]

Au NPs having simple geometry like rod,[52, 53| triangle,[36] sphere,[54] disk,[55],
wedge [56] etc. have been used extensively in NP based plasmonic applications
since last few decades. Besides, the complex shaped NPs also offer an intense at-
tention owing to their fascinating and strong nonlinear optical phenomenon. More-
over nanoparticle with complex morphology having tipped surface features such
as surface-textured nanospheres,[57-59] nanopolyhedra,[28, 58, 60] multibranched
nanostars,[29-31, 61-63] are favorable for possessing multiple hot spots that also
shows remarkable applications in sensing, imaging and surface enhanced Raman
scattering (SERS).[58, 64-67] In a few recent literature it has been shown that
that Au nanoparticles of more complex geometries enclosed by various high-index
facets, which might have applications in catalytic activities.[68-70] In this con-
text, multitipped (also called multipod, nanostar, or nanoflower) MNPs; especially,
gold nanostars/nanoflowers [29-31, 61-63] are an exciting new class of plasmonic

structures. Gold nanoflowers (AuNFs) consist of a near-spherical core from which



numerous sharp tips of different lengths point outward. The significant tunabil-
ity of the localized surface plasmon resonance (LSPR) wavelength over a wide
range (from visible to NIR regime of the spectrum) and the corresponding strong
electromagnetic (EM) field enhancement near apex of the tips have been utilized
in many fields including detection and diagnosis of cancer affected cells,[71] plas-
mon enhanced microscopy such as surface-enhanced Raman scattering,[64, 72, 73]
photoelectron emission,[32] and photoluminescence [74] studies. Apart from it,
another new class of Au nanostructure, namely, trisoctahedral (TOH), which is a
polyhedron bounded by 24 exposed high-index facets with Miller indices of {hkl}
(h > 1), has drawn much attention [75-80] because of its’ superior catalytic [68-70]
and SERS activities [58, 68] caused by the presence of high density of atomic steps

and dangling bonds on the high-index facets.
1.2.3 Surface enhanced Raman scattering (SERS)

Since the first observations of the Raman spectra of pyridine on roughened sil-
ver were made in 1974,[81] SERS has been used extensively as a signal trans-
duction mechanism in real-world sensor applications and state-of-the-art surface
science in the past two decades. SERS has also been implemented for trace ana-
lyzing of pesticides,[82] anthrax,[83] and nuclear waste [84] as well as identification
of bacteria,[85] genetic diagnostics,[86] and immunoassay labeling.[87, 88] Addi-
tionally the recent advancement in spectroscopic instrumentation, nanofabrication
methods, theoretical modeling, and novel detection schemes has established the
SERS technics as a powerful analytical tool.

Since the discovery of the phenomenon, the mechanism of SERS enhancement re-

mains an active research topic. The powerful vibrational spectroscopy technique



is mainly governed by the amplification of EM fields generated through the excita-
tion of LSP of the SERS substrate.[89, 90] The SERS activity crucially depends on
LSP properties of MNPs on selected substrate. The Au MNPs are most commonly
used for SERS activity, in the form of colloidal solution, as well as, solid substrates
because of their unique optical properties. The three major factors involved in
the Raman enhancement by MNPs are the size, shape and relative position of the
NPs. Moreover, the particles having sharp surface curvatures [58, 68, 91] and tips
(65, 67, 92] may provide multiple hotspots at their surface curvatures, sharp tips
and also at the junction between two or more NPs. In this context, the particles
having sharp surface curvatures and tips like nanoprism,[22, 23, 93] nanorod,[25]
nanodecahedra,[26, 27, 94] and nanostar/flower [29, 30] are exploited extensively
owing to the strong localization of the EM fields at their sharp corners or tips.
Therefore, it is highly demanding to understand the LSP properties of individual
MNPs of different size and shape while using them for SERS activity, in the form

ensemble MNPs on solid substrates.

1.3 Study of single particle LSPR properties with
electron beam based CL spectroscopy and
imaging in SEM

Single particle approaches have shown to be a powerful tool in fundamental stud-
ies and are gaining momentum as part of devices and sensing technology owing
to their multiplexing capabilities and small sensing volume.[95] The single particle
studies are most powerful technique that has enough ability to explore or reveal
properties of nanoparticle at single level which is often overlooked or neglected

or mixed in the ensemble measurements. Ensemble measurements always provide
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an average signal from all the particles of all different shapes and sizes that also
washes out individual information about the environmental effect on each parti-
cle. Consequently, optical techniques like UV-VIS spectroscopy probe ensembles
of NPs and are suffered by large inhomogeneous broadening due to the diversity
of particles and conditions. Even single particle spectroscopy technique like dark
field microscopy (DFM),[96, 97] a light source excites the whole volume of the
nanoparticle and therefore unable to probe the rich features arising out from the
different parts of the highly complex shaped nanostructures like nanostar/flower
and trisoctahedron. Other well adapted techniques to probe LSPRs at the single
NP level are photon scanning tunneling microscopy,[98] scanning near-field optical
microscopy (SNOM),[99] and apertureless SNOM.[100] These techniques achieve
better spatial resolution but often require fabrication of very delicate probe in the
form of a nanoscale sharp tip and may suffer from probe-sample interactions dis-
torting the signal of interest.

An excellent alternative is electron microscopy based techniques, i.e. electron en-
ergy loss spectroscopy (EELS),[22, 26, 31, 101, 102] and cathodoluminescence (CL)
spectroscopy.[23-25, 27, 30, 103-106] The high spatial resolution of about 1 nm
or better for such techniques [22, 26, 107] is mainly governed by the ability of a
modern scanning or transmission electron microscope (SEM or TEM) to focus an
electron beam down to a diameter of 1 nm or below. The excitation mechanism
of LSP modes with an electron beam is quite different from that of the optical
excitation. An electron, or a beam of electrons, moving in vacuum can act as an
evanescent source of super-continuum light.[8] A finely focused electron beam can

act as a local probe to excite plasmons selectively.
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The working principle of CL-SEM is that, energy is coupled from energetic elec-
trons to the plasmon modes of the metallic nanostructure and subsequently to the
propagating light modes that constitute one of the prominent decay channels for
plasmons and causes enhancement in near field as well as the far-field intensity.
Mapping the spatial variation of the photon emission is a direct probe of resonant
modes of plasmonic nanostructures and, consequently, provides a direct way to

map the local electric fields.

1.4 FDTD-based electrodynamic calculations for
metal nanoplasmonics

The surface plasmonic property of MNP is nothing but the interaction between
incoming EM wave attached with incoming light beam or electron beam and the
plasmon wave attached with the MNP. Consequently surface plasmons can be
described by classical electromagnetic theory, i.e. Maxwells equations, when the
electron mean free path in the metal (at room temperature typically ~ 20 nm
for Au and ~ 38 nm for Ag metals respectively) is much shorter than the plas-
mon wavelength. In 1908, Gustav Mie gave a quantitative explanation of the
size dependent optical properties of metal nano spheres approaching the analyti-
cal solution of EM waves.[6] Unfortunately Mie theory is only applicable to very
simple isotropic geometry like sphere or infinite cylinder. In contrast, numerical
simulations are capable of solving the Maxwell’s equations in any anisotropic and
arbitrarily shaped metal NPs including the complex shaped nanogeometries like
nanostar, nano TOH etc. The numerical simulation of Maxwell’s equation for com-
plex objects was first introduced by Purcell and Pennypacker using Discrete Dipole

Approximation (DDA).[108] However in past few decades many new computational
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tools, such as the finite difference time domain method (FDTD),[62, 109, 110] the
boundary element method (BEM) [111, 112] and finite element method (FEM)
[113] are introduced to understand the responses of small metal NPs to light or
electron beam. Among several numerical methods, FDTD method has drawn rich
attention to study the LSP properties of nanosystems due to simple parametriza-

tion, simple implementation and time consuming.

1.5 Seed mediated wet chemical synthesis

It is very well known fact that the shape manipulation of a plasmonic nanoparticle
represents the most powerful means of tailoring and fine-tuning its LSPR prop-
erties as the frequency and amplitude of the resonance are sensitive to particle
shape, which determines how the free electrons are polarized and distributed on
the surface. During the past decade, several types of chemical methods have been
established for preparing high-quality complex shaped Au nanoparticles,[114, 115]
enabling a systematic study of LSPR dependencies on the size, shape, and structure
(solid versus hollow) of MNPs. Among several synthesis procedures, seed-mediated
wet chemical synthesis method has been widely applied in the synthesis of metal
nanoparticles because of the facility of the synthetic process and the high yield
of the products. The seed-mediated synthesis of Au particles can be divided into
two main synthetic steps: (1) preperation of highly monodisperse spherical Au
seeds, and (2) the growth of larger nanoparticles by slowly reducing additional Au
onto the previously synthesized seeds. The seeds are used as the center of the
nucleation process in growth phase of the NP formations which helps to maintain

monodispersity in the final nanoparticle colloid.[75] Here seed mediated protocol
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have been used the to synthesize both the Au nanostar/nanoflower and Au TOH

shaped NPs.

1.6 The outline of the thesis

This thesis is concerned with synthesis and optical characterization of complex
shaped Au MNPs. The seed mediated wet chemical protocol has been employed
for synthesizing Au complex shaped NPs. Next the transmission electron mi-
croscopy and related technique have been used to confirm the crystalline structure
and purity of the synthesized Au NPs. The plasmonic properties of these NPs
are characterized using cathodoluminescence (CL) technique in a high resolution
scanning electron microscope (HRSEM) and surface enhanced Raman scattering
(SERS) technique. Finally the experimentally acquired studies have been analyzed
with 3D-FDTD numerical simulations. Following this introductory chapter, this

thesis consists of six chapters.

Chapter 2 deals with the details of the chemical synthesis protocols to syn-
thesize complex shaped Au NPs. The details of the CL setup in HRSEM, which is
the primary characterization tool throughout this thesis have also been described.
Moreover the basic principles of other experimental techniques used in characteri-

zation are briefly discussed along with the actual instrumental configurations.

Chapter 3 explores the basic relationship between SP studies and CL tech-
nique. In the latter part of the chapter, the implementation of FDTD numerical

approach has been discussed.
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Chapter 4 discusses the effect of intertip coupling on the plasmonic behavior

of individual multitipped Au nanoflower.

Chapter 5 demonstrates the ideas about probing localized surface plasmons

of TOH Au NPs for surface enhanced Raman scattering.

Finally in Chapter 6 a summary of the thesis has been presented.



Chapter 2

Experimental methods

This chapter describes chemical routes to synthesize MNPs, the CL-SEM instru-
ment that is used as a main optical characterization tool throughout the thesis and

the basic principles of several characterization tools relevant to this thesis.

15
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2.1 Introduction

A brief description of the synthesis of complex shaped Au NF and TOH NPs
and the experimental techniques for their morphological, elemental, structural and
plasmon driven optical studies are discussed in this chapter. Nanoparticles were
syntheiszed using seed mediated wet chemical processes. Both the electron mi-
croscopy techniques namely field emission (FE) based scanning electron microscope
(SEM) and transmission electron microscope (TEM) were used for morphological
and structural studies of the as synthesized NPs. Study of the compositional details
has been carried out using energy dispersive x-ray spectrometry (EDS) in TEM.
Finally the investigation of localized surface plasmon enhanced optical properties

of the NPs were studied using CL and Raman techniques.

2.2 Seed mediated wet chemical synthesis

2.2.1 Synthesis of Au nanoflower
2.2.1.1 Chemicals

Chemicals including Gold (III) chloride trihydrate (HAuCly-3H50) >99.9% trace
metal basis, Silver nitrate (AgNOj3) BioXtra >99% (titration), Sodium borohy-
dride (H4BNa) granular, 10-40 mesh 98%, L-Ascorbic acid (C¢HgOg) ACS reagent
>99%, and Hexadecyltrimethyl ammonium bromide or CTAB (Cy9H4oBrN) assay
>99% (AT) were purchased from Sigma-Aldrich (Germany) and used for the syn-
thesis without any further purification. All the synthesis and experimental works

have been done by using Milli-Q) water.
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Gold nanoflowers (GNFs) are synthesized by using multi step seeding-based nano-
templating method [67] where the final step seed is a nano template for pre de-
termined tailored shape. In the first step, we synthesize spherical gold nano-seed
by adding 0.5 mL of 1072 M HAuCl, solution with 20 mL water in a small vial.
Next 0.2 mL of 2.5x1072 M trisodium citrate (NagCgH507) solution was added
drop wise and left for 1 min to mix well. After that 60 uL of 107! M ice cold
freshly prepared NaBH4 solution is added drop by drop which changes the color
of solution from light yellow to light red. We keep this seed solution for another 2
hrs before using it for the next synthesis step. During this time, the colour of the

solution turns to deep red.

2.2.1.2 First growth step to synthesize gold nano popcorns (GNPops)

In the first growth step, we have synthesized mono dispersed GNPops with average
size of about 45 + 3 nm. To synthesize GNPops, we dissolve 0.049 gm of CTAB
in 45 mL water (2.8x1072 M) by mild heating and simultaneous constant slow
stirring. To this solution, 2 mL of 1072 M HAuCly solution is added and stirred
for additional 1 min. Then 300 uL of 10=2 M freshly prepared AgNOs solution is
added gently, mixed well and then 320 uL of 10~ M ascorbic acid is added drop
wise. As soon as the solution becomes colourless, 500 uL of gold nanoseed solution
(as prepared) is added at a time. The solution becomes deep blue within a minute

and it is left still for 2 hrs before using it for the next synthesis step.

2.2.1.3 Nano-templating step to synthesize GNF's

In the second growth step we have synthesized intrinsically mono dispersed GNFs

with size (diameter) variation between 110-360 nm. To synthesize different sized
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GNFs with differential petal openings, we used 11 different growth solutions by
dissolving 0.005, 0.01, 0.025, 0.05, 0.1, 0.25, 0.5, 0.75, 1.0, 1.25 and 1.5 gm of
CTAB in 45 mL water by mild heating and constant stirring. To this solution 2
mL of 1072 M HAuCly solution was added and stirred for additional 1 min. Then
300 uL of 1072 M freshly prepared AgNOj solution was added gently, mixed well
and then 320 uL of 10~* M ascorbic acid is added drop wise. As the solution
becomes colorless, immediately 500 ul. of GNPop solution was added at a time
as nano-template and the solution is left undisturbed for overnight to complete
the growth process and different growth solutions show different bright color. The
diluted Au NF solution is drop coated on a cleaned Si (100) wafer and then loaded

into the SEM chamber after sufficient drying in ambient condition.

2.2.2 Synthesis of Au nano TOH particle

A seed mediated growth method was used to synthesize the TOH Au particles.[58,
59] Chemicals including gold (III) chloride trihydrate (HAuCly.3H20)> 99.9%,
sodium borohydride (NaBH; > 99%) granular, 98%, L-ascorbic acid (CgHgOg)
ACS reagent > 99%, were obtained from Sigma-Aldrich. (1Hexadecyl) trimethy-
lammonium chloride (CTAC, 96%) was obtained from Alfa Aesar. The Milli-Q
water was used throughout the synthesis works. At first, an ice cold freshly pre-
pared solution of 0.30 mL, 10 mM NaBH,; was quickly injected into a solution
composed of 10.00 mL, 0.10 M CTAC, and 0.25 mL, 10 mM HAuCl,; under mag-
netic stirring (1200 rpm) for colloidal Au seeds preparation. Next, this as-prepared
seed solution was diluted 1000 folds with CTAC (0.10 M) solution which was fur-
ther used for the seed mediated growth technique. Then, the growth solution was

prepared by sequentially adding HAuCly (0.50 mL, 10 mM) and L-ascorbic acid
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(1.0 mL, 0.10 M) into a CTAC (10.00 mL, 0.10 M) solution. Finally, 0.01 mL of
the diluted Au seed solution was added to the growth solution and the solution
was left undisturbed for overnight to complete the growth process of the TOH Au
particles.

As-synthesized TOH shaped Au particles were drop-casted on a mirror-polished
side of a piece of cleaned crystalline silicon (Si) substrate for morphological anal-
ysis using a FESEM (Zeiss, SUPRA 40). A carbon coated 3 mm grid was dipped
within the growth solution and was dried for sufficient long time before inserting
it in analysis chamber of TEM for structure investigation using a high resolution
transmission electron microscope (HRTEM; FEI, Tecnai G2 F30, S-Twin) operat-

ing at 300 kV.

2.3 Characterization tools

Throughout this thesis, field emission scanning electron microscope (FESEM)
based cathodoluminscence (CL) technique has been used extensively as the major
characterization tool for LSPR studies. The surface enhanced Raman scatter-
ing (SERS) studies are partly carried out to demonstrate the significance of field
enhancement under LSPR conditions in Au MNPs. In this section the basic de-

scription and operation of the characterizing tools shall be discussed.
2.3.1 Scanning electron microscope (SEM)

A Scanning Electron Microscope (SEM) is a powerful magnification tool that uti-
lizes focused beams of electrons to obtain details of morphological information.
Typically, SEM is capable of imaging a surface by sweeping a finely focussed elec-

tron beam in a raster pattern over an area of sample surface and by detecting
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secondary electrons emitted from the surface within a high vacuum ambience.

The schematic of main components of a SEM is shown in Figure 2.1. These are

Electron gun | l_‘ Usup | T Uex
| —
Field lens ==l u

Electromagnetic aperture\ LI
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Annular BSE detector
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Annular SE detector o, £ 1Us
F
Beam booster

Magnetic lens
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\
=
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Figure 2.1: Schematic of FESEM. Here the extractor voltage of first anode, primary
beam voltage, booster voltage and filtering grid voltage are designated as Ue,, Upp,
UB, UF and FEsB respectively. Image courtesy: www.smt.zeiss.com

electron gun, field lens, electromagnetic aperture changer, magnetic lens, scanning
coils, electrostatic lens and detectors. The high energetic electron beam from the
field emission gun (FEG) filament reaches to the sample through a of series of
lenses (condenser and objective) as well as series of micron size apertures. The
FEG cathode contains a sharp metal tip with radius nearly about 100 nm. The
typical beam diameter for FEGs is on the order of few nanometers that enables
imaging with high spatial resolution. Resolving small specimen features requires
probe diameters of similar dimensions. Lenses are used to control the diameter of
the beam as well as to focus the beam on the sample. Spacial care must be taken

in sample preparation as the the SEM utilizes vacuum conditions. To prevent the
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charging effect of the samples the samples must be conductive in nature and free
from water. Otherwise it will hamper the vacuum facility as well as the imaging
quality. All non-metals need to be made conductive by coating the sample with a
thin layer of conductive material. The chamber pressure is maintained below 1 X
10~° mbar by a turbo pump backed by a rotary pump having oil trap and oil mist
filter that guarantees contamination free vacuum environment. The field emission
gun (FEG) was kept at ultra high vacuum UHV (pressure level 1071° mbar) by an

ion pump (nominal pumping speed for dry Ny is 53 1/s).

backscattered characteristic X-rays
electrons

Bremsstrahlung X-rays

secondary

electrons visible light
Auger’s (cathodoluminescence)
electrons heat

Sample surface

Figure 2.2: Types of interactions between electrons and a sample.

Interaction of high energetic electron beam with sample gives rise to different
kind of signals through electron-sample interactions as shown in Figure 2.2.The re-
sulting region over which the incident electrons interact with the sample is known
as interaction volume. The interaction volume increases with increasing incident
beam energy and decreases with increasing average atomic number of the specimen.
Secondary electrons and backscattered electrons are commonly used for imaging
the surface morphology and topography of the samples. The typical escape depth

of the low-energy (<50 eV) secondary electrons is approximately 5-50 nm whereas



22

the backscattered electrons (energy varies from zero to incident electron energy)
can escape from 100 times larger depth compared to the secondary electrons. Con-
sequently, SEs are very sensitive to topography of the surface. Besides, the X-ray
generation is produced by inelastic collisions of the incident electrons with elec-
trons in discrete ortitals (shells) of atoms in the sample. The emitted photons
(characteristic X-rays) are used for quantitative and semiquantitative analyses of
elemental analysis. Depending on the detection of different kind of emitted signals,
different aspects of electron-solid interaction based characterization of materials are

possible, which is an unique feature of electron microscopes (SEM and TEM).

2.3.2 Cathodoluminescence (CL) in a SEM

Figure 2.3: Photograph of the CL-SEM system installed at the Saha Institute of
Nuclear Physics, Kolkata.
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The CL-SEM facility, described here, was designed at the Saha Institute of Nu-
clear Physics (SINP), Kolkata and was custom fabricated by Carl Zeiss, Germany
and Gatan, UK. The CL-SEM facility has two units; a probe forming unit that
delivers few nanometer size focused electron beam (ZEISS SUPRA40 field emis-
sion gun (FEG) SEM) and an optical detection unit (MonoCL3, Gatan) (shown

in Figure 2.3).[116] The schematic of the CL-SEM system is shown in Figure 2.4.
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Figure 2.4: Schematic diagram of the CL-SEM system.

The MonoCL3 system is equipped with a retractable paraboloid mirror placed
inside the SEM chamber. The electron beam (e-beam) from the FEG of the SEM

reaches the sample through a hole of 1 mm diameter on the paraboloid mirror. The
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mirror is capable of collecting emitted light signals from the sample under consid-
eration within a solid angle of 1.427 sr of the full 27 of the upper half sphere. The
collected light signal is collimated through a hollow aluminum tube and directed to
a Czerny-Turner type optical monochromator of focal length of 300 mm. Finally
the signal from the monochromator is fed to a Peltier-cooled high sensitivity photo
multiplier tube (HSPMT). In order to capture maximum amount of light signal,
top surface of the sample must be kept at the focal plane of the paraboloid mirror.

In our experimental arrangements this is achieved by putting the sample top sur-

SE Image CL Image

Figure 2.5: (a) SE image at the lowest possible magnification of the SEM. The
circular hole is the aperture of the mirror (1 mm diameter). Beneath this is the
specimen under consideration. (b) Panchromatic CL image after height adjustment
between the mirror and sample surface using the stepper motor controlled sample
stage with utmost care. The brightest zone encircled by white dots is the focal
position of the specimen commonly called as hot spot.

face 1 mm below the bottom plane of the mirror. This focal adjustment (shown in
Figure 2.5) is very carefully done before every set of experiments and the detailed
procedure can be found elsewhere.[116] The system was calibrated before every set

of experiments using 404.66 nm mercury spectral line of an in line discharge lamp
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for better accuracy in data collection from the sample (shown in Figure 2.6). The
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Figure 2.6: Calibration lamp spectra with entrance and exit slit width of 100 um

CL system can be operated in two modes, namely, monochromatic and panchro-
matic. In the monochromatic mode, the electron beam is either scanned over an
area of interest (area analysis) or fixed onto a selected point (spot analysis) of the
sample. The photons emitted from the sample pass through the monochromator
and enter the HSPMT detector and the recording of CL spectra is accomplished.
Then monochromatic CL images or photon maps at selected peak wavelengths
are obtained by scanning the electron beam over the sample while allowing only
the light signal of desired wavelength to pass through the monochromator to the
HSPMT. In the panchromatic mode, the monochromator is bypassed and the emit-
ted light is directly fed to the HSPMT detector resulting in a CL emission map
that contains all the wavelengths lying within the detection range (300 nm-900 nm)

of the HSPMT. Both the monochromatic and panchromatic mode of CL operation
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also allow us simultaneous acquisition of secondary electron (SE) images enabling

direct correlation between plasmonic response and the particle morphology.

2.3.3 Raman spectroscopy

‘_ﬂ-mmsmw

Figure 2.7: Photograph of the micro-Raman spectrometer.

Raman spectroscopy is a vibrational spectroscopy involving the inelastic scat-
tering of incident photons by a molecule. The Raman effect results from the
change in polarizability of the molecule induced by the interaction of vibrational
and /or rotational motions of molecules with the electromagnetic radiation. When
a monochromatic light (at frequency 14) illuminates molecules with internal modes

of vibration most of the scattering occurs at the same frequency as the incident
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source which is termed as Rayleigh scattering. Besides, a very small portion of the
incident light is scattered off from the molecules with a shifted frequency (either
red or blue shifted from 1y to 1f)). The frequency difference between the incident

light and the scattered light equals to the molecular vibrational frequency (Av),
v+ vy =Av (2.1)

This phenomenon is referred to as Raman effect. A typical Raman spectrum
will contain multiple Raman peaks depending on the number of vibrational mode
modes for the molecule. The vy — 1/ (red shifted) and vy + 1) (blue shifted)lines
are known as Stokes and anti-Stokes lines. corresponding to a specific vibrational.
The intensities of the anti-Stokes peaks are smaller than those for the Stokes peaks.
Raman scattering is generally considered to be a very weak scattering process (ap-
proximately 10%-108 scattering events are required to generate one Raman scattered
photon).[117] In Raman spectroscopy, the vibrational frequency (1)) are measured
as a shift from the incident beam frequency (14). The Raman shift can be expressed
as

1 1
Yem ™

Av = ( (2.2)

)\incident )\scattered

The collected Raman scattering intensity in spectrometer can be expressed as

8mta?

1+ cos® )1, (2.3)

where « is polarizability of the molecule, A is wavelength of the incident light,
Iy is incident intensity, 6 is angle between incident and scattered light, and r is
distance from center of scattering to detector. The Raman signal can be enhanced
by increasing the electric field interacting with the few molecules. The field en-

chantment can be obtained by surface plasmons of metal nanoparticles when they
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are excited with laser light source under the LSPR condition. Considering cer-
tain assumptions in the experimental configuration, it is shown that the Raman
intensity can be enhanced by a factor equal to the fourth power of the local field
enhancement which is often referred as the | E|* approximation in SERS. [90]

Raman scattering studies were performed using micro-Raman spectrometer (in-
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Figure 2.8: Schematic of the micro-Raman spectrometer.

Via, Renishaw) mounted in the back scattering configuration (shown in Figure 2.7).
The Block diagram of the Raman setup with major parts are shown in Figure 2.8.

The major parts of the Raman spectrometer are listed below:
1. Excitation source: Continuous wave lasers (Ar" laser with 514.5 nm).

2. Sample illumination and collection system: set of lenses or microscope (Backscat-
tering configuration, standard and confocal mode, x5, x20, x50, x100, x15

(UV), and x40 (UV) lenses).

3. Notch/Edge filters: Rayleigh rejection filter.
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4. Wavelength selector: Monochromator (Gratings; 600, 1800, 2400, and 3000

gr.mm™1).

5. Detector and computer control /processing system: Thermoelectrically cooled

CCD and InGaAs detectors.
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Figure 2.9: (a) Photograph of the 300 kV high-resolution transmission electron
microscope (HRTEM) system. (b) Schematic of TEM: For selected area electron
diffraction (SAED), an aperture in the plane of the first intermediate image defines
the region of which the diffraction is obtained. In imaging mode, an objective
aperture can be inserted in the back focal plane to select one or more beams that
contribute to the final image.
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2.3.4 Transmission elecron microscopy (TEM)

The high resolution crystalline analysis of as synthesized nanoparticles was carried
out using a high resolution transmission electron microscope (HRTEM) (model:
FEI, Technai G2 F30, S-Twin) operated at 300KV as shown in Figure 2.9a. The
configuration of a transmission electron microscope (TEM) is shown schematically
in Figure 2.9b. Electrons emerging from the electron gun are focused to a thin and
almost parallel beam, by a pair of condenser lenses. The sample to be examined
is placed at the object plane of the objective lens of the TEM. To obtain a clearly
visible image on the phosphor screen, the sample is required to be electron trans-
parent, i.e., thin enough, so that a large portion of the incident electron beam is
transmitted through the sample. The transmitted portion of the electron beam
is focused by the objective lens. An electron diffraction pattern formed at image
plane, is magnified on the viewing screen by the first and second intermediate
lens and the projector lens assembly. An area of interest can be selected from
the sample image formed at first image plane by the selected area aperture. This
selected area acts as a virtual source for the intermediate lens assembly so that
only electron diffraction from this area can be observed in the viewing screen and
is known as selected area diffraction imaging. In imaging mode of operation of
the TEM, a spot from the electron diffraction pattern can be chosen for imaging
by another aperture placed above the selected area electron diffraction (SAED)
aperture which is called the objective aperture. To obtain an image of the sample,
the first intermediate lens is adjusted so that the first image plane becomes its
object plane. If the central spot on the optic axis is chosen for imaging by the

objective aperture then the TEM image is called a bright field image. If any other
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diffraction spot is chosen for imaging then the image is called a dark field image.
2.3.5 X-Ray energy dispersive spectroscopy (XEDS)

X-Ray energy dispersive spectroscopy (XEDS) is a powerful technique which de-
tects the X-rays generated from the interaction of the electron beam with the
specimen (shown in Figure 2.2) and identifies from which element they originated
with help of some electronics and computer display. EDS makes use of the X-ray
spectrum emitted by a solid sample bombarded with a focused beam of electrons
to obtain a localized chemical analysis. When the characteristic X-rays from dif-
ferent elements deposit energy to the XEDS detector, thousands of electron-hole
pairs are generated, the number of which is directly proportional to energy of the
X-rays. This X-ray spectrum comprises with element-specific-characteristic peaks
with well-defined energies which provides the possibility to distinguish most ele-
ments in the periodic table. The XEDS analysis for compositional characteristic
of the nanoparticles are performed with a EDS spectroscopy attached with the

Technain G2 F30 S-Twin TEM machine used in the present work.



Chapter 3

Localised Surface plasmons and
cathodoluinscence (CL): Basic
concepts and numerical
approaches

This chapter describes very briefly the physics of probing localized surface plasmons

of metal nanoparticles by using the CL and SERS techniques.

32
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3.1 Introduction

Recent interest in nanotechnology is driven by the unique and novel properties
of noble metal nanoparticles (MNPs) interacting with incident electromagnetic
(EM) field that results in localized surface plasmon resonances (LSPRs). These
resonances, associated with MNPs, create sharp spectral absorption and scattering
peaks as well as strong electromagnetic near-field enhancements. Plasmon physics
is intriguing and its precise modelling proved to be challenging. However, the
direct optical excitation of surface plasmons on MNPs provides numerous ways
to control and manipulate light at nanoscale dimensions. This has stimulated
the development of novel optical materials, deeper theoretical insight, innovative
new devices, and applications with significant technological and societal impact.
The subsequent sections of this chapter serve to describe the physical theory of
LSPR formation at the surface of MNPs. Also, the theoretical concepts of probing
localized surface plasmon using cathodoluminescence (CL) and surface enhanced

Raman scattering (SERS) have been discussed.

3.2 Fundamentals of localized surface plasmon
resonance (LSPR)

Localized surface plasmon resonance (LSPR) is an optical phenomena generated
by the excitation of light or evanescent field of fast moving electron beam with
conductive nanoparticles (NPs) that are smaller than the incident wavelength. As
in surface plasmon resonance, the electric field of incident light can be deposited to
collectively excite electrons of a conduction band, with the result being coherent

localized plasmon oscillations with a resonant frequency that strongly depends on
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the composition, size, geometry, dielectric environment and separation distance of
NPs. According to the Fermi liquid model, plasmons can be described as a neg-
atively charged electron cloud coherently displaced from its equilibrium position
around a lattice made of positively charged ions (as shown in Figure 3.1a).

Plasmons in NPs with size much smaller than photon wavelength are non-

d<A

Figure 3.1: (a) LSPs are excited by light propagating in free space or dielectric
media. (b) The LSP in MNPs can be modelled, as a first approximation, like a
spring-mass harmonic oscillator, where the free-electron density is the equivalent
of the mass. Image adapted from Ref.[119]

propagating excitations, called localized surface plasmons (LSPs), because the
resulting plasmon oscillation is distributed over the whole particle volume.[48,
118, 119] Such a coherent displacement of electrons from the positively charged
lattice generates a restoring force that pulls the polarized electrons back to the
lattice, i.e. the NPs act much like a ‘nanoantenna’.[120] Hence, the plasmon in an

NP can be considered as a mass-spring harmonic oscillator driven by the external
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EM field, where the electron cloud oscillates like a simple dipole in parallel direc-
tion to the electric field of the electromagnetic radiation (Figure 3.1b).[9, 120-122]
The simple mass-on-a-spring damped oscillator model, where the mass is repre-
sented by the electron density and the spring constant is set by the Coulomb
restoring force between electrons and lattice atoms, has been utilized several times
to gain conceptual and physical (semi-quantitative) understanding of plasmonic
systems.[119-122] For instance, in the case of a spherical Au NP with size much
smaller than the wavelength of light (quasistatic approximation), the distortion of
the electron cloud in response to the electric field can be expressed by the metal

polarizability:[3, 118, 119]

€A) = em(N)

Oz()\) = 3€m()\)VNp€()\) T XEm()\)

(3.1)

where A is the light wavelength, ¢, the dielectric constant of surrounding medium,
Vnp the NP volume, x is a geometrical factor (x = 2 in a sphere) and €(w) is the

frequency (w) dependent complex dielectric function of the NP:[48, 119]
e(w) = Rele(w)] + iIm[e(w)] (3.2)

Using equation 3.1, one can arrive to the quasistatic expression of the extinction

cross-section (opg,) in a spherical Au NP:[48, 119, 123]

S 187 [ (N)]*/ Vir Ime(N)
’ A [Rele] + 26, (N)]” + Im[e(N)])”

It is evident from equation 3.3 that:
1. the plasmonic properties of any material are defined by its €(w);

2. opg scales with particle volume;
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3. 0pg i1s maximum when the denominator is minimized, namely the LSP is

excited at the frequency where:[3, 48, 118, 119]
Relenp(w)] ~ x€m(w). (3.4)

This relationship is called the Frohlich condition[48, 119] and the associated mode
(in an oscillating field) the dipole surface plasmon of the MNP. Following the
above discussion, we may conclude that the LSPR frequency strongly depends on
the €,,(w) of the surrounding medium. Moreover it is also strongly affected by NP
size, shape, and composition.[3, 9, 48, 119] The imaginary part of the dielectric
function also plays a role in the plasmon resonance, relating to the damping, that

is, resonance peak broadening.[3, 48, 119]

3.3 Factors influencing LSPR

3.3.1 Dielectric environment

Clearly, the equation (3.4) implies that the LSPR frequency strongly depends on
the €,,(w) of the medium, i.e, it is redshifted for increasing €,,(w) (i.e. going from
water to glass) and blueshifted for decreasing €,,(w) (i.e. going from water to
air).[3, 48]

The LSPR frequency of MNP is also very sensitive to the environmental dielectric
properties, such as changes in liquid or gas density, formation of organic shells such
as those of stabilizing ligands, and in general to any surface adsorption of chemical

compounds.
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3.3.2 Size

We can express the extinction cross-section of a MNP as the sum of the absorption

(0aps) and scattering (oge,) terms:

(UE:vt> = (USca) + (UAbs> (35)

It is very well known that for MNPs smaller than incident EM wavelength (), the
scattering and absorption cross section depend on the 6th and 3rd power of the
particles size (d), respectively.[3, 48, 119] Interestingly, the absorption dominates
over scattering [48, 118, 119] when d < A. However, both the effects become
comparable for MNPs of about 50 nm, whereas scattering prevails above 70 - 100
nm. In fact, light scattering is an elastic process consisting in the modification of
the photon propagation direction, whereas light absorption consists in the transfer
of photon energy to the MNPs.

Interestingly, when the size of the MNP increases towards the wavelength of the
incident EM wave, the multipolar plasmon modes come in the scenario due to the
retardation effect. Typically such situations occur when the size parameter of the

MNP (x) is very close to 1, where x is defined by:[123, 124]

r=— (3.6)

In quasistatic approximation, x < 1, the size of MNP is very small compared to
the incident light wavelength. Consequently the electric field distribution along
the particle is essentially uniform, electron cloud polarization is coherent in each
point of the metal, and dipolar plasmon oscillations are excited.[21, 48, 118] In
contrast, the multipolar plamons modes are excited under resonant EM wavelength

in case of larger MNP where neither the electric field distribution along the particle
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is uniform, nor the electron cloud polarization is coherent. The size effect is a
bare electromagnetic phenomenon appearing in the optical absorption spectrum as
broadening and red shift of the LSPR for increasing Au NP size. For instance, the
pure dipolar modes dominate for particles of 30 nm or smaller,[118, 125] whereas

the retardation effects play important roles for Au NPs above 60 nm.

3.3.3 Shape

The key to achieving broad LSPR tunability without sacrificing the linewidth of
the resonance is to vary the nanoparticle shape. The position, and number of LSPR
also depend on the shape of the MNPs. Over the past decade, a myriad of new
MNP shapes, such as nanorods (NRs), nanoshells (NSs), nanowires, nanocubes,
nanostars, nanotriangles, and nanocones, have driven a new wave of interest in
tuning their LSPR properties.[3, 9, 41, 48, 119, 126, 127] The effect of particle
shape on LSPR properties was dramatically demonstrated in the work of Mock
et al., in which the spectra of silver nanoparticles of different shapes (spheres,
triangles, and cubes) but similar volume were correlated with their structure.[128]
In general, NP symmetry reduction is an effective method to modify the position,
number, and intensity of LSPR. For instance, Au nanospheres with the size of 2-50
nm show only one plasmon band centred at about 520 nm, while two LSPR peaks
appear when the symmetry is reduced from spherical to cylindrical, i.e. in Au
NRs.[119, 129] The first peak corresponds to the plasmon oscillations along the
minor axis, while the second one appears due to the plasmon oscillation along the
major axis. By increasing the aspect ratio D of the NR (i.e.the major to minor
axis ratio), the position of second LSPR can be shifted from the visible to the NIR

range.[129-132]
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There has been a great deal of interest in nanoparticle shapes with sharp features or
tips, which have been developed through both bottom-up (chemical synthesis) and
top-down (lithography) methods. Some of these include silver[133] and gold[134]
nanocubes,[135-137] nanostars,[29-31, 61-63] nanotriangles,[36] Au trisoctahedron
(TOH),[75-80] and gold nanocrescents.[138] Primary effect of the sharp tips is to
produce a red shift in the plasmon resonance. Moreover, sharp features exhibit
additional advantage for molecular detection at the microscopic level in that MNPs
as the sharp tip creates a localized sensing/mode volume of highly enhanced electric

field intensity.[3, 9, 30, 31, 41, 61-64, 68-70, 72, 73, 126, 127]
3.3.4 Other factors

Apart from these primary factors (as discussed above), the LSPR behaviour of
nanoparticles also depends on the other factors,[119] like surface chemical interactions,[118,
139] temperature,[132, 140] pressure,[141, 142] non-local effects,[8, 143, 144] assem-

bly of MNPs,[145] composition of the MNP etc.[3, 9, 41, 48, 119, 126, 127]

3.4 Probing LSPR

In recent years, the tremendous advances in instrumentation coupled with break-
throughs of synthesis methods has helped to construct several novel techniques to
probe the plasmonic behaviour of single metal nanoparticles (MNPs), each with
a different combination of spatial resolution, spectral resolution, expansion capa-
bilities and ease of use and implementation. In general, these techniques can be
classified in to two major groups according to their detection techniques: near
field and far field techniques. The near-field optical techniques measure the op-

tical behaviour by introducing a physical, optical probe in close proximity to the
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particle,[146-150] a concept first outlined by Synge in 1928.[151] A sub-diffraction-
limited optical imaging technique, such as near-field scanning optical microscopy
(NSOM), can achieve a resolution of ~ 20 nm or slightly better, but (in the case
of NSOM) is constrained by the requirement of fabricating very sharp tips and
furthermore, interaction of the tip with the light in the structure often perturbs
the localised surface palsmon (LSP) mode,[95] making it challenging to probe the
detailed spatial profile of the resonance. So, search for a non-perturbing probe to
directly explore the plasmonic behaviour including the imaging of LSP modes with
high spatial resolution around MNPs remains a challenging task.

In contrast, far-field approaches are capable of probing the optical properties of
MNPs from a distance much larger than the wavelength of light. Among several far
field methods, the dark-field microscopy, surface enhanced spectroscopy etc. tech-
niques have drawn much attention owing to their unique detection techniques. For
example, optical dark field microscopy (DFM) has been considered as the promi-
nent far field technique to explore the LSP behavior of the MNPs with excellent
spectral resolution by probing the scattering phenomena of MNPs depending on
the shape and size of the MNPs.[96, 97, 152-155] Additionally, in DFM technique,
a light source excites the whole volume of the nanoparticle and therefore unable to
probe the rich features arising out from the different parts of the highly complex
shaped nanostructures like nanostar/flower and trisoctahedron. However, DFM
technique is constrained by the diffraction limit to a spatial resolution of about
half a wavelength.[26, 95]

The surface enhanced spectroscopy like surface-enhanced Raman spectroscopy

(SERS) is a powerful vibrational technique that allows for highly sensitive and
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selective detection of low concentration analytes through this plasmonic ampli-
fication of electromagnetic fields.[90, 156-158] The electromagnetic enhancement
mechanism under LSPR condition is generally believed to be the primary contribu-
tor to the SERS effect, while the chemical mechanism, which primarily results from
charge transfer between the metal and molecule, provides a minor enhancement
effect. It is an indirect far field characterization tool that provides the information
about the average electric field enhancement around a particle or cluster of particle,
leading to better understanding of plasmonic phenomena. However SERS imaging
is also suffered by the diffraction limited lateral resolution of Raman microscope.
In a typical optical beam based far field experiment, the spatial resolution is lim-
ited by the so-called optical diffraction limit to around half the wavelength of light.
In this regard, techniques based on e-beam spectroscopy like CL has been shown
to be an excellent probe of plasmons with a very high spatial resolution [37] and
due to the non-contact nature they do not have undesirable effects on the mea-
sured quantities. The electromagnetic field carried by the electron beam acts like
a very local plane wave or supercontinuum source of white light.[8, 21, 159, 160]
It is this field which is scattered by the MNPs in the case of CL. Moreover this
electromagnetic field (an electric field in the QS approximation) associated with
the incoming electron that polarizes the NP of interest, which itself generates an
induced field. Now one can compute the CL by estimating energy carried by the
induced field and propagating to the far-field. In the subsequent sections of this

Chapter, a few theoretical aspects of CL from MNPs will be addressed.
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3.4.1 Interaction of fast electron with matter

For metals bombarded with e-beams the excitation of bulk or surface plasmons
can occur when the moving charge couples to the free electrons in the metal. This
effect was observed first in EELS and provided a first proof of the excitation of
bulk and surface plasmons.[5] First observations of light emission from surface
plasmons (SPs), excited by electrons and coupled out using gratings, were done
by Teng and Stern.[161] Heitmann used electron excitation of SPs to map their
dispersion relation on silver gratings.[162] Yamamoto et al. first reported the use
of electron irradiation to determine the spatially-resolved mode distribution of

plasmons localized in silver nanoparticles.[103]

3.4.1.1 Moving electron as an evanescent source of light

With respect to the Figure 3.2 electron of charge e, moving with a constant velocity
v along the z axis, has been considered. It is also assumed that the electron is
incident from the lower half space z < 0 which is taken to be vacuum (e; = 1),
and it crosses the interface with the upper half space filled with a dielectric of
permittivity e = € at 2 = 0 and time ¢ = 0. The dielectric can be either a
metal (Re(e) < 0) or dielectric (Re(e) > 0). The expression for electric (F) field

satisfying Maxwell’s equation can be written as:[8]

2ew

B(w) = () (3.7)
where
o) = Ko (E: — k(R (3.8)

Ve o VYe VYe
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Figure 3.2: FEwvanescent character of the electromagnetic field produced by a fast
electron. Transverse-spatial direction dependence of the exp(—iwt) contribution
to the electromagnetic field set up by an electron moving in vacuum with velocity
v =0.7c (v = 1.4 and kinetic energy =~ 200 keV) along the positive z axis. The only
non-vanishing components Er, E,, and H, decay exponentially at large distance R
from the trajectory. The inset shows the orientation of these components relative to
the electron velocity vector. The small-R limit is dominated by the 1/R divergence
of Er and H,. Image adapted from Ref.[8]

Ye = 1/4/1 — ev?/c? is the Lorentz contraction factor and R is the distance from
the electron trajectory. Similarly the magnetic field can be written as:

2 R
H(Fw) = — U H

)eiwz/v A

o, (3.9)

where ¢ is the azimuthal unit vector. From equations [3.7-3.9], one can see that
moving electron acts as a broadband source of electromagnetic field with the fre-
quency components of the field moving with velocity v along the electron trajec-
tory. The exponential decay with R of both E(7,w) and H(7,w) arises from the
asymptotic behavior of the modified Bessel functions K, for large arguments. In-
terestingly, the external field of the electron, diverges at positions of the trajectory
(Figure 3.2), meaning, theoretically infinite resolutions. Consequently, this signi-

fies that the actual resolution of experiment is only limited by the finite size of the
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beam spot.

3.5 Cathodoluinescence

Since the first observation of cathodoluminescence (CL) in the mid-nineteenth
century as the light emission stemming from cathode electron rays hitting a glass
substrate, CL is now routinely used as a material characterization technique in
mineralogy, semiconductor physics, and other fields. For example CL is widely
utilized in mineralogy [163-165] to resolve the composition, contamination, and
defects of natural structures with submicron detail. It is also a common tool to
study the electronic bands of insulators [166] and semiconductors [167] and partic-
ularly the effect of dopants.[168] Apart from these applications, CL also offers an
excellent and novel methodology to probe the surface plasmon mediated optical
properties of the metal nanoparticles (MNPs).[8, 159]

In a CL technique, a fast electron beam or cathode ray is sent on to a sample,
and the emitted light is collected to a CCD camera or serial detector coupled with
a spectrometer (schematic diagram is shown in Figure 3.3). In last few decades,
SEM/TEM fitted with CL spectroscopy has been considered as an essential tool in
probing the optical properties of nanoobjects extensively at subwavelength scales,
which is not easily accessible in standard standard optical techniques, such as
visible-UV spectroscopy or photoluminescence (PL) and confocal set-up etc. Al-
though the electron beam spectroscopy is being used in investigating the optical
properties of the metal nanoparticles (MNPs), the surprising fact is that the elec-
tron never interacts with light in free space owing the momentum mismatch.[8, 22—

27, 30, 31, 101-106, 159, 160, 169] So the question is, how the optical properties
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are being measured using the electron beam based spectroscopy. The underlaying
physics can be explained as follows.[159] A fast electron carries a Coulomb field.
A MNP close to the electron trajectory experiences a time-varying electric field
pointing from the electron to the MNP. Consequently, MNP feels a pulse of elec-
tromagnetic radiation owing to the interaction between the electric filed and the
MNP. The strength of the pulse depends reciprocally on the distance between the
MNP and the electron beam trajectory, the electric field being mostly perpendicu-
lar to the electron axis. In this situation the electron beam acts like a plane wave
packet of light propagating along the electron path. Since the pulse is relatively
short in time (for a 10 nm thick NP and an electron traveling at half the speed
of light, the interaction time is typically less than a femtosecond (fs)), the spec-
trum of the electromagnetic field accompanying the electron is white.[8, 159] Since
the Coulomb interaction between the MNP and the electron is highly localized
in nature, the electric field is concentrated over a very small volume. Thus the
electron can act as a highly localized source of white light which may take part in

the absorption, scattering or in luminescence phenomena.[8|

electron beam parabolic mirror
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Figure 3.3: Schematic diagram of CL technique.
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3.5.1 Basic principle of CL emission from MNP

The CL processes can be distinguished in two ways with respect to their degree
of coherence: coherent CL and incoherent CL. Here the coherence maintains the
conservation of energy and momentum between the excitation and the released
photons. The incoherent CL process is nearly similar to the photoluminescence
process: the sample is first excited and then it decays inelastically by emitting
light. A typical example of incoherent CL emission is the indirect transition of an
excited electron from the conduction band to the valence band in a semiconductor
with indirect band gap. Such a transition requires the involvement of phonons
while the emitted photons only supply the necessary energy.

Similarly, the interaction of the electron with a material gives rise to electromag-
netic far-field components that are coherent with respect to the external evanes-
cent field accompanying the moving charge. These far-field components produce
the electron-induced radiation emission or “EIRE”. There are several mechanisms
of coherent light emission such as, transition radiation, Cherenkov radiation and
diffraction radiation.

A charged particle like an electron, passing through a transparent medium, will
emit Cherenkov radiation if its speed v is faster than the phase velocity of light
in that medium, i.e. v > ¢/n where n is the refractive index of the medium.
Cherenkov radiation is mainly observed in dielectrics and not in metals, and will
not be considered in the context of this thesis.

Transition radiation is emitted if a charged particle passes through a boundary
between two media with different dielectric constants. It is created by the time

dependent variation and eventual collapse of the dipole moment formed by the



47

incident electron and its image charge in the dielectric. It is employed in crystal-
lography to identify and characterize materials.

Surface plasmons in MNPs have finite lifetime due to radiative decay, Landau
damping (e-h pair creation), and other absorption mechanisms. The former is
rather efficient when the particle has non-negligible size compared to the corre-
sponding light wavelength. Actually, the CL signal resulting from plasmon decay
offers an opportunity to resolve plasmons spectrally and spatially in following way:
electrons can be used as a broadband point dipole source to excite plasmon reso-
nances, such that one can detect and locally map plasmonic behaviour by monitor-
ing the events accompanying electron excitation. In case of coherent CL, one can
measure the probability for an electron to emit a photon of given energy during the
interaction process between the sample and the electron beam. This probability is
commonly called “EIRE probability” when the scattering process is elastic.[170]
The CL emission comes from the skin depth under the sub-surface of metals (~
20 nm in the visible and NIR for noble metals) which drastically erases any effects
arising from the electron solid collision cascade produced by the impinging electron
probe in deeper region. Moreover radiative inelastic decay has insignificant contri-
bution to CL in metals because electronic relaxation channels are faster by several
orders of magnitude. Therefore, the CL signal arising from MNPs, is dominated by
EIRE. CL is computed by estimating the energy carried by the induced field and
propagating to the far-field. The basic principle of CL is that energy is coupled
from energetic electrons to the plasmon modes of the MNP and subsequently to the
propagating light modes that constitute one of the prominent decay channels for

plasmons into the far-field radiation (CL). The CL intensity can be calculated by
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integrating the Poynting vector over the emission directions. The emitted energy

per incoming electron is given by:[§]

AE:/ hwdw/dQFCL(Q,w), (3.10)
0
where
_ 1 2
Top(9,0) = g O] (3.11)

is the number of photons emitted per incoming electron, per unit solid angle of

emission {2, and per unit of photon frequency range w.
3.5.2 Plasmon mapping with CL

The interaction between an electron and a plasmonic NP is capable of producing a
transient electric dipole at the point of impact. The power emitted by the transient

dipole is related to local density of plasmonic states with a given relation:[171]

Tw?

P=—
]_260

[91? pp(7, ) (3.12)

where p'is the transient or induced dipole for CL, and p, is the radiative portion of
the local density of states (LDOS) projected along the direction of the transition
dipole.[21, 103, 171, 172] This simple analytic expression conveys that the radiative
power of the transient dipole efficiently couples through the radiative modes of
plasmonic MNP into the far-field. Consequently, by scanning the electron beam
over the entire NP allows us to spectrally resolve radiative modes of individual
NP as the LDOS of plasmonic NP are very strongly correlated to the electric field
of the plasmon modes of the NP.[8, 173, 174] The photon excitation map can be
recorded by scanning the electron beam over the sample. Each pixel implies the

superposition of the radiative strength of all plasmon modes of the NP, at the
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scan location. For instance, the bright pixels corresponds to the areas where the
strongly excited plasmon modes emits the photons. The most important point is
that CL mapping for MNPs reveals the efficiency with which electron energy is
coupled to the far-field radiation as a function of electron injection position and
not the distribution of light emission. The resolution of the technique is slightly
larger than the beam spot size with an upper limit dictated by the extension
of the evanescent electric field of the electron (~ v/2w), where v is the electron
velocity and w is the light frequency (e.g., v/2w = 16 nm for 30 keV electrons at

a wavelength of 600 nm).[23, 104]

3.6 Modeling LSPR of MNPs

3.6.1 Analytical methods: Mie theory

Mie theory provides the optical properties for homogeneous spherical particles em-
bedded in a dielectric medium.In 1908, Gustav Mie gave a quantitative explanation
of the size dependent optical properties of metal nanospheres.[6] This analytical
approach is purely based on Maxwell equations and on the multipole expansion of
the electromagnetic fields. However, over the years, the theory was extended to

coreshell spheres,[175] and radially inhomogeneous spheres.[176]
3.6.2 Numerical methods: Non-spherical particle

In most of cases of real interest, particles are far away from exhibiting a spher-
ical symmetry. But Mie theory is applicable to very simple isotropic geometry
like sphere or infinite cylinder. To solve Maxwells equations in arbitrarily shaped
structures, numerical simulation is necessary. The availability of fast numerical

solvers of Maxwells equations using numerical approaches have enabled the rapid
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analysis of the properties of complex metallic nanostructures using realistic mate-
rial parameters and in realistic, anisotropic dielectric environments. The discrete
dipole method or DDA, also known as the coupled dipole method, was originally
introduced by Purcell and Pennypacker for describing light scattering by inter-
stellar dust grains,[108] and was subsequently developed by Draine et al, who
also created the popular DDSCAT code.[177] However in past few decades many
new computational tools, such as the finite difference in the time domain method
(FDTD),[62, 109, 110] the boundary element method (BEM) [111, 112] and finite
element method (FEM) [113] are introduced to understand and control the un-
usual, nonlinear and surprising responses of small metal NPs to light or electron
beam. Among several numerical methods, FDTD method has drawn rich attention
to study the LSP properties of nanosystems due to simple parametrization, and

implementation.

3.7 Finite-difference time-domain based electro-
dynamic calculations

Recently the finite-difference time-domain method (FDTD) has been considered
as one of the most popular techniques to solve the electromagnetic problems, such
as scattering from metal objects and dielectrics, antennas, microstrip circuits, and
electromagnetic absorption in the human body exposed to radiation. The FDTD
domain method relies on propagation of the electromagnetic field defined on a
spatial grid through consecutive time steps. The main three reasons of the suc-
cess of the FDTD method are simple parametrization, simple implementation and
time consuming of the FDTD programming even in a case of three-dimensional

code.[109] For anisotropic and arbitrarily shaped MNPs the field is so complex
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that analytical solution of Maxwell’s equations is not possible. So the electro-
magnetic fields in the presence of arbitrarily shaped MNPs must be solved by
sophisticated numerical methods. Here the FDTD method and its application in
CL based MNP plasmonics will be discussed.

The FDTD technique was first proposed by K. Yee, and then improved by others
in the early 70s. In the FDTD approach, both space and time are divided into
discrete segments. Space is segmented into box-shaped cells, which are small com-
pared to the wavelength. The Maxwells equations are solved considering central
difference approximations through the “leap-frog” algorithm. Practically, it means
that to approximate Maxwells equations in space and time using this algorithm,
one should calculate first all H field values, then all E field values, remembering
always that E and H are shifted also in space by half of the discretization. Accord-
ing to Yee scheme, 3D Cartesian volume element of sides Az, Ay, Az and total
volume A, is used for the space discretization. In this cubic volume element, F
and H components are staggered at half increments in space and time (where At

is the step size for time discretization).

According to Maxwell’s equation:
IV x H—J] (3.13)

— = _[VxE-M], (3.14)

where € is the permittivity and p the permeability of the medium. The electric

and magnetic current density, J and M respectively, are given by:

J = Jsource + 0F (3.15)
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Figure 3.4: Position of the various field (electric and magnetic)components within
the Yee grid. Image courtesy ref. 178.

M = Msyuree + 0 H, (3.16)

where, o is the electric conductivity of the medium and o* is the equivalent mag-
netic loss.

If Equations 3.15 and 3.16 are put in Equations 3.13 and 3.14 and the vector com-
ponents are evaluated, one gets a system of coupled equations which is the heart

of FDTD algorithm. As for example, the E, component is defined as:

= _[— - Ta. = Jsourcew + UEx] (317)

Utilizing Yee’s definition of rectangular coordinate system, one can formulate a
finite difference equation from Maxwell’s equation in discrete form. According to
this, the £, component at the time step (n+ 1/2) at one space point of the lattice

(1,7 +1/2,k + 1/2) that stands for the spatial location (iAx, jAy, kAz) is given
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by:

n+1/2 n—1/2
Ex|i,j+1/2,k+1/2 - E$|z‘,j+1/2,lc+1/2 B 1

At €ijr1/2,k+1/2

n

[HZ‘Zj+1,k+1/2 - HZ|Zj,k+1/2 _ Hy‘z,j+1/2,k+1 - Hy|2j+1/2,k

Ay Az

- JSoureez‘ZjH/zkH/z - ‘7|z‘,j+1/2,lc+1/2Ew‘?,jﬂ/zkﬂ/z] (3-18)

As the coefficients are fixed throughout the simulation, so they can be pre-calculated:

n+1/2 o n—1/2
Ei’?‘i,j+1/2,k+1/2 = Ca(m)Er|z’,j+1/2,k+1/2

+ Co(m)(H.|iji1nhyrjon — I3 pin e — Heliy 3ok +1/2° + Hy |20 0k

- Hy|2j+1/2,k+1 - JSOUTC@xmj—i—l/Q,k—f—l/ZA)? (3-19)

where C,(m) and Cy(m) are constants associated with the medium [178]. A more
detailed and rigorous derivation can be found in Ref. [110, 179]. It is evident from
Equation 3.19 that the electric field components at each point in space and in time
can be calculated from the previous time step’s electric component, the neighboring
magnetic field components of the space lattice and the material properties. The
software calculates the field components at each space point, for a specified time
from the data stored and calculated previously. Then the software increases the
time step and repeats the process. In the same way, similar equations can also
be derived for the H field. By placing a field calculating ‘monitor’ at the desired
location inside the simulation mesh, the software records the field components
and power at each time step and outputs them for analysis at the end of the
simulation. By taking the discrete Fourier transform of the stored time data at
the end of simulation the £ and H field behavior at each frequency, for a cell, can

be calculated.
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For numerical stability there is some restriction on At and the cell size. The fields
(electric and magnetic) must not change significantly between the cells and hence
the cell dimensions must be significantly less than the illumination wavelength.

The minimum time step and/or cell size is determined by the Courant condition:

§="= (3.20)

where, S is the Courant number and it should be < ———-2—— for numerical
v/no.ofdimension

stability. Hence for 3D simulation it should be < 1/4/3 [179]. Usually in practical
FDTD simulations, the cell size A is defined first to ensure sufficient resolution to

define the structure geometry. The cell size is typically given by:

A < Dmin (3.21)

~ 10nm4s

where, A,.;, is the shortest wavelength present and n,,,, is the highest refractive
index present in the simulation region. So, after defining the cell size the minimum
At can be calculated using Equation 3.20.

Due to the memory limitations the simulations must be finite and one needs proper
boundary conditions at the wall of the domains. The commercially available FDTD
software package from Lumerical FDTD Solutions [180] has been used in perform-
ing the numerical calculations. The important features of this software package
will be briefly discussed. Several contents of this section has been taken from the
FDTD reference guide which is available from http://docs.lumerical.com/en/

fdtd/reference_guide.html.

3.7.0.1 CAD layout editor

At the user end of the graphic interface, there is a CAD layout editor in Lumerical

FDTD solutions. The layout editor has two modes of operation: ‘layout mode’
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and ‘analysis mode’. ‘Layout mode’ is used to setup the simulation. Simulation
objects can be added, modified and deleted in this mode. After a simulation is
completed, the layout editor automatically switches to ‘analysis mode’. In ‘analysis
mode’, it is not possible to edit the simulation objects. The layout editor also shows
graphical representation of the simulation from an XY, X7, YZ and 3D perspective
view. There is an in-built object library that includes a wide range of basic and
complex objects with a documented script that can be modified to change the
shape and size. More complex structures can be generated using combinations of

basic structures.

3.7.0.2 Meshing and convergence

FDTD Solutions uses a rectangular, cartesian style mesh. Fundamental simulation
quantities (material properties and geometrical information, electric and magnetic
fields) are calculated at each mesh point. With the FDTD method, it is not pos-
sible to resolve interfaces to higher precision than the size of the mesh used. This
is an important issue to consider for plasmonic simulations, since the results are
often very sensitive to the size of the mesh near interfaces.

One solution is to use mesh override regions to force a very small spatial mesh
to more accurately resolve the locations of the metal interface. The disadvantage
of this method is that it can greatly increase simulation times and memory re-
quirements. Lumericals conformal mesh technology can allow us to obtain more
accurate results for a given mesh size, so it is always worth considering this mesh
refinement method over the traditional stair-casing method. Conformal variant 0
is the default setting during all simulations unless mentioned specifically.

The mesh accuracy is an integer from 1 to 8 defining the fineness of the mesh
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in the FDTD domain. The number of mesh points per wavelength (ppw), where
the wavelength is the shortest wavelength of the simulation bandwidth, is a major
consideration for the meshing algorithm.[181]

The auto-shutoff parameter is a built-in convergence criterion of Lumerical FDTD
Solutions, associated to the total amount of energy remaining in the simulation
domain. The lower the auto-shutoff, the less energy remains, the better the

convergence.|[181]

3.7.0.3 Material database

The materials database allows one to manage (create, modify, delete) the mate-
rials that are available for use in simulations. The material database stores the
material data to be used in the simulation. Experimental data can also be loaded
into the database. A number of materials database are provided with the prod-
uct installation. As a time domain technique, a single simulation can be used to
provide simulation results at many frequency points. This provides the ability to
analyze and optimize the design across a wide wavelength range but this is only
true to the extent that the models used to describe the dispersive nature of the
constituent materials are themselves accurate over the wavelength range of in-
terest. To overcome the multi-wavelength challenge, Lumerical’s multi-coefficient
materials (MCMs) have been used. MCMs rely on a more extensive set of basis
functions to better fit dispersion profiles that are not easily described by Drude,
Debye, and Lorentz materials. With a comparable cost in model complexity and
computation speed, the resulting MCM model is superior to the Lorentz-Drude
model. The dielectric constant / refractive index used in the calculations are ob-

tained from generalized MCM that fits the experimental dispersion data obtained
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from different tabulated databases [182-184] that fits better.

3.7.0.4 Sources

A number of source options are available with FDTD solutions, which are men-

tioned below:

e Point dipole source: Oscillating dipoles act as sources in Maxwell’s equa-
tions to produce electromagnetic fields. Their position and direction are

specified in terms of the center position and their orientation.

e Gaussian and thin lens sources: A Gaussian source defines a beam of
electromagnetic radiation propagating in a specific direction, with the am-
plitude defined by a Gaussian cross-section of a given width. By default, the
Gaussian sources use a scalar beam approximation for the electric field which
is valid as long as the beam diameter is much larger than the diffraction limit.
For a highly focused beam, there is also a thin lens source that injects a fully

vectorial beam.

e Plane wave sources: Plane wave sources are used to inject laterally-
uniform electromagnetic energy from one side of the source region. In 2D
simulations, the plane wave source injects along a line, while in 3D simula-
tions the plane wave source injects along a plane. It is also possible to inject

a plane wave at an angle.

e Total-field scattered-field (TFSF) sources: Total-field scattered-field
sources are used to separate the computation region into two distinct regions:

one contains the total field (i.e. the sum of the incident field and the scattered
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field), while the second region contains only the scattered field. The incident

field is a plane wave with a wave-vector normal to injection surface.

e Mode sources: The mode source is used to inject a guided mode into the
simulation region. The geometry of the mode source (i.e. center location,

and span) is used to compute the guided modes for the structure.

3.7.0.5 Normalization

The frequency power and frequency profile monitors record the electric and mag-
netic fields at a series of user-defined frequencies. These can be returned in either
the continuous wave normalization state (cwnorm), or the no normalization state
(nonorm). For most applications, the default cwnorm state is used. In the nonorm
state, the returned fields are simply the Fourier transform of the simulated time
domain fields. In the cwnorm state, the fields are normalized by the Fourier trans-
form of the source pulse, thereby yielding the impulse response of the system. As
it will be shown later in simulations of electron beam one need to deal with a large

number of dipole sources and the normal normalization scheme do not work.

3.7.0.6 Boundary conditions

Boundary conditions (BCs) are very crucial in EM and simulation techniques.
FDTD Solutions/propagator supports a range of boundary conditions, such as
perfectly matched layer (PML), metallic, periodic, Bloch, symmetric and anti-
symmetric.

Perfectly matched layer (PML) boundaries absorb the electromagnetic energy that

is incident upon them. Plasmonic simulations very often employ absorbing BCs
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that allows the radiation to propagate out of the computational area without in-
terfering with the field inside. PML is particularly useful when absorbing radiation
in normal incidence. The number of layers depends on the mesh size. More layers
causes the simulation to consume more memory. In all simulations presented in
this thesis PML BCs have been used.

Other BCs like metal BCs are used to specify perfectly reflecting boundaries allow-
ing no energy to escape along the boundary from the simulation volume. Periodic
BCs can be applied when both the structures and the electromagnetic fields are pe-
riodic. Bloch BCs can be used where the structures and the electromagnetic fields
are periodic but a phase shift exist between each period. Symmetric BCs can be
used when the structure has one or more planes of symmetry. Both the structure
and the source must be symmetric. Anti-symmetric BCs can be used when the
problem exhibits one or more planes of symmetry. Anti-symmetric boundaries are
anti-mirrors for electric fields and mirrors for magnetic fields.

3.7.1 FDTD simulation with electron beam as excitation

source

In the present work, electron beam from a scanning electron microscope (SEM)
has been used as the source of electromagnetic (EM) excitation during numerical
calculations unless mentioned specifically. In present CL experiments, the electron
beam energy of 30 keV with a beam current of ~15 nA were used. This means
the electron impact to the sample on an average in every 11 ps, which is ~ 5000
times longer than one typical optical cycle in the visible spectral range and ~ 200
times longer than the typical electron relaxation time in gold. So, we can neglect

the electron-electron interaction and simulate the photon emission for one single
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electron impact. In this numerical procedure we have modeled the energetic elec-
tron as a large number of closely spaced dipoles placed vertically with a temporal
phase lag that is associated with the electron velocity. The current density can be
written as:

-

J(t,7) = —evi,6(z — vt)d(x — 20)5(y — yo), (3.22)

where e is the electronic charge and v is the velocity of electron, (zg,yo) repre-
sents the position of the electron beam and z is the direction of electron velocity
and , is the unit vector along z direction. The introduced phase lag factor be-
tween two consecutive dipole is (z/v), where v = 0.32¢ corresponding to the 30
keV electron energy used in the present experiment with ¢ being the velocity of
light in free space. In the absence of any structure, the e-beam will not generate
any radiation because it is moving at a constant velocity. But in FDTD, we are
obliged to simulate only a finite portion of the electron beam path and the sudden
appearance and disappearance of the dipole beam will induce radiation. To mini-
mize error arising due to this issue, we run a second reference simulation where all
the structures have been removed, and we can calculate the electromagnetic fields
at angular frequency w by taking the difference in fields between the simulations.
The CL emission spectra are calculated by integrating the Poynting vector com-
ponents (P,) normal to a large NP. In order to calculate the near field intensity
(|E?) map and the charge distribution map corresponding to the calculated CL
emission spectra, field monitors were placed the at suitable planes passing through
or very near to the nanoparticle. The dielectric constant / refractive index used
in the calculations in the wavelength range 500-900 nm are obtained from gen-

eralized MCM that fits the experimental dispersion data obtained from different
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tabulated databases [182-184] that fits better. The Si substrate is considered as
a nondispersive material with fixed refractive index 4 in same wavelength range,
and having a dimension of 5 ym x 5 um x 4 pm. The metallic structures having
resonant characteristics and high index contrast interfaces are critically sensitive
to the precise locations of material interfaces. So, for a better accuracy in all the
calculations, Lumerical’s mesh override region has been used over all the metallic
structure.

In these type of simulations, one wants to calculate the response to a series of
dipoles of amplitude py, where pg is independent of frequency, i.e. the impulse
response which would be created in the time domain with a dipole of the form
p(t) = pod(t), where §(t) is a Dirac delta function. In the frequency domain it
gives p(w) = po. In reality, true Dirac delta function, which is numerically chal-
lenging, is not used. Instead a short pulse is used. To get the impulse response
then, one need to divide the results by the spectrum of the pulse used to excite
the dipole. Additionally, it is required to divide the electromagnetic fields by 1/iw
after the simulation, and this comes from the fact that we simulate the impulse re-
sponse to dipoles but we actually want the impulse response from a current. Then
both the normalization are included to get the impulse response and the factor of

1/w? for power and 1/iw for field.

3.8 Applications related to local-field enhance-
ment

The MNPs are potential candidate for amplifying the electromagnetic field near the
particle surface through the far-field radiation at subwavelength dimensions under

the LSPR conditions. The local field enhancement in NPs depends on the radiation
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generated by the radiative decay of the LSPR (i.e. light scattering), associated to
time-dependent electromagnetic fields that extend beyond the NP surface in the
near field by some nanometers, and transform into propagating plane waves in far-
field distance (i.e. at a distance larger than photon wavelength). The local-field
enhancement factor (EF) at any point 7 can be expressed as the ratio of the moduli

of the local electric field Ej,. to the incident electric field Fy [48, 185]:

Eloc(f‘)
Eo

EF(7) = (3.23)

EF is dramatically affected by the LSPR properties of NPs depending on the struc-
tural parameters and position around the surface of that NP, and can range from
less than 1 up to 10? — 103. The points with the largest EF in a single NP or
a group of them are called electromagnetic ‘hot spots’. In general, the disconti-
nuity of the structures such as gap, void and sharp tip (nanocubes,[58, 186, 187]
nanostars,[29, 30] nanotriangles,[23] nanodecahedra,[26, 27, 94, 152] nanotrisocta-
hedra [28, 58] etc.) can generate high electric field when interacting with external
EM field. However, due to the strong plasmonic coupling effects,[9] the nanogaps
between the adjacent particles of the ensembles on substrate may serve as ‘hot
spots’ with gigantic local-field enhancements of several orders of magnitude higher
than those achievable for LSPR of individual NP. The nanolensing behaviour has
been exploited to enhance several types of optical phenomena in nearby molecules
or materials, such as Raman scattering,[14, 15] enhanced fluorescence,[33] and
enhanced photo carrier generation,[11, 34]. Among all these enhanced optical
techniques, SERS is a state-of-the-art method that allows for highly sensitive and
selective detection of low concentration analytes through this plasmonic amplifi-

cation of electromagnetic fields.
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Figure 3.5: SERS 1is exploited for ultrasensitive detection of analytes by Raman
spectroscopy. The analyte emits intense Raman signals when attached on the MNP
substrate. Image adapted from Ref.[119]

3.8.1 Surface enhanced Raman scattering (SERS)

Surface enhanced Raman spectroscopy (SERS) is a powerful vibrational spec-
troscopy technique that allows for highly sensitive structural detection of molecules
in very low concentrations and provides rich structural information. Since the dis-
covery of SERS, researchers have attempted to understand how Raman signals can
be enhanced so many orders. The intrinsic low efficiency of Raman scattering can
be strongly improved if molecules are placed close to plasmonic MNPs (shown in
Figure 3.5). The SERS enhancement relies on two main mechanisms: electromag-
netic field (EM) enhancement and chemical (CM) enhancement.

In order to understand the complete SERS enhancement response after placing
molecules on the metal particles, we have to find out the EM enhancement factor
for both the metallic part as well as the molecular part. It is very well known fact
that Raman scattering arises from the induced dipole radiation of molecules, where

the induced dipole is proportional to the incident field E. The relation between
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induced dipole moment P and the incident field E can be expressed as,
P=ayE (3.24)

where P is dipole moment, « is molecular polarizability, and capital M refers to
the molecular properties to distinguish from the dielectric materials.[156-158] Tt is
also very well known that when we place a molecules on the metal particles such as
sphere and excite the system with incident field Ey, the electric field is enhanced

under LSPR condition, and the electric field becomes [158]
Eout = Eo + Einduced (325)

Now the molecule placed very closed to metal surface experiences the electric field
FE,.; and induces a dipole moment

— —
PM = aMEout (326)

The induced oscillating dipole creates its own electric field Eg;), and radiates at Ra-
man frequency. This new induced electric field Ey;, also interacts with the metal
particle again to generate a new secondary scattering dipole and electric field at
Raman frequency. Although the interactions between molecules and metal parti-
cles become much complicated after introducing the molecules on metal particles,
one can calculate the electric field enhancement factor using appropriate approxi-
mation. However the approximated electric field enhancement factor (EF) can be

expressed as,[156, 157]
|Eout|2|E</mt|2

EF =
| Eol*

(3.27)

where FEj is incident field, and E,,; is output field after local field enhancement
mechanism. The fields are evaluated at the frequency of incident light and the fre-

quency of Raman scattering, which represented without primed and with primed
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symbol respectively. One can further assume that the output fields at two frequen-
cies are almost the same, i.e. E,,; ~ E’ ,; so EF is proportional to E*. This is so-
called E* approximation and is commonly reported in the literatures.[90, 156, 157]

In experimental approaches, the enhancement factor (EF) of Raman signals is

calculated using following equation:[156]

(ISERS) (Nnormal>

EF =
([normal) (NSERS)

(3.28)

Isgrs and I,,ma are the intensity of particular Raman mode observed in the
SERS and normal spectra, respectively; N,,,.ma and Nggrs are the number of the
molecules in the excitation volume for the normal Raman acquisition and number
of adsorbed molecules on metal NP, respectively.

Another effect on SERS enhancement mechanism is chemical enhancement. Chem-
ical enhancement (CM) is due to chemical effects from the interaction between
molecules and metal surfaces such as charge transfer effect. The exact nature of
the CE is still debated in the literature. However, The CM effect results from the
formation of new molecule-metal surface complex and changes the polarizability
of the molecule. Now the formation of this state can be resonant at the excitation
laser wavelength, leading to a resonantly-enhanced Raman signal.[188, 189] From
theoretical electrodynamic calculation, EM enhancement factor usually varies in
the range of ~ 10% — 10® depending on the shape, size and material of the NP,
whereas the CM enhancement factor varies typically from 10! — 102, which is much

less than EM mechanism.



Chapter 4

Inter tip coupling effect on the
plasmonic behavior of individual
multi-tipped gold nanoflower

The CL spectroscopy and imaging of plasmon modes have been performed to explore
the inter tip plasmonic coupling effect of individually multi-tipped nanoflower. The

experimental results are supported by rigorous FDTD simulations.

66
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4.1 Introduction

Tuning the frequency of the LSPR by varying the shape, size and composition
of MNPs as well as understanding the LSPR coupling of individual MNP with
the other closely lying particles is a recent trend [9] in the area of plasmonics re-
search. In this context multi-tipped (also called multi-pod, nanostar or nanoflower)
MNPs, especially, gold nanostars/ nanoflowers are an exciting new class of plas-
monic structures. Gold (Au) nanoflowers (NFs) consist of a near-spherical core
from which numerous sharp tips of different lengths point outward. According to
theoretical predictions,[62] each LSPR mode for single gold nanoflower (AuNF)
is associated with one individual tip and the corresponding hotspot is located at
the tip assuming a wide separation among the tips so that tip to tip interac-
tion can be neglected. Moreover, a tip to core plasmon coupling has also been
invoked by the so-called plasmon hybridization model.[62] Most of the reported
works on individual Au nanostar/nanoflower so far has demonstrated no tip to
tip interaction.[30, 32, 62, 63, 73] This was primarily due to the large angular
separation between the tips. However, if the number of tips in a single nanostar
increases, angular separation between any two tips may be very small. In those
cases, due to the random orientation of the tips protruding in three dimensions,
tip-tip interaction cannot be neglected. Tip-tip interaction with the incident EM
field may modify the spectral and spatial localization of the LSPR mode of the
individual tips. This aspect, which has far reaching consequences in designing Au-
NF morphology based SERS active substrate for maximizing the Raman signal,
has not been addressed so far to the best of our knowledge. Consequently, ex-

perimental demonstration of the modification of LSPR properties in spectral and
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spatial domain for closely lying tips of a single Au-NF' is of utmost importance
from the perspective of light matter interaction at the nanoscale.

Here, we use CL-SEM technique to demonstrate the localization of electron beam
excited plasmonic hotspots at the tips of individual AuNF. We present a detailed
study of coupling between nearest neighbor tips originated from the same spher-
ical core of the AuNF. The experimental CL spectra resulting from the electron
beam impact near the apex of the closely spaced double tip matches well with the
spectra calculated using finite difference time domain (FDTD) numerical method.
The calculated electric near field intensity maps along with the associated vecto-
rial plots of induced electric field show local enhancement of the field distribution
in the apex and nearby region between the tips caused by the accumulation of
charges of opposite signs at the neighbouring tips. This confirms tip to tip or
intertip coupling in a single gold multi-tipped nanoparticle, an aspect which has
never been addressed before in the case of multi-tipped star / flower shaped gold
nanoparticles. Furthermore, using 3D-FDTD simulations we also show that a nar-
row angular separation between the nearest neighbor tips triggers the onset of

intertip coupling.
4.2 Methods
4.2.1 Nanoparticle synthesis

The wet chemical systhesis procedure of the Au NF's has been discussed in Chapter

2 briefly.
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4.2.2 Cathodoluminescence (CL) measurements

CL spectroscopy and imaging have been performed using the Gatan MonoCL3
optical detection system attached with ZEISS SUPRA40 field emission gun (FEG)
SEM,[116] the details of which has been described in Chapter 2. In the present
study the data were recorded with an electron acceleration voltage of 30 kV and
beam current of about 15 nA. To minimize sample drift during acquisition, the
experimental spectra have been acquired in two wavelength ranges separately:
500 700 nm and 700 900 nm, respectively. Spectral step size and dwell time
were kept fixed at 4 nm and 0.25 s respectively during the entire experiment.
The monochromatic CL images are recorded with 150 x 150 pixels and the total

exposure time in capturing one frame is 11.25 s.
4.2.3 FDTD Simulations

3D- FDTD (commercially available FDTD package from the Lumerical Soln., ver-
sion 8.4) numerical simulation has been performed for the rigorous analysis of the
surface plasmon assisted photon emission. In this present study, the electron beam
has been used as the source of EM excitation. The details of the electron beam
simulation is discussed extensively in Chapter 3. The geometric parameters like
lengths, curvature of the tips were measured from the HRSEM images, and then
were used for modelling of the Au NF structure. The dispersive property of gold
in the wavelength range 500-900 nm has been taken from tabulated value of John-
son and Christy.[182] The Si substrate is considered as a nondispersive material
with fixed refractive index 4 in same wavelength range, and having a dimension
of 5 pum x 5 pm x 4 pm. The metallic structures having resonant characteristics

and high index contrast interfaces are critically sensitive to the precise locations of
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material interfaces. So, for a better accuracy in all the calculations, we have used
the Lumerical’s mesh override region over all the metallic structure. The size of
fine mesh cells near the metallic structure was kept in a same value during all the

numerical simulations and it was 2 nm X 2 nm X 2 nm.

4.3 Results and Discussion

Observations under SEM reveal that the nanoparticles are often aggregated in
clusters (SE image in Figure 4.1a). However, one can also find sporadically spread
isolated single multitipped gold nanoparticle. Representative SE image of such a
single Au nanoparticle at high magnification is depicted in Figure 4.1b-f for dif-
ferent tilt angles (¢) of the sample stage (with respect to the impinging e-beam of
the microscope) to aid clear visualization of the shape, size and orientation of the
adjacent tips with respect to one another. During CL study the sample stage is
restricted to be operated without tilt and consequently, CL experiment was per-
formed on this Au particle without tilt (SE image in Figure 4.1b). Morphologically,
the single Au particle selected here (Figure 4.1b) is a multi-tipped spherical core
from which the conical and petal shaped tips are protruding out in three directions
resembling like a flower and hence we will term this as gold nanoflower (AuNF)
in the present study. In the following, we first collect the spectral data from tips
marked as A, B, C, D and E of the AuNF shown in the inset SE image of Figure
4.2a (the same as shown in Figure 4.1b) where the tips A (length and maximum di-
ameter are 73 nm and 34 nm respectively), and C are relatively longer (C being the
largest tip of length 120 nm with a maximum diameter of 65 nm) than the tips B

(length and diameter are 46 nm and 35 nm respectively), D (length and maximum
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Figure 4.1: (a) SEM image of chemically synthesized gold nanoflowers in aggre-
gates. (b) Selected isolated multi-tipped particle for the CL study. (c-f) Series of
HRSEM images at different tilt angles, (¢, with respect to the incoming e-beam
direction), confirm that two tips of nearly equal length encircled in (b) are aligned
along out-of-plane direction with a narrow angular separation between them. The
scale bar is 200 nm.

diameter are 40 nm and 30 nm respectively) and E (length and maximum diame-
ter are 35 nm and 30 nm respectively). Figure 4.2a shows CL spectra taken from
apex regions of the above marked tips. The complete spectra were taken in two
different wavelength ranges, 500-700 nm and 700-900 nm to make the sample not
to be exposed under e-beam for longer time so that any adverse effect by e-beam
induced drift on the spectral shift/distortion is minimized. The CL spectrum is
strongest at the resonance peak wavelength near 736 nm in addition to the other
resonance peaks around 670 nm, 780 nm and 800 nm for the e-beam impact on
the apex region of the tip A. The presence of resonance peaks slightly blue-shifted
from 670 nm is common in the CL spectrum arising for the e-beam impact at the
tips B, D and E. On the other hand the e-beam impact at the apex of tip C gives
rise to two resonance peaks at around 860 nm and 590 nm. Moreover, few weak

peaks between 500 nm and 600 nm are also visible in all the spectra. To extract
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Figure 4.2: (a) Experimentally acquired CL spectra from different tip apex regions
marked as A, B, C, D and E of the AuNF. The inset SEM image shows the e-beam
impact points with different colored dots. (b) The SE image of the same AuNF and
the corresponding (c) panchromatic CL image along with the monochromatic CL
maps for the selected resonance wavelengths (d) 530 nm, (e) 670 nm, (f) 736 nm,
(g) 780 nm, (h) 800 nm and (i) 868 nm. The scale bar is 200 nm.

the spatial distribution of the photon emission, we acquired monochromatic CL
maps at different peak wavelengths (Figure 4.2d-i) along with panchromatic CL
map (Figure 4.2c). Bright spots in the photon maps arise when the LSP modes
are resonantly excited by the evanescent field associated with the electron beam.
Intense luminescence is already discernible at the individual tips from the panchro-
matic photon map (Figure 4.2c). The monochromatic CL image obtained at 530

nm wavelength shows luminescent intensity when the electron beam scans over the
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core region (Figure 4.2d). Strong light emission occurs at other resonance wave-
lengths when the e-beam scans over the apex region of the tips. The LSPR at 530
nm is close to the plasmon mode of the spherical core.[30, 31, 62] The monochro-
matic photon maps of Figure 4.2d-i show that the luminescence enhancement of
the AuNF is shifted to the far ends of the longer tips with the increase of the
resonance wavelengths. This is consistent with the spectroscopic data presented in
Figure 4.2a as well as with our recent study.[30] The resonance wavelength of the
tip plasmon mode depends strongly on the aspect ratio of the tip. The observation
of the red-shift of the LSPR peaks with increasing tip length is well established
both theoretically and experimentally.[30, 62] Interestingly, while the photon maps
corresponding to the CL peak wavelengths 736 nm, 780 nm, 800 nm and 868 nm
(Figure 4.2f-1) indicate strong photon emission from individual longer tips of the
AuNF, the CL map at 670 nm wavelength (Figure 4.2e) shows light emission from
multiple tips preferably of shorter length. This is expected as the CL spectra origi-
nating from the e-beam impact near the apex of shorter tips (namely, B, D and E)
are overlapped and peaked more or less near 670 nm. Moreover, the region of the
spectrum beyond 670 nm is overlapped with the tail region of the strong resonance
peak at 736 nm (originating from e-beam impact at tip A). Consequently, in the
corresponding monochromatic map at 670 nm, we also see luminescence from tip A
as well, while the e-beam scans near tips A. The resonance peaks associated with
the longer tips correspond to the low-energy dipolar modes with plasmon oscilla-
tions confined around the tip regions.[63, 66] The 670 nm peak is most probably
due to the dipolar mode of oscillation of shorter tips, which are present in a large

number near the core surface.[30] The general trend of our experimental finding is
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that for all the shorter tips (B, D and E), the major plasmon mode (dipolar) lies
in the wavelength range 600-700 nm.

In passing, plasmonic response of a multi-branched particle is dependent on the
shape, size and number of the constituting branches/tips.[62, 63] However, the ori-
entation of the tips with respect to the substrate also plays a very crucial role on
the plasmonic properties as demonstrated quite recently by Das et al. [30] using
FDTD based numerical simulation for a model single tip Au nanostructure sitting
on Si substrate. The study [30] showed reduction in the intensity and red shift
of LSPR peaks while the tip was moving from the parallel (w.r.t the substrate)
position towards the substrate maintaining the e-beam excitation on the tip apex.
On the otherhand when the tip was moving away from the substrate the observed
blue-shift of the tip LSPR was attributed with uncoupling of the tip and the sub-
strate (screened by the NP core). From the inset SE image of Figure 4.2a, it is clear
that tips B, D, E are oriented more or less away from the substrate as compared to
the longer tips A and C. Consequently LSP modes corresponding to these tips are
blue shifted w.r.t the tip A and tip C modes. Also tips B, D, and E being shorter
tips with more or less similar lengths and diameter their spectral peak positions
lie approximately at the same wavelength of 670 nm. For the longest tip C which
is oriented more towards the substrate compared to the other tips studied here,
both direct near-field absorption in the substrate and radiative emission into the
substrate introduce a loss channel for the light confined in the particle. Conse-
quently, one observes a broadening (i.e., damping) as well as reduced intensity in
the corresponding emission spectrum at the resonance peak 868 nm (Figure 4.2a)

for the electron beam excitation of the longest tip C. We discuss below about the
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tip mode A in detail.

The excitation of LSP caused by the e-beam impact at the apex region of tip A
is of particular interest. Close inspection of the series of SEM images taken at
different tilt angles (Figure 4.1b-f) clearly reveals that the tip A (encircled region
of the SE image in Figure 4.1b) is not an isolated single tip but is accompanied
by an adjacent lower tip. While the upper tip in the encircled portion (in Figure
4.1b) is approximately parallel to the plane of substrate, the lower tip is slightly
oriented towards the silicon substrate making an angular separation () between
the upper and lower tip. It is also clear from the figures that the two tips are
nearly equal in their lengths (~ 73 nm) and aspect ratio and originated from a
spherical core of diameter ~ 160 nm. The close proximity of the apex of the upper
tip with the lower one along the same vertical axis of the incoming electron beam
thus makes it highly probable that the enhancement in the local field distribution
as well as the far field radiation due to excitation of any one of these two tips being
affected by that of the other tip. Consequently, one can expect coupling of the
modes between such closely lying tips for e-beam impact near the region marked
as A. In the following, we will focus on the origin of the strongest resonance at
736 nm followed by the other small intensity peaks using FDTD numerical sim-
ulations. The numerical simulations were performed using the 3D-FDTD codes
(commercially available from Lumerical Soln.). The details of the procedure has
been described in the Methods section. We have modeled our AuNF structure as
a spherical core having two conical tips (hereafter called as two tip model, TTM),
the geometrical configuration of which with respect to the Cartesian co-ordinate

system is defined in Figure 4.3. The two closely spaced tips (length and aperture
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Figure 4.3: Schematic diagram of the geometrical configuration of the AuNF along
with the coordinate system used in the numerical simulation. The star (Two Tip
Model/TTM) is modelled as a spherical core with two tips. Incident electron beam
15 highlighted by the arrow. Power monitors were placed at the XY, YZ, XZ planes,
in order to calculate the near field intensity and the charge distributions. The elec-
tron beam is kept in fixed position during all numerical calculations unless men-
tioned specifically.

angle of the upper tip are 70 nm and 15° and that of lower tip are 70 nm and 14°)
are assumed to be aligned in XZ plane. During numerical simulation the modelled
e-beam is injected to the apex of the upper tip as shown schematically in the inset
of Figure 4.4a. The calculated emission spectrum (black curve in Figure 4.4a)
with the resonance peaks at 733 nm and 786 nm matches reasonably well with the
experimentally acquired CL spectrum (red curve in Figure 4.4a) having resonance
peaks at 736 nm and 780 nm. It is also interesting to compare the emission spec-
tra calculated with and without the Si substrate as displayed in Figure 4.4b. The
presence of the silicon substrate does not affect the LSPR peak positions (Figure
4.4b). However the peak intensity is altered a bit. Hence, for numerical resource
limitations, subsequent simulations are performed without the Si substrate unless

mentioned specifically.
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To understand further the effect of the individual upper and lower tip orienta-
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Figure 4.4: (a) Normalized numerically calculated (3D-FDTD) spectrum (black
curve) of the TTM structure and experimentally acquired CL spectrum (red curve)
in the wavelength range 500 nm - 700 nm. Inset SEM image shows the e-beam is
focused at the red colored position.(b) Difference between the calculated spectra of
the TTM structure, with substrate (black curve) and without substrate (red curve).
The spectra are calculated in 500- 900 nm range.(c) Simulated emission spectrum
of different structures. The black curve represents the TTM structure. The blue
and red curves represent the spectrum of the Single Tip model/STM structure for
upper and lower tip respectively. Simulated near field intensity ( |E|2 ) maps and
the corresponding field maps at (d) 733 nm wavelength in XZ plane, (e) 786 nm
wavelength in XZ plane and (f) 786 nm wavelength in YZ plane for TTM structure.

tion separately on the spectrum, the spectrum was calculated assuming single tip
model (STM). The individual spectrum calculated for the e-beam impact on upper
tip only shows LSPR at 744 nm whereas for the e-beam impact on lower tip only
shows resonance at 754 nm. Interestingly, the intensity for the upper tip is ~ 1.3

times higher than the lower one as shown in Figure 4.4c. The decrease in intensity
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for the lower tip of nearly same dimension as the upper one can be accounted
as follows: the evanescent field associated with the e-beam decays inversely with
the distance from the e-beam trajectory at large distance from the beam. As a
result, the strength of interaction with the e-beam is stronger for the upper tip
than the lower tip due to the larger separation of the lower tip apex and the inci-
dent e-beam. This decreases the intensity of the resonance peak in the calculated
emission spectra for the excitation of the lower tip as compared to the upper tip
in the STM structure (Figure 4.4c). The small shift in the LSPR positions (~ 10
nm) can be due to the slight difference in the maximum diameter of the two tips.
Moreover the finite mesh size used in FDTD simulations may also contribute to
this small shift of 10 nm. Apart from this small shift in the calculated spectrum,
the two resonance peaks for two individual tips at 744 nm and 754 nm seem to have
the same type of plasmon mode, which is longitudinal dipolar in nature (shown
in Figure 4.5). However, when the simulation is performed in presence of two tips
(in TTM structure), this longitudinal plasmon mode is split into two separate new
plasmon modes at 733 nm and at 786 nm as displayed in Figure 4.4c (black curve).
The peak at 733 nm was blue shifted and the peak at 786 nm was red shifted with
respect to the longitudinal mode at 744/754 nm calculated for the individual tips
(in STM structure). This indicates that, whenever we have two closely lying tips
of nearly equal dimension, we have a coupling between their plasmon modes. In
order to calculate the near electric field intensity map and the corresponding mode
of the surface plasmon oscillation (by plotting electric field vector map) at various
resonant peak positions, we have placed field monitors at different planes in the

TTM structure neglecting the silicon substrate, as shown in Figure 4.3. Now, from
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Figure 4.5: (a) Longitudinal dipolar mode of oscillation at resonance wavelength
(744 nm) in XY plane passing through the equatorial region of the spherical core
of the STM structure (upper tip).(b) Longitudinal dipolar mode of oscillation at
resonance wavelength (754 nm) in XY plane passing through the equatorial region
of the spherical core of the STM structure (lower tip).

the simulated near field intensity maps of Figure 4.4e we see strong localization
of the field near the apex as well as in-between the upper and lower tip at 786
nm wavelength indicating the existence of very large surface charge on the tip at
this wavelength. Indeed, the associated vector plots (in XZ plane) corresponding
to this field intensity map show a clear dipole type field distribution where the
accumulation of opposite charges is seen at the apex of the two tips. However,
such tip to tip dipole formation is not observed in the vector plots (in XZ plane)
at the resonance wavelength 733 nm (Figure 4.4d). Moreover, the uniform field
distribution as seen in the calculated vector plots (Figure 4.4d) on the surface of
the core at 733 nm is highly disturbed (Figure 4.4e) by the strong tip to tip trans-
verse dipole field lines as well as by the field lines of the longitudinal plasmon of

the individual tip interacting with the core. That the tip-tip interaction is very
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strong at the resonance wavelength 786 nm is clear from the calculated near field
intensity map and its associated vector plots drawn also in the YZ plane (Figure

4.4f) as well.

Thus comparing the near field intensity maps along with the associated vector
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Figure 4.6: Intertip coupling and resonance splitting in Two Tips Model/TTM
structure as a function of the angular separation (0) between two closely laying tips.
The electron beam was kept in fived position similar to the previous simulations.

plots for the peak wavelengths 733 nm and 786 nm, the core-tip and tip-tip plas-
monic modes of the AuNF's appears to be strongly coupled. Moreover, we have
also verified using FDTD simulation that the coupling becomes more prominent
when the adjacent tips are nearly equal in size. So, we presume the peak at 786 nm
as seen in the experimental CL spectra of Figure 4.2g is a coupled LSP mode orig-
inating due to the strong electrostatic interaction between the two closely spaced
out-of-plane tips of an AuNF where the oscillating dipole is aligned along the out
of plane direction either in XZ or YZ planes as shown in Figure 4.4e, f. That
such strong coupling of the LSPR modes leads to significant near-field enhance-

ment as observed here is also accompanied by an increased non-radiative LSPR
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damping,[74] which is the reason why we see strongest intensity at the resonance
around 736 nm (longitudinal dipole mode) observed in the present experiment. Al-
though the coupling of the LSPRs between the two closely lying separate particles
has been studied to some extent in recent years,[9] the evidence of the coupling
within the two closely lying branches of a same nanoparticle as in the AuNF of the
present study has not been reported so far to the best of our knowledge. However,
we should mention here that while the experimentally acquired CL spectrum (Fig-
ure 4.4a) has four resonance peaks, the FDTD spectrum exhibits two resonance
peaks. The difference can be attributed to the modelling with single or two tipped
core compared to the actual one with numerous tips used in the CL experiment.
The difference may also arise due to the finite size of the electron beam used in the
experiment while the simulation considers only one electron as a series of closely
spaced dipoles (see the FDTD simulations section).

Now, for deeper insight of the out of plane tip-tip interaction, the lower tip has
been rotated in anti-clock wise direction keeping the upper tip at the same position
(Figure 4.6). It is noted that with increasing angular separation (6), the tip to
tip interaction mode shows a blue shift. At lower angles less than # + 10° when
the tip apex are very close to each other, the induced charges near the apex of
the tips can interact very strongly via electrostatic interaction requiring less en-
ergy. However, when the tip to tip distance is large at higher angular separation,
obviously the tip-tip interaction requires more energy to compete the tip-core in-
teraction. Consequently, coupled mode associated with the tip-tip interaction is
shifted towards the high energy or shorter wavelength regime. From the spectra

shown in Figure 4.6, it is also clear that the splitting of the resonance peak as per
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TTM structure disappears gradually and turns into one LSP mode for very large
angular separation. This single LSP mode is probably a mixing/combination of
tip-tip coupled mode and core-tip longitudinal mode. Observation of such mode
mixing is possible only by using of the electron beam as an excitation source, which
can excite the longitudinal as well as the transverse plasmon mode at the same
instant for its evanescent nature. At an angle greater than (0 + 45°), when the
lower tip is far away from the upper tip, coupling between two tips become negli-
gible. Additionally, the tip-core longitudinal plasmon mode for the lower tip also
becomes less prominent due to the larger separation between the lower tip and the
electron beam position. Consequently, the two tip model (TTM) will behave like
the single tip model (STM) for upper tip showing only a single resonance peak at
744 nm (violet curve in Figure 4.6), similar to the spectrum of the single tip model

applied for upper tip as shown in Figure 4.4c (blue curve).

4.4 Conclusions

In summary, site-specific cathodoluminescence (CL) spectroscopy and imaging
technique in a high-resolution scanning electron microscope (HRSEM) have been
used to investigate different localized surface plasmon (LSP) modes associated
with the widely separated individual tips as well as closely lying tips of single gold
nanoflower (AuNF') on a silicon substrate both in the spatial and spectral domain.
The combination of CL-SEM technique and FDTD simulation have helped us to
identify for the first time the plasmonic coupling between two nearest neighbor
out-of-plane tips protruded from same spherical core. Detailed analysis shows that

such intertip coupling within the same nanoparticle is effective within a narrow
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angular separation between the closely lying tips and is the origin of the double
peaked strong resonance mode observed in the single AuNF of the present study.
The simulated near field intensity maps drawn at the coupled LSPR mode show
strong local field enhancement near the apex as well as in-between the closely
lying upper and lower tip. This has far reaching consequences in designing Au
nanostar morphology based SERS active substrate for maximizing the Raman sig-
nal. Consequently, the present study is important to understand the mechanism of
local electron probe driven plasmonic interaction within different branches / tips
of a single 3-D complex nanostructure that might have far reaching consequences
in applications where localized electromagnetic field enhancement is exploited for
maximizing the light signal, such as in surface enhanced Raman scattering based

spectroscopy, bio-sensing or designing nanoparticle embedded solar cells.



Chapter 5

Trisoctahedral gold nanocrystal:
A promising candidate for
probing localised surface
plasmons for surface enhanced
Raman scattering

CL spectroscopy and imaging in a high-resolution SEM have been performed to
investigate localized surface plasmon (LSP) behavior of trisoctahedral (TOH) gold
(au) nanocrysrtals (NCs)on a silicon (Si) substrate. The CL analyses combined
with FDTD simulations have helped us to explore LSP modes of TOH NCs exten-
siwely. Also, the experimental evidence of enhanced Raman scattering from these
anisotropic and complex shaped TOH NCs indicating their possible technological

applications in biosensing through SERS detection and SERS imaging.

84
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5.1 Introduction

Recently, a new class of Au MNP structure, namely, trisoctahedral (TOH), which
is a polyhedron bounded by 24 exposed high-index facets with Miller indices of
{hkl} (h > 1) has drawn much attention[75-80] because of its’ superior catalytic
[68-70] and SERS activities [58, 68] caused by the presence of high density of
atomic steps and dangling bonds on the high-index facets. A well developed con-
cave TOH has multitipped [58] appearance with sharp edges and corners those are
favorable for possessing possible multiple “hot spots”. For TOH particle where
the different edges, corners and facets were oriented randomly with respect to the
substrate, the possibility of the existence of out-of-plane modes along with the role
of substrate on the LSP enhanced photon emissions were missing in the published
reports.[58, 68] Consequently, experimental investigation on the spatial distribu-
tion of plasmons on single particle level is of utmost importance to understand the
basic physics governing the local EM field enhancement.|[23] Here, we report for
the first time the photon emission spectroscopy and imaging of individual TOH
Au NC using CL technique in a SEM. The experimentally obtained spectral and
photon imaging data were extensively analyzed using FDTD numerical simulation
to generate electric near-field intensity maps along with the associated vectorial
plots. Such analysis helped us to identify the pattern of charge oscillations along
the in-plane and out-of-plane directions corresponding to different LSP modes in
addition to the effect of substrate on the plasmonic properties of individual TOH
Au particle. Exploiting the strong EM field enhancement by LSPR of TOH Au
NPs, we demonstrate the significant enhancement SERS active substrates through

the surface enhanced Raman scattering studies.
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5.2 Methods

5.2.1 Nanoparticle synthesis

The wet chemical systhesis procedure of the Au TOH NCs has been discussed in

Chapter 2 briefly.
5.2.2 Cathodoluminescence (CL) measurements

CL spectroscopy and imaging have been performed using the Gatan MonoCL3
optical detection system attached with ZEISS SUPRA40 field emission gun (FEG)
SEM,[116] the details of which has been described in Chapter 2. In the present
study the data were recorded with an electron acceleration voltage of 30 kV and
beam current of about 15 nA. To minimize sample drift during acquisition, the
experimental spectra have been acquired in two wavelength ranges separately:
500700 nm and 700900 nm, respectively. Spectral step size and dwell time were kept
fixed at 4 nm and 0.25 s respectively during the entire experiment. All the spectra
are presented after averaging over five or six spectra for each electron beam position
and then were corrected from the substrate background. The monochromatic
CL images were recorded with 256 x 256 pixels and the total exposure time in
capturing one frame was 13.10 s.

5.2.3 Surface enhanced Raman scattering (SERS) measure-

ments

Raman scattering studies were performed using micro-Raman spectrometer (inVia,
Renishaw) mounted in the back scattering configuration, the details of which has
been described in Chapter 2.[190] The SERS substrates were prepared by spin

coating the aqueous solution of TOH Au particles on Si substrates. Prior to the
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spin coating, Si substrates were treated with piranha solution to modify them as
hydrophilic which helps in the uniform distribution of aqueous TOH shaped Au
particles. The substrates were then ultrasonically cleaned with acetone, alcohol
and subsequently dried with Ny gas. TOH shaped Au coated Si substrates were
then exposed to Ar-plasma for 2 min at 10~! mbar, to burn the unnecessary carbon.
Aqueous solution of Rhodamine 6G (R6G) molecules with different concentrations
(107*M - 107"M) were used as analyte to study the SERS activity of the TOH Au
particles. The samples were excited with Ar™ laser of wavelength 514.5 nm and the
scattered signals were collected using 100X objective. A grating of 1800 lines/mm
and thermoelectrically cooled CCD detector were used to analyse and record the
spectra.[190] The spectra were acquired at different places on the sample to make
sure the homogeneous and reproducible SERS activity by the TOH Au particles.
The SERS imaging was performed over a pre-defined area and grid resolution
using fully automated motorized sample stage (Renishaw MS20), having a spatial
resolution of 100 nm.[191] In the present study, a total area of 6 pm x 6 pm with

300 nm grid resolution is probed for the SERS mapping.
5.2.4 FDTD simulations

3D-FDTD simulations (from Lumerical solutions, Canada) were carried out to
understand the electron beam induced LSP responses including the charge distri-
bution, near-field intensity maps and substrate’s effect of the TOH NP. In this
present study, the electron beam has been used as the source of EM excitation.
The details of the electron beam simulation is discussed extensively in Chapter

3. The geometric parameters like lengths, curvature of the corners were measured
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from the HRSEM images, and then were used for modelling of the Au TOH struc-
ture.

The dielectric constant/refractive index for gold in the wavelength range 500-900
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Figure 5.1: The material data obtained from the CRC Handbook of Chemistry
and Physics [Ref.184] has been fitted with the (a) real and (b) imaginary part of
refractive index for the modeled Au TOH particle using the multi-coefficient models
(MCMs). The images were directly captured from the Lumerical FDTD layout
windows.

nm was used from the data tabulated by CRC Handbook of Chemistry and Physics
[184] which were fitted (Figure 5.1) using a multi-coefficient models (MCMs),[180]
as the Lorentz, Drude and Debye models were often insufficient for real materials.
MCMs deal with an arbitrary dispersion of a dielectric function through the more
extensive set of basis functions. For FDTD simulations, the modelled TOH Au
particle of edge length (Figure 5.2) 125 nm was assumed as a combined structure

of one regular octahedron and eight triangular pyramids (considering equilateral in

nature of triangular bases), where the triangular pyramids were attached on eight
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Figure 5.2: (a) Schematic of a typical concave TOH shaped particle. The apex
points are marked as A, C, D, F, G and H (similar to the studied geometry) and
the base points are marked as E and B. The edge length of a TOH particle is defined
as the distance between base and apex points. Here the edge is either AB or BC.
The HRSEM measurement (inset figure) shows that the edge length of the studied
particle is ~125 nm. For simulation purpose we assumed this edge length to be 125
nm. The distance between the points P and @ is 190 nm (measured from HRSEM
image, shown in (b)). This length is used as octahedron’s edge length (also for the
length of a side of triangular base of each pyramid) for simulation purpose. TOH
particle has 2-fold rotational symmetry along the PQ plane. So, the point A, B and
C are equivalent to the point D, E and F respectively at free-standing as well as
at experimental configuration. When the TOH particle is rest on the Si substrate
making an angle of 7.5° w.r.t the free-standing configuration, the points like A, D
are nearer to the substrate than the points like B (or E), C (or F).

{111} facets of the octahedron by ‘pulling out’ their apexes from the center of
{111} facets.[58] Here, the edge length of the modelled TOH structure was defined
by the edge length of each triangular pyramid. The edge length and the length
of a side of triangular base of each pyramid were assumed to be 125 nm and 190
nm, respectively. According to the geometry of TOH structure, the edge length of
octahedron is equal to the length of a side of the triangular base (i.e., 190 nm) of

triangular pyramid. However, we have only considered the mesoscopic structural
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geometry in the modelling due to the limited computational resources in terms of
memory and speed. The Si substrate was assumed as a non-dispersive material
(with fixed dielectric constant of 4) within the wavelength range 500-900 nm. The
dimension of the Si substrate was considered to be 5 ym x 5 pym x 4 pm in the
present calculations. Here in our case, the mesh override region (2 nm X 2 nm
x 2nm in X x Y x Z direction) and FDTD mesh accuracy of 3 were kept fixed
during all simulations constrained by our limited computational resources in terms
of memory and speed.

In order to clarify the particle morphology and orientation of different points in

Figure 5.3: 3D perspective view of the TOH shaped particle modelled in the present
FDTD software package layout in absence (a) and presence (b) of silicon (Si)
substrate.

presence and absence of substrate, we captured the 3D perspective view of the
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TOH shaped particle directly from the 3D FDTD software package layout used in
the present modelling. Figure 5.3a shows the orientation of the TOH morphology
at free standing configuration (in free space) where the substrate is absent. The
Cartesian coordinate axes defined for electron beam (e-beam) are designated by
X, Y, Z (grey color) while the co-ordinate axes attached with the particle are des-
ignated with z, y, z (green color). For example, the incoming electron beam is
indicated with the red arrow parallel to the Z axis. At free-standing configuration,
both the coordinate frames coincide to each other and the points like A-F belong
to the XY plane. On other hand, at experimental condition, while the particle is
at rest on the substrate, two apex points and one base point (making a triangular
plane) must have to be in contact with the substrate (Figure 5.3b) making the par-
ticle coordinate system being tilted with respect to the free standing configuration.
By analyzing the SEM image of the TOH Au particle with the FDTD modelling
we could determine the tilt angle of 7.5° between the Z axis and z axis while the
particle is at rest on the substrate. Consequently, the points like A, D are nearer
to the substrate than the points like B, C (shown in Figure 5.3b). The amount of
this tilt angle will depend on the height of the triangular pyramid as well as the
size of the TOH Au particle. For the normal SEM operation the sample mount-
ing stage remains horizontal and one sees the top view of the particle from the
SEM image. To understand the three dimensional (3D) perspective of the particle
morphology and different facets or triangular pyramidal parts one needs to tilt the
sample stage. See the Figure 5.4 for a representative SEM image at 45° tilt angle
of the sample stage. However, during CL experiment one has to insert the light

collecting paraboloid mirror for which the sample stage is constrained to remain
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Figure 5.4: HRSEM image of the selected TOH particle at (a) O° and (b) 45° tilt
angle of the sample stage. Scale bar is 100 nm.

at horizontal position, a condition imposed by the maximum light collecting con-
dition (see Cathodoluminescence Measurements section). This means, during CL
experiments, while the sample is at rest on the substrate, the angle between Z and

z is always 7.5° for the present TOH Au particle.

5.3 Results and Discussion

5.3.1 Cathodoluminescence Analyses

Figure 5.5a shows a representative SEM image of as-synthesized Au TOH nanos-
tructures. The NPs are mostly aggregated in clusters. However, a single isolated
TOH Au NP of edge length 125 nm (encircled with the red box), far from the clus-
ters, is selected to investigate the LSP properties of such complex shaped MNP.

Geometrically, the TOH particle is a crystalline structure where eight triangular
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pyramids are attached on the eight {111} facets of the octahedra by “pulling out”

their apexes from the center of {111} facets. One of the pyramidal parts is very

[110] fec

Figure 5.5: (a) SEM image showing the aggregation of TOH Au particles on Si
substrate. The studied particle is indicated with red colored box. The HRSEM
image of selected TOH s shown in the inset figure. The scale bars in the figure
and inset figure are respectively 1 pm and 100 nm. (b) SEM image of the TOH
Au particle in tilted configuration of mounting stage. The scale bar is 100 nm (c)
Bright field TEM image of a collection of TOH Au particles. An isolated TOH
Au particle (encircled with red circle) and its corresponding selected area electron
diffraction (SAED) pattern are shown in (d) and (e) respectively. The scale bars
in the figures (c), (d) and (e) are 100 nm, 100 nm and 5 1/nm respectively.
prominent in the tilted stage configuration of SEM imaging (Figure 5.5b). Figure
5.5¢ shows bright field (BF) TEM image of an aggregate of TOH particles in ran-
dom orientations. In Figure 5.5e, we show the selected area electron diffraction
(SAED) pattern from an isolated TOH particle (Figure 5.5d). The SAED pattern
of the TOH NP can be indexed to the [011] zone axis of a single crystal of fcc
Au; suggesting that the TOH NPs are single crystals,[75, 76] rather than multiply
twinned crystals. Figure 5.6a shows the experimentally acquired site-specific CL
spectra from different beam injected points marked as A-H.

Now, the points namely, A, B, C and H are symmetric to the points D, E, F

and G respectively, along the two-fold rotational symmetry [79] (Figure 5.2). The
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Figure 5.6: (a) CL spectra from selected points marked as A-H of the studied
TOH Au particle. The inset SEM image shows the electron beam impact points
with different colored dots. (b) 3D-FDTD simulated spectra of the modelled TOH
structure for beam impact at the points (A, B..., F). The electron beam is kept in
1 nm away from all the selected points during all numerical calculations, unless
mentioned specifically. The SEM image and the corresponding panchromatic CL
map/image of the same morphology are shown in (c) and (d) respectively. (e)-
(h) Monochromatic CL maps/images at wavelengths 548, 560, 650 and 670 nm,
respectively. Scale bar is 100 nm in all images.

spectra were collected in two different wavelength ranges, 500-700 nm and 700-900
nm, to minimize the sample drift. Finally, the spectra were merged with proper
normalization. It is interesting to note that except the points A, D electron beam
impact at all other selected points gives rise to double peaked emission spectra.
Moreover, the presence of lower wavelength resonant peak at around 548 nm in
the CL spectra is common for electron beam excitation at all the marked points
(A-H) showing gradual decrease in intensity as the beam probes from the symme-
try points located nearer to the farthest from the substrate, specifically from A to
C (see FDTD Calculations in Methods section and Figure 5.4), except the point

E for which the lower wavelength peak arises around 560 nm. Consequently, the
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highest intensity peaks around 548 nm is observed for the electron beam impact

on the points A and D (spectra with yellow and violet color in Figure 5.6a). For
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Figure 5.7: FWHM of experimentally acquired different plasmon modes.

electron beam impact at B and E, the higher wavelength resonant peak occurs
at around 650 nm. However, for beam impact at the points C and F the higher
wavelength resonant peak occurs at around 670 nm. Remarkably, full-width at
half maximum (FWHM) of the lower wavelength resonant peaks are less than half
of that for the higher wavelength peaks, meaning lower wavelength resonant peaks
are significantly narrower than the higher wavelength peaks (Figure 5.7). The
broadening in all the spectra appear due to the increased damping.[8, 58]

Although we present here the experimental spectral data for a single particle, the
reproducibility of our results is checked by more measurements (Figure 5.8). The
spectral analysis of the experimentally observed CL resonant peaks corresponding
to different LSP modes are corroborated with the spatial information through the

wavelength specific photon maps or monochromatic CL images shown in Figures
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5.6e-h preceded by a panchromatic CL map (Figure 5.6d). The plasmon induced
luminescence is already discernible in the panCL image (Figure 5.6d) showing re-
gions of high intensity emission at the points, marked as A-H. One can easily
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Figure 5.8: Ezxperimentally acquired CL spectroscopic data from TOH particle of
different sizes (in terms of edge length). The single and double peaked nature with
sufficient broadening is very common in all the spectroscopic results and we have
analyzed the best data in this present article. Scale bar is 100 nm

observe from the monochromatic photon maps at 548 and 560 nm (Figures 5.6e
and f) that the luminescence features are nearly same in both the photon maps.
Similar observation is also made for the monochromatic CL images of Figures 5.6g
and h corresponding to the peaks 650 nm and 670 nm. This apparent small shift
between maxima may just as well be due to the overlap of two resonant line shapes
with varying weights. We thus have basically two LSP modes, one corresponding
to the resonant peaks 548/560 nm and other corresponding to 650/670 nm.

The FDTD calculated spectra of the modelled TOH Au particle are shown in
Figure 5.6b for all selected points except G and H. In modelling, the TOH Au

particle is placed on Si substrate at rest making an angle of 7.5° (see the FDTD
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Simulations in Methods section) between the Z axis and z axis reflecting the exper-
imental configuration during CL. measurement. Simulated analyses reveal that the
lower wavelength LSPR mode always appears at 560 nm for all the selected points.
Whereas experimentally it appears either at 548 nm or 560 nm. Interestingly, while
comparing the calculated spectra with the experimental one, the best match with
the experiment is found for the beam impact at the points B and E (green and
red curve in Figure 5.6b). The small additional local maxima observed in the cal-
culated spectra arise due to numerical artifact.[180] The experimentally acquired
CL spectrum from point B and E should have been same due to symmetry reason.
However, the experimental results show that there is a slight mismatch of ~12 nm
in the lower wavelength LPSR peak positions. The reason can be explained as
follows: It is well reported in the published literature [94, 152] that the position
as well as the intensity of any particular LSPR mode depends on the curvature
and concaveness of the particles morphology among other factors. However, they
are not exactly same for both the points as is evident from the HRSEM images
(Figure 5.5a) rendering the difference in the spectra taken at these two points. In
case of numerical modelling, we maintained equal roundness of curvature of 5 nm
in all corner regions of the TOH Au particle. Consequently, the calculated spectra
from both these points do not show significant difference. Mismatch between the
experimental and simulated spectra appears to be more pronounced for the higher
wavelength mode compared to the lower wavelength mode. As for example, for
the electron beam impact at points C and F (brown and black curves in Figure
5.6b) where the calculated higher wavelength peak (720 nm) red shifts by 50 nm

w.r.t the experimental high wavelength peak (670 nm). However, the calculated
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lower wavelength resonant peak (560 nm) red shifts only 12 nm compared to the
experimentally observed peak at 548 nm for the CL spectra originating from points
A and D (yellow and violet curve in Figure 5.6b). The mismatch between exper-
imental and simulated spectra can be attributed as follows: the morphology of
the selected TOH Au particle (shown in inset image of Figure 5.5a) in CL exper-
iment is concave in nature. This concaveness is not perfectly maintained in the
modelled TOH structure which introduces the red shift nature in the simulated
spectra.[58] Additionally, the uncertainties in morphological details like surface
roughness, roundness of curvature, as well as, the uncertainties in the dielectric
constant, assumed in model calculation with those actually prevalent on the ex-
perimental Au particle where the possibility of ultrathin layer of surfactant cannot
be ruled out; may also play a role. Overall, the fairly good agreement between
experimental and simulated results indicates that the simplified modelling of the
TOH shaped NP is qualitatively correct.

To get clear information about the origin of LSP modes and the corresponding os-
cillations of induced charges, we have performed 3D-FDTD numerical simulations
in free-standing configuration without the Si substrate. For the sake of clarity
an origami model of a typical TOH structure marked with the selected points of
electron beam impacts A, B, H is presented in Figure 5.9a. Due to the two fold
rotational symmetry [79] of TOH Au particle, the points A, B and C are equivalent
to the points D, E and F, respectively. In order to calculate the near-electric field
intensity ( |F]* ) maps and the related electric field vector plots at various resonant
peaks, two mutually perpendicular near-field power monitors are placed parallel

to XY and XZ planes as depicted in Figure 5.9b. Here Figure 5.9¢ presents the
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Base point
Apex point

Figure 5.9: (a) Image of the origami model of a typical TOH structure. (b)
Schematic diagram of the TOH Au particle in free-standing condition. Power
monitors are placed at XY and XZ planes. Cross-sectional view of TOH Au parti-
cle in XY and XZ planes are shown in the lower panel of (b). Under free-standing
condition, the XY plane is parallel to the equatorial plane of the particle, i.e., per-
pendicular to electron-beam direction and the XZ monitor is parallel to the electron
beam. (c) SEM image of ensemble of TOH Au particles, where the particles are
orientated in different directions. The scale bar in (c) is 100 nm. To visualize the
base and the apex points, two isolated particles are selected and encircled with red
and green circles. The magnified SEM images of the selected particles are shown
in (d) and (e). (d) A typical schematic of base point, where the bases of 4 nearest
triangular pyramids meet together. (e) A typical schematic of apex point. The
scale bar in both the the figures (d) and (e) is 50 nm.

low magnification SEM image of an aggregate of randomly oriented TOH Au NP
out of which a high magnification SEM image of an isolated TOH Au particle is
selected in Figures 5.9d,e to define locations of the base and apex points to be used
in our model calculation. The base point is a common point where the bases of
four nearest neighbor pyramids meet together. In our case, point B (or E) is a base
point and points A, C, H (or D, F, G) are the apexes of three nearest pyramids.
The fourth apex point cannot be seen, as it is situated in the lower part of the

particle. We will only focus on the electron beam induced LSP responses from the
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Figure 5.10: 3D-FDTD simulated CL spectrum from the selected points of the
TOH structure for modelling under free-standing configuration. The spectra are
calculated within the 500-900 nm wavelength range. The beam injected points and
the corresponding spectra are highlighted with same color. The schematic of the
TOH model is shown in the inset.

points A; B and C only in free-standing configuration for which the calculated CL
spectra are shown in Figure 5.10, indicating the existence of two LSP modes at 550
nm and 820 nm. While the experimentally observed low wavelength LSP mode
(548/560 nm) agrees well with that for free-standing modelled TOH Au particle,
the observed high wavelength LSP mode (650/670 nm) is blue shifted substan-
tially with that for free-standing case, which will be discussed later in the context
of substrate effect. The nature of the plasmon modes is assigned by observing the
standing wave formation through the calculated near electric field intensity maps
and the direction of the corresponding electric field vectors.[23, 25, 27, 93, 94]
Electric field converging and diverging points are designated as the negatively and
positively charged points, respectively.[23, 25, 27, 93, 94] Now, for electron beam
excitation at point B, the vector plot of Figures 5.11a and b clearly depict that
the LSP mode at 550 nm has dipolar nature of oscillation both in-plane as well as

out-of-plane directions. The charges of opposite polarities (4) are observed to be
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distributed from base point to nearest apex point, e.g., between the points B-A /
B-C (in XY plane) or B-H (in XZ plane). The corresponding near-field intensity
map illustrates the localized and strong electric field enhancements near the points
A, B, C and H. However, for electron beam excitation at point A or C, the dipolar
charge oscillation between base and apex for the LSP mode at 550 nm occurs in
the in-plane direction (XY plane) as revealed from the vector plots of Figures 5.11¢
and d. Although it seems that the field lines are emanating from the point F to
C or D to A at 550 nm wavelength for electron beam excitation at point C or A
(Figures 5.11c and d); however, they may also emerge from any other base points
which are situated at lower portion of the particle and they are also connected
with point C or A. The near-electric field intensity map also shows the strong en-
hancements at the negatively and positively charged regions. Interestingly, as the
induced EM field from the electron beam may extend over the entire nanoparticle
under resonance condition,[93] one can also observe the field enhancement at other
points as well (i.e., point E in the present case) of the nanoparticle. However, the
other points (i.e., the point E) do not take part in standing wave loop formation
for 550 nm base-apex LSPR mode when the electron beam is probed at point
B. On the other hand, for electron beam excitation either at point C or A, the
higher wavelength (or lower energy) LSP mode at 820 nm also exhibits dipolar
nature. However, the charge pattern oscillations occur between two nearest apex
points (e.g. A-D, C-F) of TOH Au particle, as seen from Figures 5.11e and f.
Geometrically, any apex of a TOH Au particle has three nearest neighbor apex
points (shown in Figure 5.4e) owing to the three fold rotational symmetry.[79] This

leads to a signature of 3-fold degenerate dipolar mode at the wavelength of A =
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820 nm in free-standing configuration for electron beam probe positioned at one
of the symmetric [26, 27] apex points. The distance between two nearest apexes,
namely, A-D or C-F is 150 nm, as measured from inset SEM image of Figure 5.6a.
It is greater than that between a nearest apex and a base point (B-A or B-C).
Consequently, the apex-apex dipole active mode appears at higher wavelength of
820 nm compared to the dipolar LSP modes at 550 nm along the apex-base (A-B,
B-C etc.) edges.

We now discuss the role of substrate on the observed spectra. Comparing the

A

Figure 5.11: 3D-FDTD simulated near-field intensity (|E|”) and corresponding field
vector maps at resonant wavelengths 550 nm (a)-(d), and 820 nm (e), (f). Scale
bar is 100 nm.

calculated scattering spectra of TOH Au particle for free standing condition of
Figure 5.10 with the calculated spectra of Figure 5.6b for particle configured with
the experimental situation, one can get a hint on the role of substrate, specifi-
cally, for the lower energy degenerate apex to apex dipole active mode. In general,
the longitudinal in-plane dipolar component of particles with simple geometry like

rod, triangular prism [23, 25, 93] shows the redshift with respect to the free space
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resonance wavelength in presence of high index substrate. However, for TOH Au
particle, the dipolar LSP modes are not so well defined in longitudinal and trans-
verse directions as in the case for a particle with simple rod like morphology. The
LSP modes are oriented along different directions due to the 3D orientations of
different apex points. The modal distribution analyzed for e-beam injections at
point B and C in the present case is much more complex than a simple elongated
particle. Additionally, the losses due to the interband electronic transitions in Au,
may play an important role in LSPR responses,[192] especially in the visible and
ultra-violet (UV) spectral ranges (mainly 500-600 nm) when the Au TOH particle
is exposed to the highly energetic electrons. In the present work, we have consid-
ered the dielectric permittivity tabulated by CRC [184] for the modeled Au TOH
nanoparticle during the simulations where the losses are not taken into account.
Moreover, the simulated results could be suffered due to the imperfect experi-
mental structure or the meshing in FDTD simulations along with the transition
losses.[193] Although the FDTD simulated results provide a qualitative perception
about the substrate mediated interaction [26, 27, 194-196] on apex-apex dipolar
LSP mode, quantitative assessment of the blue shifted nature of the apex-apex
mode is difficult due to intricate morphology of the complex shaped TOH Au par-
ticle in presence on substrate. However, the apex-apex mode is not present in
both experimental and calculated spectra (Figures 5.6a and b) for electron beam
excitation at points A and D. This is because, the apex points, A and D, are very
close to the high index substrate like Si compared to any other points and the
apex-apex LSPR mode corresponding to these points will tend to radiate mostly

into the substrate.[27] It is also observed that the base-apex LSP modes like A-B,
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B-C do not show any noticeable shift in spectra when the substrate is taken into
account. This is consistent with the monochromatic CL map corresponding to the
base-apex mode either at 548 nm or 560 nm showing (Figures 5.6e or f) that the
strong luminescence coming from the base and apex points of the TOH Au particle.
Recently, in a few publications,[58, 69] it is reported that the quadrupolar nature
of the lower wavelength LSPR mode of Au TOH NPs may appear along with the
dipolar one for the increased size of the TOH Au particle. It is established for
a single particle that the higher order modes (like quadrupolar) are less affected
by the substrate compared to the dipolar modes,[93] which is consistent with the
present analyses where the substrate effect is negligible for the lower wavelength
LSP mode with respect to the free standing case. Insignificant substrate effect is
also reported [94] even in case of a mixed mode, which appears at higher energy or
lower wavelength region of spectrum. Moreover, the broadening of a LSPR peak
is generally regarded as the mixing of different plasmon modes for complex shaped
nano-objects studied by CL spectroscopy. [26] The broadening of the 550 nm LSP
mode may suggest a certain probability of the presence of quadrupolar mode in

our result.

5.3.2 SERS analyses

The strength of the LSPR of TOH Au NPs in SERS activity was studied by col-
lecting the Raman spectra of Rhodamine 6G (R6G) molecules, dispersed on SERS
substrates containing ensemble of Au NPs. Since it is difficult to probe the SERS
activity of single TOH Au particle having size below the optical resolution of a
microscope, the SERS studies were carried out on ensemble Au NPs. Though

SERS is measured on the ensemble of NPs, the hot spot at the individual NPs
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Figure 5.12: SERS spectra of R6G molecules in aqueous solution of 10~° M concen-
tration dispersed on SERS substrate and pure Si substrates. Arrow mark denotes
the second order Raman mode of Si substrate. Inset represents the optical image
of the SERS substrate at 100X magnification. Scale bar is 10 pm.

or in the nanogap of two NPs will be primarily responsible for the ambiguity free
measurement of the Raman enhancement. Generally SERS measurement is un-
derstood as a far-field measurement technique; however the information emerging
from a localized interaction of the molecular dipoles with the near-field evanes-
cent wave generated by the interaction of electromagnetic excitation and Au NPs
remains intact even in the far-field.[172] An optical view of the SERS substrate
with uniformly dispersed TOH Au NPs is shown (shown in inset, Figure 5.12).
The aqueous solution of 107% M concentration of R6G molecules was dispersed
on both SERS and pristine Si substrates to compare the spectral enhancement.
The prominent Raman modes observed at 611, 773, 1123, 1188, 1307, 1364, 1423,
1509, 1573, and 1650 cm™! (Figure 5.12) are corresponds to R6G molecules on
SERS substrate.[37, 197] A broad peak around 958 cm™! corresponds to the sec-

ond order Raman mode of Si substrate. All the Raman modes of R6G molecules
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on SERS substrate have shown the enhancement in intensity, as compared to that
of the pristine Si substrate. The highest enhancement was observed for 1650 cm ™!
mode. Considering the effective laser excitation volume (V = 7r?§ = 15.32 um?;
where 7 being radius of laser spot, ¢ being depth of focus) by 100X objective (N.A
= 0.85) and the surface area of a single TOH Au NP, the enhancement factor
(EF) of a Raman mode was estimated [58, 68] by, EF = (Isgrs Nuormar / Lnormai
Nsers). Isgrs and L,omma are the intensity of particular Raman mode observed
in the SERS and normal spectra, respectively; N, orma and Nggrs are the num-
ber of R6G molecules in the excitation volume for the normal Raman acquisition
and number of adsorbed molecules on individual TOH Au particle, respectively.
Nyormar = (Vp/M)Ny4 is estimated to be 2.4 x 10 . Here p (1.26 g.cm™3) and
M (479.02 g.mol™!) represent the density and molar mass of R6G molecules and
N4 being Avogadro number. Assuming monolayer formation of R6G molecules
(molecular foot print size ~ 2.2 nm?) on TOH Au particle (surface area is cal-
culated 480 x 10° nm?), we have estimated the Nggrs to be 216 x 103. The
estimated EF for the 1650 cm~! mode is found to be of the order of 10%. The
observed significant enhancement in the Raman scattering on TOH Au particles
may be the result of hotspots present at the tips of each particle (as shown in
Figures 5.6d-h), as well as in between the particles adjacent to each other. The en-
hancement in the present study can be understood by invoking a general principle
of energy conservation, for which the total electromagnetic energy per unit volume
containing several nanoparticles should be same for any shape. In such situation,
due to the strong nonlinearity of the SERS enhancement factor, one strong hotspot

may lead to higher SERS enhancement than many weaker hot spots. It is known
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Figure 5.13: SERS spectra of R6G molecule (1 uM) at different locations of the
substrate, with excitation laser of wavelength 785 nm.

that on-resonance excitations of Au NPs generate stronger field strength needed
for Raman enhancements than the off-resonance excitation. However, the Raman
scattering cross-section and molecular resonance for particular molecule depend
on the excitation wavelength. In this context, we have investigated the SERS of
R6G by choosing the resonance excitation of TOH Au NPs, which is close to 785
nm (Figure 5.13). The estimated EF, however, is one order less (107) compared to
that of 514.5 nm excitation.

The SERS activity of the TOH Au NPs was tested for wide range of molar con-
centrations (1072 to 1078 M) of R6G and found that the TOH Au NPs are able to
detect the R6G molecules of concentration up to 10~" M (Figure 5.14). Further,
the areal distribution of enhancement regions on the SERS substrate was mapped
by performing the SERS imaging of R6G molecules. An area of 6 ym x 6 pm on
SERS substrate containing R6G of concentration 107 M, was chosen for imaging

(Figure 5.15a). The mapped integral intensity distribution of 1650 cm™! mode of
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Figure 5.14: SERS spectra of R6G molecules in different aqueous solutions of con-
centrations ranging from 10~* to 10~" M, dispersed on SERS substrates

R6G (Figure 5.15b) shows the high intensity spots randomly distributed over the
mapped area. Interestingly, one can notice from the optical image of the Au NPs
on SERS substrate as shown in Figure 5.15a and also from SEM image of Figures
5.5a, ¢ and Figure 5.9c that the Au NPs are mostly in the form ensembles implying
the existence of the “nanogaps” (< 100 nm) between the Au TOH NPs. Meaning,
we can not unambiguously say that maximum intensity regions in the SERS map
correspond to the location of hot spots where field enhancement occurred by the
LSPR of single TOH Au NPs because of the diffraction limited lateral resolution
of Raman microscope (~ 370 nm in the present case) (Figure 5.15b). However,
due to the strong plasmonic coupling effects,[9] the nanogaps between the adjacent
particles of the ensembles on substrate may serve as hot spots with gigantic local-
field enhancements of several orders of magnitude higher than those achievable for
LSPR of individual NP. We believe that such a strong hot spot could be responsible

for the significant SERS enhancement observed for present TOH particles. Apart
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Figure 5.15: Optical view of SERS substrate containing R6G molecules of concen-
tration 107°M, used for SERS imaging.(a) The square box indicates the area (6
um X 6 pm) chosen for SERS imaging of R6G. Scale bar is 10 pm.(b) The SERS
map of 1650 cm™' mode of R6G. Scale bar is 1 um. The color scale bar indicates
the intensity profile of the Raman mode.

from it, the modal distributions as well as the mixing or interference of the particle
plasmon modes [92] in case of anisotropic and complex shaped finite nanostruc-
tures also play very crucial role in optical properties including SERS activity of
the particles. The higher order plasmon mode, i.e., the quadrupolar mode which is
supposed to be present to some extent as described in our CL analysis is generally
of nonradiative nature. But they can absorb light and decay through evanescent

near-field, and thus may also contribute to SERS enhancements.[92]

5.4 Conclusions

In conclusion, site specific cathodoluminescence spectroscopy and imaging in a
scanning electron microscope are used to study the localized surface plasmon be-
havior of TOH Au NCs. The CL analyses combined with FDTD simulations have
helped us to identify two dipole-active LSP modes. The higher wavelength (low
energy) surface plasmon mode is governed by the dipolar mode of oscillations be-

tween the apexes of the particle, which is basically 3-fold degenerate in nature. The



110

dipolar oscillation is also active for lower wavelength (higher energy) LSP mode
but charge pattern oscillation takes place between base and apex points along the
in-plane and out-of-plane direction. The proximity of the substrate with respect
to the point of excitation also plays a role, especially on the degenerate apex-apex
LSP mode of nanoparticle due to inherent anisotropy and complexity of the TOH
Au particle. The remarkably high SERS response of the present TOH particles can
be understood by invoking a general principle of energy conservation, for which
the total electromagnetic energy per unit volume containing several nanoparticles
should be same for any shape. Moreover, it is believed that hot spots between two
close-by TOH particle surfaces (so called ‘nanogaps’) can be significantly stronger
than single particle LSPRs indicating that MNPs aggregates may serve as reliable
SERS substrate as compared to individual plasmonic nanoparticles for sensing and

imaging applications.



Chapter 6

Summary and outlook

A quick recapitulation has been made on the works discussed in this thesis and the
general conclusions are summarized. Some future prospects of our study have also

been discussed in addition.
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6.1 Summary

In recent years, cathodoluminescence (CL) spectroscopy and imaging has immersed
as a powerful technique to investigate the localized surface plasmon assisted opti-
cal response of individual metal nanoparticle. The main goal of this thesis is to
explore the surface plasmon enhanced optical properties of the complex shaped
metal nanoparticles through CL spectroscopy and imaging technique in a high res-
olution scanning electron microscopy (SEM). Also, the surface enhanced Raman
scattering (SERS) studies are partly carried out to demonstrate the significance of
field enhancement under localized surface plasmon resonance conditions in complex

shaped gold metal nanoparticles.

e In Chapter 1 a broad overview of optical properties of metal nanoparticles
has been presented. In case of metal nanoparticles, the optical properties are
dominated mainly by contribution from collective oscillations of electrons in
the conduction band commonly termed as surface plasmon plasmons. It has
been discussed why single particle spectroscopy and imaging with nanometer
scale spatial resolution is essential to probe the optical properties of indi-
vidual matal nanoparticles (MNPs). Also, the importance of studying the
surface plasmon properties of complex shaped gold nanoparticles has been

discussed.

e In chapter 2, a brief description of the synthesis of complex shaped Au
nanoflower (NF) and trisoctahedral (TOH) NPs is presented. The experi-

mental techniques for their morphological, elemental, structural and plasmon
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driven optical studies have also been discussed. The detailed synthesis proto-
col of Au NF and TOH shaped particle through seed mediated wet chemical
synthesis mechanism is discussed. Since the SEM-CL is the major charac-
terization tool in this thesis it has been discussed in detail. The working
principles of TEM, EDS and SERS techniques are also discussed in this

chapter.

In Chapter 3, the basic concept of optical properties of MNPs has been
discussed. The contents include the optical properties deriving from the
coherent oscillation of conducting electrons in MNP depending on the sur-
rounding medium, shape and size of the nanoparticle. The prominent advan-
tages and advances in plasmonic studies of MNPs at single particle level have
also been discussed. In this context CL, serves as an ideal tool to do truly
single particle spectroscopy and imaging since freely moving beam of ener-
getic electrons serves as an evanescent source of supercontinuum light with a
probe diameter down to a few nanometers. One essential tool to understand
the plasmonic response of metallic nano objects is the numerical solution
of Maxwells equations for complex geometry under consideration. The ba-
sic concepts of Finite-difference time-domain (FDTD) numerical simulation
have been discussed. The application of FDTD in CL based plasmonics has
also been discussed in this chapter. In addition, the basic concept of the
electromagnetic field enhancement over the MNP or in their proximity by

placing a suitable molecular probe under LSPR condition is discussed.

Chapter 4 describes the first experimental realization on the selective exci-

tation of two closely lying tips from the same spherical core of a multitipped
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gold nanoparticle with flower-like morphology. This gives strong multipeaked
resonance in the near-infrared region of the far-field emission spectra show-
ing a clear signature of tip to tip coupling. The cathodoluminescence (CL)
technique in a scanning electron microscope (SEM) combined with finite-
difference time domain (FDTD) simulation has helped us to identify the
coupled plasmon modes to be originated from the interaction between two
closely spaced tips with a narrow angular separation. Our analysis further
estimates a range of angular separation between the tips that triggers the

onset of the intertip coupling.

e Finally in Chapter 5 the plasmonic response of a single trisoctahedral
(TOH) shaped gold (Au) nanocrystals has been discussed. We examine the
radiative localized surface plasmon resonance (LSPR) modes of an isolated
single TOH Au NC using cathodoluminescence (CL), with high resolution
spatial information on the local density of optical states (LDOS) across the
visible spectral range. Further, we show pronounced enhancement in the Ra-
man scattering by performing Raman spectroscopic measurements on Rho-
damine 6G (R6G)-covered TOH Au NPs aggregates on a silicon (Si) sub-

strate.

6.2 Outlook

The study of optical phenomena related to the electromagnetic response of noble
MNPs, which is the topic of this thesis, lead to the development of a fast growing
research field called plasmonics. The cathodoluminescence (CL) based experimen-

tal methodology and the finite-difference time domain (FDTD) based numerical
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approach presented in this thesis could be used to investigate a wide range of
nanoparticle geometries and associated surface plasmon modes, thus giving insight
into the light matter interaction at the nanometer scale. In particular the much
higher versatility of a SEM with the increased available currents makes the SEM-
CL based technique more successful in analyzing plasmonic systems. This success
can be explained by the characteristics of this measurement tool which render it
unique: CL has a resolution of few nanometers, does not require complex samples
preparations and the measurements are relatively straightforward. Furthermore,
as photons are collected, one can use standard optics components to analyze the
response of the signal, its polarization state and the angular emission pattern of the
emitted visible radiation. With the continuous improvement in modelling and the
understanding of plasmon physics, and the parallel advancement in the realization
of complex shaped MNPs with precisely controlled structure and composition, in
the near future one can easily expect a further increase in the number of technolog-
ical and scientific applications. For instance, new applications like, time-resolved
excitation [160, 198, 199] or bio-imaging [200] capabilities in CL are most likely
promised in dynamic studies of light in optical nanomaterials. In addition, the
phase mapping/measurement of the induced electric field of a plasmonic system
can be retrieved by using the CL technique under the LSPR. condition.[201-203]
In the coming years CL nanoscopy will play an important role in many scientific
developments owing to its broad applicability.

The thesis addresses several problems and in doing that it arises many new prob-
lems that are yet to be addressed and will be of importance to nanophotonics

community. To study the intertip plasmonic coupling effect of single Au NF, I
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have done experiments on two closely lying tips from the same spherical core of
NF, where both the upper and lower tips were aligned along the same vertical axis
of the incoming electron beam. Better understanding in this direction is expected
in probing the intertip coupling effect between two or more tips lying on the per-
pendicular plane of the incoming electron-beam.

In case of TOH particle, CL combined with FDTD simulation have been applied
extensively, to probe and visualize the plasmon modes. We believe that the hot
spots between two adjacent TOH MNP surfaces (nanogaps) can be significantly
stronger than single particle LSPRs. Such nanogaps hot spots may have crucial role
on the substantial SERS enhancement observed in this report. Consequently, the
present study indicates that MNPs aggregates are highly desirable than individual
plasmonic nanoparticles for possible applications in SERS based biosensing. Prob-
ing the same particle with light and electron beam simultaneously is also expected
to give more insight into the fundamentals of light mater interactions, however
that needs a substantial amount of instrumentation. In addition, more interesting
Physics lies in probing the coupling between two or more very closely spaced TOH
particles.

The prediction of future perspectives in any kind of research field is inherently risky.
Nevertheless, because of the highly diverse nature of plasmonics we can assume
an exciting future, where, for example, the merging of plasmonics with quantum
system, active plasmonics devices made of complex shaped MNPs or biochemical

applications are named as future trends.
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