RICE UNIVERSITY

Fast Electron Spectroscopy of Enhanced
Plasmonic Nanoantenna Resonances

by
Jared K. Day

A THESIS SUBMITTED
IN PARTIAL FULFILLMENT OF THE
REQUIREMENTS FOR THE DEGREE

Doctor of Philosophy

APPROVED, THESIS COMMITTEE

Na% 1 % Ha;as (Chair)

Stanley C. Moore Professor of Electrical
and Computer Engineering
Professor of Chemistry

AN bl ~—

Dduglas Natelson
Professor of Physics and Astronomy
Professor of Electrical and Computer

Peter J. Nordlander
Professor of Physicg and Astronomy

Professor of Elgctrigal and Computer
Engineering 4

4/
Steven J. Cox // |
Professor of Computational and Applied
Mathematics

HOUSTON, TEXAS
May 2014




ABSTRACT

Fast Electron Spectroscopy of Enhanced
Plasmonic Nanoantenna Resonances

by
Jared K. Day

Surface plasmons-polaritons are elementary excitations of the collective and
coherent oscillations of conduction band electrons coupled with photons at the surface of
metals. Surface plasmons of metallic nanostructures can efficiently couple to light
making them a new class of optical antenna that can confine and control light at
nanometer scale dimensions. Nanoscale optical antennas can be used to enhance the
energy transfer between nanoscale systems and freely-propagating radiation. Plasmonic
nanoantennas have already been used to enhance single molecule detection, diagnose and
treat cancer, harvest solar energy, create metamaterials with new optical properties, and
enhance photo-chemical reactions. The applications for plasmonic nanoantennas are only
limited by the fundamental understanding of their unique optical properties and the
rational design of new coupled antenna systems. It is therefore necessary to interrogate
and image the local electromagnetic response of nanoantenna systems to establish

intuition between near-field coupling dynamics and far-field optical properties.

This thesis focuses on the characterization and enhancement of the longitudinal
multipolar plasmonic resonances of Au nanorod nanoantennas. To better understand
these resonances fast electron spectroscopy is used to both visualize and probe the near-
and far-field properties of multipolar resonances of individual nanorods and more

complex nanorod systems through cathodoluminescence (CL). CL intensity maps show



that coupled nanorod systems enhance and alter nanorod resonances away from ideal
resonant behavior creating hybridized longitudinal modes that expand and relax at
controllable locations along the nanorod. These measurements show that complex
geometries can strengthen and alter the local density of optical states for nanoantenna

designs with more functionality and better control of localized electromagnetic fields.

Finally, the electron excitations are compared to plane wave optical stimulation
both experimentally and through Finite Difference Time Domain simulations to begin to
develop a qualitative picture of how the local density of optical states affects the far-field

optical scattering properties of plasmonic nanoantennas.
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Figure 2.2. E-beam lithograhpy process. 1) E-beam resist, PMMA, is spin coated
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Chapter 1

Introduction

Nanoscience, the study of physical phenomena with nanometer size dimensions,
has become a pressing topic of research among many fields of study because of the rapid
advances in the control and fabrication of matter structured with nanometer precision.
Nanometer sized particles lie between the molecular and macroscopic scale dimensions,
giving nanostructures unique physical properties because of quantum confinement and an
increased surface to volume ratio. With the advancement of better fabrication techniques,
nanoparticles have been developed for in vivo biological probes,? the creation of new
metamaterials,”’ wavelength-sensitive active photodetectors,®® photocatalytic

processes, !

as well as for the study of basic science understanding of quantum
processes.**™® The unprecedented imaging resolution required to interrogate
nanostructures has quickly surpassed the resolution capabilities of conventional optics
forcing the development of complex microscope techniques that are limited to specific
configurations.*®?° However, far-field optical imaging & spectroscopy is still the
preferred investigative scientific tool because it is compatible with a variety of samples
(e.g. in vivo, organic, and inorganic), environments (dry and aqueous), and is low cost
and non-destructive. An alternative to developing more complex microscopy techniques

is to locally enhance the absorption and emission of optical radiation below the

diffraction limit of light using locally positioned optical antennas.

Optical antennas serve as transducers between free space optical radiation and

localized energy of nanoscale processes just as microwave and radiowave antennas act as



transducers between electromagnetic energy and electric currents.”* Placing an optical

22,23

antenna near nanoscale objects can enhance Raman scattering,**?* magnify,?* quench,?

25,26 27-30

and control fluorescence emission, provide single molecule detection, re-direct
optical emission,* or even acts as a thermal lens to heat cancerous cells.>* Antennas for
light have been made from silicon nanowires,*? carbon nanotubes,* as well as by
exploiting the plasma resonances of noble metal nanoparticles.***’ In this thesis | focus
on the antenna properties of Au nanoparticles or nanoantennas, whose electronic
resonances allow them to efficiently couple to light.*® With improvements in fabrication
39-41

plasmonic nanoantennas have become wide-spread tools in numerous research fields

making them ideal devices for controlling light at the nanoscale.

Surface plasmon-polaritons, SPPs, are the collective oscillations of nearly-free
conduction electrons at the surface of a metal coupled to an incident electromagnetic
field. These SPPs are electromagnetic modes that oscillate on the surface of a metal at the
interface with a dielectric medium. Reducing the size of plasmonic metals to nanoscale
dimensions allows for their plasmonic resonances to be directly excited by incident light.
For nanometer sized plasmonic particles the resonant modes are referred to as localized
surface plasmon modes (LSP), in contrast with propagating plasmon waves on
macroscopic structures. Nanometer sized plasmonic antennas can support optically-active
electromagnetic dipolar and other higher-order resonances by controlling the size, shape,
local dielectric environment, and near-field coupling effects to other plasmonic antennas
and nearby objects. Plasmonic resonant nanoparticles have high scattering and absorption
cross sections®® providing near-field enhancement capable of augmenting closely coupled

weak optical processes of adjacent objects.



Traditionally scientists and optical engineers have controlled light by mimicking
the design of the eye and have used lenses, mirrors, and fibers to focus, direct, and
navigate light. Plasmonic nanoparticles offer a new way to focus and control light below
the diffraction limit of conventional optics. Nanorods, nanometer sized cylinders or wires
made of noble metals, are optical resonators that can support a number of sinusoidal
plasmon resonances. Nanorods can be used as both single frequency or multi-frequency
antennas. Nanorods used as a multi-functional antenna and can be used with other single

mode plasmonic antennas, (disks, colloids),* and plasmonic waveguides,****

to develop
a full suite of sub-wavelength optical circuitry that can capture, direct, and emit light

beyond the limits of traditional optics.*

In this thesis | have investigated the optical properties of plasmonic nanorods,
high aspect ratio Au wires, to better understand their use as optical antennas. |
investigated isolated and coupled nanorod geometries using both optical and
cathodoluminescence far-field spectroscopy. | used the plasmon hybridization theoretical

model to analytically describe the coupling mechanics of more complex designs.

Chapter 2 gives foundational information for understanding plasmonic resonances
of nanorods and the experimental and theoretical techniques used to analyze these
nanoantennas throughout this thesis. First, an overview of analytical and simulation
techniques are described to model Au nanorod resonances. Next, the experimental
fabrication and optical spectroscopy are described for single nanorod measurements.
Additionally, plasmon hybridization theory is explained and used to describe a coupled
nanorod system. Lastly, a background of cathodoluminescence spectroscopy and imaging

is described for nanorods to finalize the characterization resources used in this thesis.



Chapter 3 will discuss enhancing the scattering power of nanorod higher-order
resonances in a geometry utilizing longitudinal plasmon coupling scheme with two
adjacent support nanoantennas. | used both an optical and electron beam
(cathodoluminescence) spectroscopy methods to identify the hybridization effects the

supporting nanoantennas have on a single nanorod.

This work is concluded in chapter 4 with a summary and suggestions for possible

future research directions based on this thesis.



Chapter 2

Optical and Electron Beam Spectroscopy of
Plasmonic Nanorods

2.1. Multipolar Optical Antennas

The optical properties of plasmonic metallic nanoparticles represent an important
subset of light-matter interactions because the localized surface plasmon resonances offer
controllable confinement of light only surpassed by molecular and atomic optical
systems. The nanoparticle resonances also have enhanced electric fields within the local
vicinity of the nanoparticle allowing for the enhancement of weak optical processes
within the near-field of the nanoparticle. Due to their size and ability to controllably
interact with light plasmonic nanoparticles can be viewed as “artificial molecules”* or

nanoscale optical antennas.?***’

For very small spherical plasmonic nanoparticles the dipole moment, or first order
electromagnetic mode, of the plasmonic resonance dominates the optical properties of the
particle.®® Larger spherical particles can excite strong multipolar resonant modes once
phase retardation is taken in account. Retardation causes different areas of the particle to
simultaneously experience different phases of the oscillating electric field activating
higher-order plasmon modes. Understanding the multipolar electromagnetic modes of
plasmonic antennas is important because the higher-order modes have different electric
field distributions* which control the optimal location for near-field coupling® to other

antennas and objects. Multipolar resonances also oscillate at different frequencies and



radiate at different emission angles®® making it essential to understand and visualize these
modes for new applications as well as for basic scientific understanding of how to

manipulate light below the diffraction limit.

Nanorods are an important type of nanoantenna because of their potential as both
sub-wavelength optical waveguides and as multi-frequency optical antennas.* The high
aspect ratio between the length and base of nanorods gives them the ability to support
multipolar resonances. The nanorod has two principle resonant axes; one along the length
of the nanorod and a shorter one across face of its base. For nanorods with a very thin
base, the shorter principle axis supports only a single transverse first-order dipolar
resonance, while the longer axis contains longitudinal modes capable of supporting
higher-order resonances with increasing aspect ratio. In this thesis I focus primarily on
the description of the multipolar longitudinal modes along the length of the nanorod
because similar first order dipolar modes have been well documented for colloids and

spheriods. 380>

Researchers can model individual plasmonic Au nanorods as 1-D Fabry-Pérot

resonators*>2

and approximate the plasmonic response of Au nanorods to an illuminating
optical field polarized to the nanorod length by assuming a current distribution consisting
of the superposition of three harmonically oscillating currents. The nanorod current
distribution consists of two counter-propagating plasmonic current waves, each with
wave vector kgp, superimposed with a forced current wave from the illuminating field

parallel to the nanorod length.>**® This idealized current model can be used to directly

calculate the scattered E-field outside the nanorod>*®° or used in the 1-D Helmholtz wave



equation for an analytical solution of the surface plasmon oscillations at the nanorod

surface.”

Several observations can be gleamed from these 1-D cavity models. First, by
imposing that charge motion is zero at the rod end facets, the two counter-propagating
harmonically oscillating plasmon waves interfere together creating standing wave
resonances with kqp L = [ and [ being a positive integer index and L being the length of
the nanorod. The standing wave interference dominates the forced wave term from the
illuminating field.>* The standing wave index number for the nanorod not only
corresponds to the number of nodes in the spatial charge distribution, and the number of
anti-nodes in the electron oscillation amplitude, but is also indicative of the number of
dipole moments along the nanorod as shown in Figure 2.1. The index number efficiently
describes the harmonic oscillation of the plasmon standing wave and is therefore used as

the mode assignment number, [, for the multipolar LSP modes of the nanorod.***°
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Figure 2.1. Nanorod spatial charge distribution & electron amplitude distribution for
multipolar plasmon modes. (A) Longitudinal and (B) transverse plasmon modes for a
nanorod are identified by their respective multipolar index I and j. The ideal charge
distribution for each mode is displayed on the left superimposed on a schematic of a
nanorod. The electron amplitude plotted as a function of position along the nanorod is
shown on the right for both (A) longitudinal and (B) transverse modes. Black arrows on
the amplitude plot correspond to the direction of the electron motion and the relative
dipole moment between charge accumulation sites.

The quantity and magnitude of the dipole moments of a given nanorod LSP
provides an intuitive understanding of the radiative strength of that mode. Ideally, the

dipole moments along the nanorod are equally spaced and commensurate in magnitude.



Any two adjacent dipole moments are pointed in opposite directions along the nanorod
and cancel out leaving only odd ! modes with a net positive dipole moment.>” For an odd-
[ mode there is always a net positive dipole moment allowing these modes to be radiative
(bright) modes. For even-I modes there is a net zero dipole moment, and these modes are
typically non-radiative (dark). Only through an asymmetrical activation of the various
dipole moments typical of a high incident angle illumination can even-I modes become
radiative.* For increasing mode number the number of anti-nodes increases while the
strength of the individual dipole moments along the nanorod decreases. This significantly
reduces the radiative strength of both even and odd higher-order modes compared to the

first order dipolar mode.

These cavity models give us an initial grasp at an intuitive understanding of the
plasmonic modes of isolated nanorods but the termination points at either end of the
nanorod continue to be an open problem for 1-D cavity models. At resonance the nanorod
plasmon resonance creates a longitudinal and transversal E-field that extends beyond the
nanorod creating a larger optical cross section than its physical dimensions; a property
common to plasmonic nanoparticles.® This is especially noteworthy at the ends of the
nanorod where end reflections of the current waves pick up an additional phase because
of the extension of the electromagnetic fields into the surrounding medium.>*® To
account for this parasitic reactance, analytical cavity models must artificially either
include an additional phase shift upon reflection® or use an extended nanorod length.>>>®
Additionally, charge accumulates at the end of the nanorods during resonance leading to

increased radiative damping.> To more accurately model multipolar nanorods, both

radiative and ohmic damping, in addition to end facet reactance should be incorporated.
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Analytical models provide great intuitive understanding about the underlying
physical properties for plasmonic systems however, numerical simulations remain
necessary to model more complex geometries. Recent advancements in numerical
simulations using the Finite Element Method (FEM)>® or Finite Difference Time Domain
(FDTD) techniques can calculate the electrodynamic response of most arbitrary
structures. A full solution to any geometry can be found by discretizing the geometry into
smaller sub-units and merging the solutions of Maxwell’s equations for each sub-unit
together computationally. Numerical simulations are a tremendous assistance when
bridging analytical discrepancies with real world measurements. For instance the shape
and curvature of nanorod ends can significantly alter the agreement between
measurement and modelling.®* While analytical models are important conceptualization
tools for rational design of new plasmonic constructs, numerical simulations are a
complementary tool used to understand deviations from ideal models that occur in normal

fabrication of nanoscale structures.

2.2. Optical Spectroscopy of Nanorod Resonances

2.2.1. Nanorod Fabrication

Nanorods, and nanorod assemblies in general can be fabricated with a variety of

62-64

methods including seed-mediated growth wet chemical techniques, molecular self-

1,% scanning probe,®’ and electron beam

assembly,®® and lithographic techniques: colloida
(e-beam) lithography.®® Chemical techniques allow for the fabrication of large amounts of
nanorods, but are plagued with an unknown amount of inhomogeneity within the batch

that is non-negligible. In addition to particle to particle variation aggregation of particles
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within a solution also distorts and broadens the plasmon resonances making ensemble
measurements difficult to correlate to single particle models and simulations. For better
control of nanorod fabrication I used e-beam lithography because it offers nanometer
scale control of the shape, size and precise placement of individual nanoparticles with
high reproducibility. Most importantly, e-beam lithography allows for the fabrication of
isolated nanorods so that spectroscopic measurements can be done at the single particle

level avoiding distortions from ensemble measurements.

E-beam lithography is a mask-less lithographic technique with a pattern resolution
around 15 nm. To fabricate nanorods with e-beam lithography an electron beam sensitive
polymer resist (Poly(methyl methacrylate) - PMMA) is first spun on a flat substrate
insuring a flat & uniform layer at the center of the substrate. | used thermally oxidized Si
wafers substrates that were chemically polished to insure minimal substrate roughness.
Substrates were cleaned by rinsing with acetone and isopropyal-2 (IPA), while drying
substrates with N, gas between each rinse. After the resist is spin-coated onto the
substrate the sample was heated on a hot plate at 180° C for 90 seconds to evaporate the
solvent from the resist and to allow it to harden more quickly. Exposing the resist to a
high energy and tightly focused electron beam inside a scanning electron microscope,
(SEM), causes the scission of the molecular bonds allowing them to be dissolved more
easily than non-exposed areas.® | used a CAD-based patterning and alignment software
to control the e-beam placement & exposure dosage across the sample. After exposure
the resist is soaked in a standard weak developer solution, MIBK:IPA 1: 3 (Methyl
isobutyl ketone : isopropyal), for 40 seconds to remove the exposed areas. After drying,

metal for the pattern is deposited with an e-beam evaporation system with a thin 2 nm Ti
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adhesion layer deposited before the desired thickness of the Au layer. Finally the sample
is soaked in a stronger solvent, (acetone or N-methyl-2-pyrrolidone - NMP), at
temperatures up to 65° C in order to chemically remove the rest of the e-beam resist from
non-exposed areas. As the remaining unexposed resist is chemically removed it also
removes the metal deposited above it leaving behind metal in only the patterned areas.
Nanorods fabricated using e-beam lithography are poly-crystalline giving rise to more
surface roughness than chemically fabricated nanorods.” This can create significant loss
for long range or guided modes but does not greatly affect the peak positions for

localized transverse and longitudinal plasmon modes.

Substrate: 2) E-beam
Oxidized Si Wafer 1) Spin Coat ResSist Lithography

Si/SiO, | Si/SIO, i | Si/SiO, i

4) Metal Deposition
3) Development (Ti/Au — 2/35 nm) =) 5) Lift-Off in NMP

Ti/Au
‘ Si/SiO, i Si/SIO, Si/SiO,

Figure 2.2. E-beam lithograhpy process. 1) E-beam resist, PMMA, is spin coated onto a
Si wafer. 2) Patterned areas are exposed to a focused e-beam in a SEM. 3) Exposed areas
are chemically removed and washed away. 4) E-beam evaporation of a thin layer of Au
with a Ti adhesion layer. 5) Chemical removal of the remaining resist and metal film
above it (“lift-off”), resulting in the desired patterned structure.
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To ensure that spectra of different nanostructures were isolated, nanostructures

were fabricated with a separation distance of at least 10 square microns.

2.2.2. Dark-field Microscopy

Optical spectroscopy is an ideal measurement tool for investigating the plasmonic
resonances of noble metal nanoparticles because their plasmon resonances are located at
discrete wavelengths and ideally transparent to light at all other wavelengths giving them
a unique spectroscopic signature. To obtain spectra from individual nanorods | used a
dark-field microscope that allowed for the isolation and sensitivity necessary for single

particle measurements.

Dark-field microscopy is widely used to investigate the optical properties of
plasmonic antennas because of its simple optical design, its ability to measure samples in
ambient air or in solution, and most importantly its sensitivity to scattering from isolated
individual nanostructures by eliminating the incident illumination from the collecting
optics. A dark-field microscope is used to image and collect light from a nanostructure,
which can then be routed to a spectrometer for analysis. The optics of the dark-field

microscope will be described below.
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Figure 2.3. Schematics for dark-field and bright-field microscope objectives in epi-
illumination configuration. Only scattered light is collected by dark-field objectives
where as both specular reflection and scattered light is collected for bright-field
objectives. Modified from Séennichsen.”

Dark-field microscopy is a technique that collects only the scattered light of the
sample into the objective solid angle while omitting the rest of the incident illumination.”
The illumination source is directed toward the sample at an incident angle higher than the
solid angle of the collection objective with respect to the sample normal. This prohibits
both the incident and the reflected light of the direct illumination from being captured by
the objective and only the scattered light from the nanostructure is captured. Images
captured by dark-field microscopes resemble pictures of stars at night; they have a
characteristically dark background with light scattered only at individual scattering points
in the image. This contrasts with typical bright-field microscopes that produce dark spots

on a bright background because the incident light is reflected or transmitted back into the
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objective with the light absorbed or scattered from individual points is removed from the

image.

Dark field microscopes were originally developed by Richard Zsigmondy in the
early 20" century and were referred to at the time as ultramicroscopes because of their
ability to analyze the scattered light from individual nanoparticle colloids in suspension.’
Dark field microscopes are also extensively used in biological studies of blood cells® and
have inspired other microscope designs with characteristic dark backgrounds such as total

internal reflection spectroscopy.”

The optical spectra recorded in this thesis used a commercial microscope in a
reflection dark-field configuration. The illumination source and the collecting objective
share the same optical path but the illumination is steered through optics in the outer
portion of the objective housing separated from the collection optics housed in the
objective interior (Figure 2.3). The scattered light collected into the objective was then

sent to a spectrometer for analysis.

For polarization dependent measurements an analyzer was placed into the optical
path after the collection optics and before the spectrometer. When using an un-polarized
illumination source all plasmon modes of the nanostructure were excited and the analyzer
selected only the modes aligned along its polarization direction. Polarization
measurements were used to separate transverse and longitudinal coupling interactions by
aligning the analyzer along either the longitudinal or transverse axis of the nanostructure.

This polarization method works best for plasmon oscillations parallel to the substrate.
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2.2.3. Plasmon Hybridization Model

The plasmon resonance of metallic nanoparticles depends not only on particle
geometry, size and material composition but is crucially affected by near-field coupling
to neighboring objects and other plasmonic particles. Advances in the understanding of
nanoparticle coupling interactions have led to increased understanding of optical antenna
design at the nanoscale including nanostructures such as nanoshells,*” nanomatrushkas,

8,77 and bow tie antennas.’®’® Numerical simulations can calculate

split-ring resonators,
the electromagnetic scattering and absorption of different antenna designs but do not
always provide intuition into how the separate plasmonic units interact together making it
difficult to improve designs. For more intuition on the behavior of coupled antenna

geometries | used plasmon hybridization theory®’ to better understand new antenna

designs.

The plasmon hybridization model is a nanoscale analytical electromagnetic model
that describes complex plasmonic geometries as the cumulative interaction between
simple constituent plasmon modes within the collective structure.*”#°%! This model is an
electromagnetic analogy to molecular orbital theory that predicts how atomic orbitals
interact to form more complex molecular orbtials.*® For two identical interacting
nanorods, (homogeneous nanorod dimers), plasmon hybridization shows how the
individual longitudinal and transverse modes of a single nanorod hybridizes with the
plasmon modes in the second nanorod to form bonding (attractive) and anti-bonding
(repulsive) modes controlled by the incident polarization, particle orientation angle, and
separation distance.?>% The energy of the resultant hybrid modes can be tuned by

changing the interaction strength between the two nanorods.
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Unlike spherical dimers, nanorod dimers can be positioned in a number of
different arrangements resulting in various plasmon coupling interactions dependent on
the respective strength of coupling. Plasmon hybridization theory is used to interpret and
illustrate the longitudinal plasmon coupling between dipole moments of two homogenous
nanorods (Figure 2.4). By only considering incident light polarized parallel to the
nanorod length we can selectively isolate the longitudinal modes of the nanorod. In
Figure 2.4, the hybridization energy diagram for nanorod dimers is confined to represent
only the longitudinal-longitudinal plasmon interactions as analogous arguments can be
made for transverse-transverse interactions. The relative energy diagram is a qualitative
representation of hybridization calculations that increases in energy from the bottom to

the top of Figure 2.4.
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Figure 2.4. Schmatic of plasmon hybridization energy diagram for homogenous nanorod
dimers. Dimer configurations of homogenous nanorods in an end-to-end or axial
symmetry (AS) configuration, and in a parallel alignment, (PA), are shown with the
respective hybridized modes for each configuration. Dark modes that do not radiate are
indicated with a red “x.” All energy scales are qualitative and relative.

The two identical nanorods start with the same plasmon energy level when they
are separated by a large distance ( > 200 nm) and therefore are only very weakly
interacting. Figure 2.4 shows low aspect ratio nanorods where only the I=1 dipole mode
is shown for each nanorod. For nanorods in an axially symmetric (AS), end-to end dimer

configuration that exhibit cylindrical symmetry a polarization along the dimer axis
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creates an energy splitting of the coupled I=1 nanorod modes into a high-energy AS anti-
bonding mode and a low-energy AS bonding mode . The high energy AS anti-bonding
mode consists of the two dipole moments opposed to each other in an anti-symmetric
configuration that results in a net zero total dipole moment. Without an effective dipole
moment the anti-bonding mode cannot efficiently couple to light making it optically
inactive and commonly referred to as a “dark mode.” The lower energy AS bonding
mode has a symmetric or attractive alignment of the dipole moments which results in
lower energy compared to the individual nanorod mode with a corresponding red-shift in

wavelength resonance with respect to the energy level of an isolated nanorod.

For nanorod dimers in a parallel alignment (PA), incident light polarized aligned
perpendicular to the dimer axis creates charge distributions for the bonding and anti-
bonding hybridized modes are reversed to the AS configuration.®* The PA bonding mode
is higher energy with symmetric charge alignment which blue shifts with decreasing
separation distance while the PA anti-bonding mode is the lower energy dark mode with

an anti-symmetric alignment which red-shifts with decreasing separation distance.

Although the overall energy splitting and therefore the coupling strength is
reduced in the PA when compared to the AS configuration, the larger lateral width of the
junction and the lack of azimuthal symmetry in PA allows for more interaction between
the optically active I=1 modes and with the higher order modes (not shown) in the
adjacent nanorod.® This admixture between the optically active dipole modes and weakly
scattering multipolar modes results in a larger number of higher order modes that are
optically active for nanorod dimers aligned in parallel than for the AS end-to-end

configuration.
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The work in this thesis is primarily concerned with the activation of longitudinal
plasmon modes making the parallel alignment between adjacent nanorods the most
applicable configuration. Other dimer coupling arrangements consisting of nanorod
dimers have been studied to better understand the coupling dynamics in more complex
orientations often found in nanoparticle ensembles which including dimers at right angles

in L- and T- configurations® and arbitrary of angular offsets between nanorods.®?

2.3. Imaging & E-beam Spectroscopy of Nanorod LDOS

2.3.1. Theory of Fast Electron Excitation of SPs

Although SPPs are typically excited with optical sources whose electric fields
oscillate at frequencies high enough to excite plasmonic resonances, fast electrons can
also excite SPPs as was shown in pioneering work from the 1950s on electron beam
bombardment of thin films that led to the initial discovery of SPPs.*® When measuring
the inelastic interaction of electrons with thin metallic films the resultant electron energy
distribution showed loss mechanisms attributed to SPP modes in the metal. Researchers
have recently revisited the idea of using fast electrons to excite SPPs due to the
advancement of electron beam microscopy technology. With a smaller de Broglie

wavelength than a photon tightly focused electrons (~ 5 nm®®%

) provide a localized SP
excitation source capable of resolving plasmons spectrally and spatially beyond the

resolution limitation of conventional optics.

Qualitatively, when an electron makes impact with a metal it creates a local

perturbation of the conduction electrons. The incoming charge of the electron combined
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with its image charge in the metal behaves like an electric dipole. This transient electric
dipole together with the local perturbation emits radiation, via transition (TR) or
Cherenkov radiation (CR), and excites SPPs in a metal.?***! The resulting interaction of
the electron with the metal can be determined either by measuring the energy loss of the
electron as it passes through the sample, (electron energy loss spectroscopy), or by
measuring the radiative energy produced from the combination of TR, CR as well as and
plasmon decay into far-field radiation (cathodoluminescence). Electron energy loss
spectroscopy (EELS) allows for the detection of all plasmon modes both radiative
(bright) & non-radiative (dark) but only works for thin samples in a transmission electron
microscope (TEM).2 In Cathodoluminescence (CL) spectroscopy (Figure 2.5A),
detection is limited to the radiative modes of a sample coupled to the density of optical
states of the impact site, but is able to resolve the angular emission profile of these modes
and polarization of the emitted photons which cannot be measured in EELS.>"%% Also,
CL is measured above the sample instead of below it as in EELS systems allowing CL
spectroscopy to be placed into more commonly available SEM systems. Although CL
and EELS are complementary techniques | focused on CL spectroscopy in this work

because of the advantages in observing the radiative modes of plasmonic nanoparticles.
2.3.2. Experimental Imaging of Plasmonic LDOS

Applying the same qualitative picture for the interaction between an electron and
a plasmonic antenna to produce 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:



22

= e 2 pl2pp(r, ) ®

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.*"**
This simple analytic expression conveys that the radiative power of the transient dipole
efficiently couples through the radiative modes of antenna into the far-field. Since the

LDOS of plasmonic antennas which are very strongly correlated to the electric field of

the plasmon modes of an antenna,* ¥’

scanning the electron beam across the entire
nanoantenna allows us to spectrally resolve radiative modes of individual nanoantennas

with a localized source.

By scanning the e-beam over a nanoantenna and associating the photon intensity
with the scan position a photon excitation map can be created indicating the optical
resonance of the antenna with nanoscale resolution (~ 5 nm). Each pixel is the
superposition of the radiative strength of all plasmon modes of the nanostructure, both
directly connected and coupled, at the scan location. This means that the serial e-beam
scanning of the nanostructure excites a weighted response of all of the plasmon modes
dependent on beam position. For a given excitation point the CL intensity is collected
both from modes directly excited through direct physical contact with the scan location or
for complex geometries with separation between nanostructures from induced modes that
are activated through the near-field coupling from directly excited modes. By polarizing
or wavelength filtering the collected photons we can map individual plasmon modes with

position dependent CL intensity. These plasmon maps, as seen in Figure 2.5C, represent a
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purely unperturbed visualization of the radiative portion of the LDOS unlike near-field

tip probe techniques whose proximity directly alters the EM-LDOS.

(A) (B)

Electron Beam

]
parabol B
arabolic J Emitted Photons

Mirror
Sent to Detector (C)

Figure 2.5 Cathodoluminescence experimental configuration and imaging. (A) A
parabolic mirror placed close to the sample is used to collect emitted photons produced
by e-beam bombardment. (B) SEM image of isolated nanorod with corresponding (C)
Bandwidth filtered CL photon map at 800 nm. Photon map visualizes the standing wave
nature of a nanorod I=2 mode. Scale bar indicates 100 nm.



24

Chapter 3

Manipulating the Characteristics of a
Plasmonic Nanorod Antenna using Mode
Selectors

3.1. Introduction

Optical nanoantennas serve as conduits between nanoscale optical phenomena
and free-space optical radiation.”* Plasmonic nanorods, high aspect ratio nanoantennas,
have gained significant interest because of their ability to enhance emission from

quantum emitters,? serve as antenna receivers for ultrasensitive sensing applications,*®

30,98 ;

and single molecule detection, in addition to becoming an elementary unit for a new

generation of sub-wavelength opto-electronic devices. 4100101

Nanorods are an essential building block for future nanophotonic design because

of their ease of fabrication® 48102

and their simple analytical description. These
nanoantennas support multipolar longitudinal localized surface plasmon resonances
(LSPRs) in the form of plasmon standing waves that can be well described by 1-D
damped Fabry-Pérot cavity models.>*>>°810310% Thase 1.D plasmon standing waves can
be identified by the positive integer mode index, [, for the standing wave geometric
condition: I X (As,/2) = L, where A, is the surface plasmon wavelength, and L is the
length of the optical cavity (i.e. nanorod).>**® However, full far-field accessibility of

higher-order LSPRs is limited by their weak interaction with light caused by the

increasingly small net dipole moment of each higher-order mode.® In practice, nanorod
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LSPRs have been increasingly investigated for their optical technological
potential'®>*°"1% hut only the dipolar resonances (both longitudinal and transverse) are
utilized in most applications.*®*%**1% Multipolar nanorod resonances can become
optically active through retardation due to increasing nanorod size'® but different

incident angles are still needed to excite symmetry restricted even-order modes.*

Nanorods could be used as more effective multi-modal optical antennas by
enhancing the radiative decay of higher-order modes. This enhanced functionality would
provide wavelength dependent control of near-field coupling® and angular emission®**
due to the unique spatial and scattering characteristics of each mode.>” The scattering
power of nanorod LSPRs can be enhanced by hybridizing nanorods with stronger dipole
scatterers.®*'*? While experimental understanding of isolated nanoantenna components
has been well established®***'%° coupled plasmon geometries still need intuitive
analytical design rules. Peak energy shifts of quasi-static hybridized nanorod geometries
can be accounted for in plasmon hybridization theory,®*#12 hut the spatial distribution

and near-field intensity variations within more complex nanorod geometries cannot be

accounted for with hybridization theory or any current analytical 1-D cavity model.

In this work, we present a simple coupled nanostructure geometry to enhance
higher-order nanorod modes. Due to the newly fashioned properties and behaviors of
these hybridized nanorod modes™ we employ both far- and near-field measurements to
characterize these new modes with both dark-field and cathodoluminescence
spectroscopic techniques. We identify unique behavior through mode hybridization that
introduces spatial deviations, near-field intensity variation, and unique mode transitions

not seen in isolated nanorods or predicted by current analytical models.
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3.2. Fabrication & Spectroscopy of Single Nanorod
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Figure 3.1 Optical and e-beam excitation of single Au nanorod. (A) FDTD (red) and
dark-field (black) scattering and CL emission spectrum (blue) of a single Au nanorod
(420 x 35 nm) shows nanorod eigenmodes 1=2-4. (inset) Shows expanded nanorod
FDTD spectrum. Dark-field can easily excite 1=3 but only weakly excites |=4 through
retardation effects. Both modes are more clearly observed using CL spectroscopy. (B-C)
CL images of single nanorod bandpass filtered (40 nm FWHM) at (B) 650 nm and (C)
750 nm. Integrated line scans for each CL image display the standing wave nature of the
nanorod resonances. (inset) SEM image of nanorod.

Individual Au nanorods used in this study were fabricated by conventional
electron beam (e-beam) lithography on a Si wafer with 100 nm of oxide used to isolate
the nanorods from the Si substrate. 35 nm thick Au nanorods were deposited with e-beam

evaporation using a thin 2 nm Ti adhesion layer. Nanorods were all fabricated with the
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same surface cross-section of 420 x 35 nm as our designed goal was to enhance the
scattering power of multipolar modes of a single nanorod antenna without the need to

vary aspect ratio or incident illumination angle to activate new modes.

Individual scattering spectra for nanorods were measured in a dark-field
microscope (Figure 3.1A). Unpolarized white light from a halogen lamp was focused
onto the nanorods at a high incident angle in an epi-illumination configuration in a Zeiss
Imager A2 microscope (NA=0.75, Zeiss LD EC Epiplan-Neofluar 100X Objective).
Scattered light was collected and passed through a linear analyzer oriented with the
longitudinal axis of the nanorod before entrance into a spectrograph and CCD detector
(Synapse, Jobin Yvon) for analysis. The spectrum for individual nanorods was also
calculated using the finite-difference time-domain method (FDTD, Lumerical Solutions).
The geometry was defined from the parameters extracted from SEM images of the
nanoantennas. The 2 nm Ti adhesion layer and the SiO, substrate were also taken into
account. Simulations used the bulk dielectric function tabulated by Johnson and Christy
for Au™ and the dielectric functions reported by Palik were used for Ti, and SiO,.***

Finally, simulations were performed for an optical excitation at oblique incidence to

account for the experimental configuration.

Cathodoluminescence (CL) imaging and spectroscopy was also used to examine
the nanorod structures because the electron beam excitation of surface plasmon modes
has no symmetry restrictions allowing all plasmon modes to be excited in a weighted
plasmon response dependent on the position of the scanning electron beam. Additionally,
the high spatial localization of the electron beam irradiation allows for nanoscale

resolution of plasmon excitation images to be constructed that are proportional to the
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radiative local density of optical states (LDOS) of the nanorods.?*®” CL measurements
were taken using a combined Gatan (MonoElite CL4) spectrometer, light probe, and
software acquisition unit attached to a scanning electron microscope (SEM, FEI Quanta
650) chamber. A parabolic mirror (NA=0.89), containing a hole to transmit the focused
high energy electron beam (30 keV) onto the sample, was placed ~200 nm above the
sample and collected emitted photons into the light probe where photons were focused
and sent to a detector. The collected light was then linearly polarized along the
longitudinal axis of the nanorod (matching the optical dark-field configuration) and either
dispersed by a grating across a CCD for spectroscopy or directed to a PMT to produce
raster-scanned CL excitation images. Bandpass filters were inserted into the optical path
before the PMT to create wavelength specific raster-scanned CL excitation images.
Background correction for all CL spectra were performed to reduce non-plasmonic

sources of radiation from substrate luminescence and transition radiation.'*®

The dark-field scattering spectrum for an isolated nanorod (Figure 3.1A, black
line) can only resolve one fully formed nanorod resonance within our detector range
(500-1000 nm) at ~760 nm with a broad shoulder at 680 nm in agreement with
simulations (Figure 3.1A, red line). The CL emission spectrum for the same nanorod
better resolves these optical features as two separate nanorod resonances: the [ = 3 and
[ = 4 nanorod higher-order modes. The optical excitation can only weakly excite even-
order modes through the off-normal incident excitation angle of the dark-field optical
setup (NA=0.75) in contrast to the e-beam irradiation of CL which locally excites all

nanorod modes.®® This difference between the excitation geometries leads to differences
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in the relative intensities between nanorod LSPRs but not a disagreement in the LSPR

positions.

Bandpass filtered CL excitation images were created at the two nanorod
resonances and shown in Figure 3.1B and 3.1C. The standing wave nature of the
longitudinal nanorod resonances are clearly seen in the CL excitation image at 750 nm
(Figure 3.1C) for the [ = 3 mode as expected from Fabry-Pérot cavity modes
(Q~5).°21%11% Integrated line scans taken through the center of the nanorod, displayed
below their corresponding excitation images, more clearly show the spatial profile of

each nanorod LSP mode.

The similarities with ideal Fabry-Pérot resonances begin to break down at shorter
wavelengths as the weakly excited [ = 4 mode near 650 nm (Figure 3.1B) shows a
variation in the intensities of the anti-node sites. Previous CL and EELS reports have
consistently reported higher anti-node intensities not from the end positions but from the
anti-nodes next to the end positions.®” %9719 Thjs effect can be seen from the CL map
and line scan at 650 nm (Figure 3.1B). The cause of this slight deviation of the plasmonic
LDOS of the nanorod away from ideal Fabry-Pérot standing waves is thought to be due
to the reflection mechanism at the nanorod ends.’® However, this effect is only
prominent on our measurement for the weakly excited [ = 4 mode. Although a
completely different method of excitation, the CL spectroscopy and imaging allows us to
compare, and complement the more technologically relevant far-field optical

measurements.
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3.3. Dual Antenna Plasmon Hybridization Model
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Figure 3.2 Plasmon hybridization in a dual-antenna nanostructure. (A) Schematic of
dual-antenna system: Au nanorod symmetrically positioned between two identical Au
square antennas separated by gap size, g. (B) FDTD (top) and dark-field scattering
(bottom) of dual-antenna system at various gap sizes, g. (C) Plasmon hybridization
energy diagram of dual-antenna structure identifying spectra for isolated building blocks
(blue, green, and black lines) and a fully coupled system (red line) composed of 2 side
antennas (140x140 nm) and a nanorod of 420x35 nm with a gap size g=15 nm. (D)
Surface charge distributions associated with the primitive plasmon modes (blue, green,
and black lines) and with the hybridized modes (red line) of the coupled structure.
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To more easily observe scattered radiation from higher-order nanorod LSP modes

53,57,117 105,108

without increasing nanorod size or using increased incident particle energy
we enhanced the radiative scattering cross-section of these modes through near-field
coupling to two identical square dipole antennas in a dual-antenna nanostructure
configuration. The designed structure, pictured in Figure 3.2A, was fabricated using the
same one-step e-beam lithography process used for single Au nanorods. The length of the
Au square antennas was determined by matching the poles of the square antenna dipole
(i.e. its length) with the ends of two adjacent anti-nodes (i.e. one wavelength) of the
highest-order nanorod mode detectable by our optical detectors. We chose to enhance the
scattering power of the weakly scattering [ = 5 mode, forcing our square antennas to be
fabricated with a length of 140 nm that corresponded to the 4, of an ideal | = 5 Fabry-

Pérot resonance. Two side antennas were used to provide equal coupling to both

sidewalls of the nanorod.

FDTD calculations were performed to investigate the optical spectral evolution of
the dual-antenna design as a function of the gap spacing between the side antennas and
the nanorod (Figure 3.2C). As gap size decreases (i.e. increasing coupling) the spectrum
changes from one large peak encompassing various overlapping resonances to a
scattering spectrum consisting of two well separated LSPRs at 700 and 850 nm when
reaching a gap size of 15 nm. The dual-antenna nanostructure was fabricated by targeting
the smallest gap configuration in order to achieve a large peak separation. The resulting

coupled structure has an experimental gap size of ~20 nm. Dark-field scattering spectrum
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(lower panel in Figure 3.2B) is in excellent agreement with the FDTD predictions for the

20 nm gap spacing.

The spectral features of the dual-antenna nanostructure can be better explained by
plotting the plasmon hybridization energy diagram (Figure 3.2B). This hybridization
diagram shows how the primitive LSP modes of the individual building blocks (side
antennas and nanorod) couple to each other to form the hybridized LSP modes of the
coupled nanostructure. In the absence of a center nanorod, the side antennas form a
weakly coupled dimer separated by ~70 nm (Figure 3.2B, green line). The LSPR of this
dimer slightly blue-shifts from a single square antenna LSPR (Figure 3.2B, blue line)
when longitudinally polarized due to anti-bonding coupling of the two attractive dipole
resonances.™? A single Au nanorod (Figure 3.2B, black line) has two odd-order LSP
modes (I = 3,5) in the visible range and an even-order LSP mode (I = 4) between them
at 680 nm (1.82 eV) that scatters due to retardation effects from the off-normal incidence
excitation (6; = 48°). Once fabricated within the gap of the dimer, the resonance of the
side antennas and the higher-order LSPRs of the nanorod hybridize. The strong
interaction between the dipolar side antennas and the [ = 3 nanorod mode results in
energy splitting of the two modes when brought in close proximity due to the close
spectral alignment between the plasmon modes (Figure 3.2B, red line). This splitting
gives rise to a bi-modal spectrum consisting of a narrow [ = 3 nanorod-dominant peak
(Figure 3.2B, red line — iii) hybridized with the [ = 1 LSPR of the dimer side antennas
(hybrid-111) at lower energy (i.e. longer wavelength), and broader peak consisting of two
overlapping hybridized peaks (Figure 3.2B, red line — iv, v) at higher energy (i.e. shorter

wavelength). Hybrid-1V is dominated by the dimer LSPR and is predominately
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hybridized with the [ = 3 and [ = 4 nanorod modes but also with the [ = 5 mode to a
lesser extent. The hybrid-V peak consists of an admixture of the l = 4 and [ = 5 nanorod
modes hybridized with the LSPR of the side antennas. This hybridized mode is lower in
amplitude than hybrid-1V because of greater energy separation between the l = 5
nanorod mode and the dimer LSPR. The charge distributions for all of the primitive and

hybridized plasmon modes are shown in Figure 3.2D.
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3.4. Far-field Scattering Enhancement
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Figure 3.3 Symmetric and asymmetric enhancement and activation of multipolar
nanorod modes. (A) SEM images for symmetric and asymmetric nanorod (420x35 nm)
configurations using Au square antennas (140x140 nm). Asymmetric geometry has
square antennas longitudinally offset by Ax=140 nm. (B) Multipolar nanorod resonances
identified through CL imaging. Image borders correspond to the nanorod mode observed
in each image, (I1=3: purple, 1=4: green, I=5: blue). Line profiles taken through the center
of the nanorod are plotted below each image. (C) Scattering and CL emission spectra for
dual antenna systems. Upper panel shows dark-field (black) and FDTD (red) scattering
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spectra. Center and lower panels display CL emission spectra and corresponding
Lorentzian peak fits (hybrid-111: brown, hybrid-1V: orange, hybrid-V: gold), respectively.
Color-coded vertical bars are associated with CL images in (B). Scale bars represent 100
nm.

For side antennas symmetrically positioned along both sides of the nanorod at its
midpoint (Figure 3.3A, left panel), line profiles extracted from bandpass filtered CL
excitation maps (Figure 3.3B, left three panels) show the observation of three distinct
nanorod resonances, [ = 3,4,5 at 850, 650, and 600 nm, respectively, enhanced by
hybridization with the dipolar LSP mode of the side antennas. Although hybridized with
the dimer mode of the side antennas the spatial distribution of the nanorod modes still
resembles a standing wave distribution at specific wavelengths. The line profile plots
were scaled to align its positional axis to the dimension of its corresponding CL image.
The nanorod modes are color coded and are also identified chromatically at their
corresponding wavelength on the optical and CL spectra (Figure 3.3C, left panel). The
width of the colored bars corresponds to the 40 nm bandwidth used to filter the CL

images.

We obtain very close agreement between both scattering and CL spectra for the
symmetrically aligned dual-antenna configuration (Figure 3.3, black). However, one can
notice a red-shift (~50 nm) of the CL spectrum (Figure 3.3, center panel) in relation to the
dark-field spectrum (Figure 3.3, upper panel) that can be attributed to the gradual carbon
build-up deposited on our structure that develops quickly in an SEM chamber when using
high electron beam currents.'*® The spectral agreement between the two different

excitation methods should not be taken for granted. Other coupled structures have shown
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119 The localized electron beam

CL spectra vastly different from their optical counterpart.
excitation of CL selectively strengthens the plasmon resonances of the nanostructure
sequentially at individual points of impact making it difficult to observe interference
effects caused by strong optical fields simultaneously acting across the entire
nanostructure that occurs in a plane wave excitation. The far-field spectral agreement
between the optical and e-beam excitations indicates that the nanorod LSPRs are
hybridized with the dipole of the side antennas but do not exhibit any interference
between the respective hybridized modes. We can therefore safely decompose the spectra

into three Lorentzian peaks (Figure 3.3C, lower panel) corresponding to the hybridized

peaks predicted in Figure 3.2B.

Weakly excited modes can also be enhanced through the breaking of positional
symmetry.*® We tried to further excite higher-order nanorod LSPRs by adding a
longitudinal displacement (Ax) between the two side antennas along the nanorod (Figure
3.3A, right panel). The nanorod dimensions (420 x 35 nm) and square antenna length
(140 nm) remained the same but we displaced one square antenna by Ax = 140 nm,
coinciding with one nanorod end, thereby aligning the poles of both square antennas to a
separate pair of anti-nodes of the weakly scattering [ = 5 nanorod resonance. In general,
the asymmetric 140 nm offset provides more clearly defined longitudinal nanorod
resonances in CL maps imaged at different wavelengths (Figure 3.3B, right three panels).
We also observe a wavelength dependent anti-node intensity variation where the highest
photon emission occurs when the nanostructure is excited at the nanorod anti-nodes
located at 0.2 pm, 0.3 um, and 0.5 um for wavelengths 850, 700, and 650 nm,

respectively. This anti-node intensity variation is caused by the positional dependence of
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the side antenna coupling to the different spatial distributions of the nanorod resonances
but can also be caused by fabrication irregularities. Such irregularity can be seen in the
asymmetric dual-antenna configuration (Figure 3.3B, right panels) at 650 nm where the
offset side antenna is closer to the nanorod towards its endpoint (0.5 um) causing an

increase in CL photon emission from that site.

The resonance peaks in the dark-field and CL spectra for the 140 nm offset
asymmetric dual-antenna system are in good agreement while the lower energy hybrid-11I
peak near 850 nm is better accentuated in the CL excitation. The Lorentzian peak fits of
the CL spectra (Figure 3.3C, lower panel) clearly show the identification of the three
hybrid peaks with similarities to the peak fitting of the symmetric structure. Although the
spectra between the two nanostructures bear resemblance, the nanorod modes, | = 3,4,5,
viewed in the CL excitation maps (Figure 3.3B) do not always correspond to the hybrid
spectral peak position or with the highest intensity peak at locations of peak overlapping
as seen in the peak fitting (Figure 3.3C). The [ = 5 nanorod spatial distribution which
should be more strongly associated with the hybrid-V peak is observable at 600 and 650
nm for the symmetric and asymmetric nanostructures, respectively, even though the
scattering intensity of hybrid-V is lower than the overlapping hybrid-1V peak at those
wavelengths. Finally, the most idyllic spatial distribution of the [ = 3 nanorod mode is
also observed at wavelengths where the hybrid-1V peaks have higher photon emission
over the hybrid-I11 peak. These spectral mismatches clearly demonstrate that the
hybridized peaks are not exclusive to a single nanorod resonance but are truly an
admixture of the different nanorod resonances that are influenced by the alignment of the

poles of the side antennas with the spatial distribution of the nanorod resonances.
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3.5. CL Imaging of Dual Antenna LDOS
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Figure 3.4 Spectral and imaging bandwidth of dual-antenna systems. (A) CL emission
intensity spectra for dual-antenna systems with different longitudinal offsets, Ax, between
side antennas. Dashed red lines indicate three hybrid resonances (-111, -1V, -V) for each
structure. (B) Bandwidth filtered (40 nm FWHM) CL excitation maps for each dual-
antenna system at different wavelengths. CL image borders are colored according to the
observed nanorod mode, (I=3: purple, 1=4: green, 1=5: blue), determined using integrated
line scans through the nanorod.

To better understand how the side antenna longitudinal offset contributes to

excitation bandwidth of a particular nanorod resonance we increased the longitudinal
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displacement between the two side antennas in 70 nm increments on opposing sides of
the center nanorod (Figure 3.4). By collecting the CL spectra (Figure 3.4A) and
excitation maps across the full spectral bandwidth of the nanostructure (Figure 3.4B) we
can better correlate the imaged nanorod modes to the hybridization peaks in the far-field.
Each CL image was color coded by the dominant nanorod mode seen in the image and
confirmed by plotting an integrated line scan through the center of the nanorod. For
structures with a longitudinal displacement, Ax, of 140 nm or less the excitation
bandwidth of the dominant mode, as determined by the wavelength filtered CL images, is
between 50 and 150 nm (Figure 3.4B). These imaging bandwidths do not directly
correspond with the spectral bandwidths of the hybrid peaks in the far-field spectra
(Figure 3.4A). The hybridization with the side antennas and the overlapping nature of
these modes allows for one nanorod mode to be the dominant mode in the CL excitation
maps at wavelengths corresponding to two different hybrid peaks in the far-field. The

[ = 3 nanorod mode (purple) is the dominant excited mode across the spectral bandwidth
of the hybrid-111 peak as well as a significant portion of the hybrid-1V peak for offset
configurations Ax = 0,70 nm (Figure 3.4, top two rows). The same is also true for the

[ = 5 mode (blue) which straddles hybrid-V and hybrid-1V peaks for Ax = 140 nm
(Figure 3.4, center row). This means that the hybridization defines the spectral features
but also that the coupling strength, which is dependent on the longitudinal displacement
of the side antennas, alters the weighted strength of the individual modes at a given
wavelength. Near-field coupling of the side antennas to the nanorod optical cavity allows

for the control of the transition wavelength between cavity modes as well as control over
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the bandwidth of the dominant mode as seen from the imaging bandwidth of each

individual mode in Figure 3.4B.

When the longitudinal offset between the side antennas is increased beyond 140
nm (Figure 3.4, bottom two rows) a single nanorod mode can dominate the imaging
bandwidth in the CL excitation maps beyond the spectral bandwidth of any of the three
hybridized peaks which individually have a spectral bandwidth no greater than 100 nm
FWHM. The largest imaging bandwidth is the [ = 3 nanorod resonance, observed in the
280 nm offset configuration (Figure 3.4B, bottom row), that is observable in CL
excitation images spans across 250 nm of our 300 nm detectable range. The hybridization
diagram in Figure 3.2B gives us insight to understand how to correlate the near-field
excitation images with the far-field scattering for large offset configurations. In the
symmetric nanostructure (Ax = 0 nm) described in Figure 3.2 the side antenna dimer
plasmon resonance and the [ = 3 nanorod resonance oscillate at essentially identical
energy levels resulting in a strong hybridization (i.e. large energy splitting) when these
two nanostructures are brought together. The larger longitudinal offset configurations
shown in Figure 3.4 (Ax = 210,280 nm) have side antennas that are no longer coupled
together and we must treat them as individual single antennas coupling to the center
nanorod. Treating the side antennas individually results in a red-shift of their LSP
energies below the energy level of the [ = 3 nanorod mode and further away from other
higher-order modes as well (Figure 3.2B). This reduced coupling to the nanorod
resonances | = 4,5 and the alignment of the side antenna poles with the anti-nodes of the
[ = 3 nanorod resonance gives the [ = 3 mode an extended imaging bandwidth for offset

configuration Ax = 280 nm. The far-field spectra for offset Ax = 280 nm, is still the
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result of 3 distinct but overlapping hybridized peaks but with a different bias between the
three competing nanorod resonances favoring the | = 3 resonance due to the positional
alignment of the side antennas. Using the same nomenclature as before, hybrid-I11 is
dominated by an admixture of the [ = 3 nanorod resonance with the dipolar resonance of
the individual single antennas, hybrid-1V originates from the hybridization of two
individual side antenna dipolar resonances and nanorod resonances [ = 3,4, while hybrid-
V predominately originates from the hybridization of the two individual dipolar side

antennas and nanorod resonances | = 4,5.

The offset configuration Ax = 210 nm shows a preferential alignment towards
exciting the [ = 4 nanorod mode (Figure 3.4B). Although the side antennas are spatially
decoupled from one another and the individual dipolar side antenna resonances have
shifted to lower energies away from nanorod resonances [ = 4,5, this configuration still
preferentially excites the [ = 4 nanorod mode due to the strong positional alignment with

the poles of the side antenna dipole mode.

The control over the far-field spectrum through the engineered antenna-nanorod
coupling is supported by the FDTD calculations. The spectral shifts for each hybridized
mode also vary when altering the side antennas offset. Both the hybrid-111 and hybrid-1V
peaks undergo noticeable spectral shifts (AA ~50 nm), but the shift is larger for hybrid-V
(AN ~80 nm). The hybrid-V shift to higher energies coincides with the observation of the
[ = 5 mode in the excitation maps and reflects greater spectral separation from the other
hybridized modes. Smaller antennas were used to excite [ > 5 LSPRs, but those higher
energy modes were damped by the proximity to the interband transitions in Au and

limited by the spatial resolution of our CL system.
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The side nanoantenna coupling also leads to unique intensity near-field profiles
for the nanorod LSPRs that differ from an isolated nanorod as well as from expected
Fabry-Pérot standing waves. Since the radiation decay of a point-source emitter (electron)
is directly proportional to nearby cavity modes®” CL imaging represents one of the few
methods capable of measuring the spatial and intensity distribution of these optical modes
without distortion.>*899097.105121 |5 Figyre 3.4B, the | = 3 nanorod mode (purple) at 850
nm for the symmetric configuration (Ax = 0 nm) closely resembles the same resonance
for the isolated nanorod in Figure 3.1C. However, breaking the symmetry (Ax = 70 nm)
at 850 nm causes the relative intensity between the anti-nodes to become skewed to the
left center anti-node. The anti-node intensity variation along the nanorod LSPR is the
result of modifying the LDOS of the nanorod through plasmon hybridization®* and is not
accounted for in simple cavity models. Anti-node intensity variation can be seen in most
offset configurations at some point along the CL imaging spectrum and is the direct result
of plasmon mode hybridization through the placement of the side antennas at various

positions adjacent to the longitudinal axis of the nanorod.

A spatial variation in the nanorod modes also occurs through plasmon coupling
with the side nanoantennas. We observe a greater spatial distortion of the nanorod optical
cavity modes for resonances with wider imaging bandwidth (Figure 3.4B), where the
center anti-nodes of a given mode are either stretched apart at shorter excitation
wavelengths or compressed together at longer wavelengths. To track the spatial distortion
of the nanorod modes we measure the half-wavelength of the LSP, 4, /2, determined by
the distance between the maxima of any two adjacent nodes or anti-nodes in the CL

excitation maps (Figure 3.1C). In the dual-antenna systems, for a given nanorod mode, as
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the A, and distance between the center anti-nodes increases (shorter wavelengths), the

center anti-nodes spread apart exacerbating previously observed “/151[,-c0mpression",105 or

“anti-node bunching™®

at the terminal ends. At longer wavelengths, the center anti-
nodes compress together (i.e. distance between the center anti-nodes decreases), thus
causing 4, values to decrease in the middle of the nanorod while increasing at the
endpoints in direct contrast to observations of isolated nanorods. This anti-node “drift”
along the nanorod is primarily caused by the near-field interaction with the side antennas
and should not be confused by the normally observed “anti-node bunching” caused by the
phase shift due to reflections at nanorod ends for isolated nanorods. %1% particularly
interesting is the CL imaging progression (for increasing wavelengths) of the Ax = 210
nm dual-antenna configuration that shows 4,,,-compression of the central anti-nodes,
instead of at the nanorod ends. The left central anti-nodes of the [ = 4 resonance (the 2"
and 3" anti-nodes from the left at 750 nm) merge to become a single anti-node of the

[ = 3 resonance at 800 nm. This is a counter-intuitive result as increasing wavelengths
should show a gradual increase in the distance between the anti-nodes and overall

A

spr 2°71% but plasmon hybridization alters the behavior of the spatial distribution of

individual nanorod modes.
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3.6. Modifying Nanorod LDOS
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Figure 3.5 Mode compression/relaxation behavior for isolated nanorod and dual-antenna
systems. The LSPR wavelength, As,, calculated by averaging the distances between
internal anti-nodes of nanorod resonances are plotted as a function of excitation
wavelength for each system. Data points are colored according to nanorod mode excited
(1=3: purple, 1=4: green, |I=5: blue). Dashed lines are used to highlight As, trends within a
given nanorod mode.

To more generally quantify the spatial distortion of the nanorod modes across the
spectrum we plotted the average internal A, for each dual-antenna configuration and for
a single nanorod as a function of excitation wavelength (Figure 3.5). Integrated line

profiles through the nanorod center were taken of the CL images for the different dual-
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antenna systems (Figure 3.4B) and for an isolated nanorod (Figure 3.1B and 3.1C) at 50
nm increments across the visible spectral bandwidth. 4, was calculated using the
distance between only the internal anti-nodes (i.e. excluding the terminal anti-nodes) to
eliminate variations caused by the reflections at the nanorod ends.>"'%® The data points
are colored according to the excited nanorod mode and are color correlated to the
corresponding CL maps in Figure 3.4B. We can clearly see large compressive trends
(Ads, = 150 nm) of the internal anti-nodes at longer wavelengths for the [ = 3 and

[ = 4 LSPRs in the antenna offset configurations Ay = 280 and 210 nm, respectively. We
can also see similar trends for smaller antenna offsets (Ax < 140 nm), where the 4,
decreases slightly (internal anti-node compression) at increasing wavelengths for a given
LSPR until the onset of a new lower order mode causes the A,to abruptly increase. This
staircase pattern for A, values continues for all LSPRs influenced by the interaction with
the side nanoantennas. Although the overall increasing progression of the 4, at longer
wavelengths (i.e. lower order modes) is seen in both coupled and uncoupled systems
alike the A5, within a given nanorod mode expands at longer wavelengths for an
uncoupled nanorod (Figure 3.5, upper panel) in direct contrast to coupled systems and
unaccounted for in 1-D Fabry-Pérot models. This change in anti-node positioning along a
nanorod shows that the behavior of the LDOS of plasmonic optical cavities can be altered

and controlled by near-field coupling of shorter dipole antennas.
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3.7. Conclusions

In conclusion, we demonstrated the enhancement of the scattering strength of
weak higher-older nanorod resonances through near-field coupling with nanoantennas.
Strong coupling responsible for the enhancement is the result of energy overlap and the
positional alignment between the nanorod LSPRs and the dipole moment of the adjacent
nanoantennas. The simple dual-antenna design allowed us to easily compare both optical
and electron spectroscopy techniques to better understand mode hybridization in such
coupled nanostructures. CL imaging revealed that anti-nodes of uncoupled nanorod
resonances do not remain in stationary positions throughout its spectral bandwidth as
expected from eigenmode solutions of nanorod resonances. Instead the anti-nodes of the
nanorod LSPRs are shown to “drift” between stationary positions as a function of
wavelength. Near-field coupling to nanoantennas can control the behavior of anti-node
“drift” directly affecting the spectral bandwidth of a given mode. The hybridization of the
multipolar nanorod resonances with the nanoantenna dipoles not only enhanced the far-
field power of these resonances but also alters the near-field intensities, spatial
distribution behavior, and spectral bandwidth of individual plasmonic modes. Near-field
coupling of nanoantennas to nanorod optical cavities shows that plasmon hybridization is
a powerful method for controlling the radiative LDOS which will allow for better design,

engineering, and control of the electromagnetic response of future optical antennas.
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Chapter 4

Conclusions and Future Directions

This thesis covers the basis of utilizing optical (light scattering) and e-beam
(cathodoluminescence) far-field spectroscopies for investigating the longitudinal
resonances of Au nanorod nanostructures. A coupled dual-antenna structure provides a
simple system to better investigate the optical activation and enhancement of different
higher order nanorod resonances with plane wave excitation, near-field coupling or fast
electron impact. A qualitative agreement between the radiative spectra produced for both
the optical and electron excitation for different dual antenna systems has been shown in
this thesis. The experimental spectroscopic agreement between these two excitation
methods makes this system ideal for developing better theoretical models to provide a
more quantitative agreement between electron and optical based excitations which has

only recently been considered.

The quantitative differences between photon and electron excitations (CL, EELS)
are not easily relatable but establishing a firmer relationship between these two methods
would help to translate the characterization from EELS and CL into predictive scattering
properties of nanoantennas that are of greater technological importance. Modal
decomposition of LDOS and near-field scanning microscope (NSOM) signals into
geometric modes has provided an initial basis for comparing electron based EELS and
photon based NSOM results. Light scattering for spheres has also been decomposed and
rewritten into an expression with distinct weighting factors directly comparable to EELS

probability. To further test these results a weighting factor could be assigned for each of
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the side antennas in the dual antenna design in this thesis. The weighting factor would
need to depend on the position and coupling strength of the side antennas. The side
antennas could be viewed as secondary sources of electron excitation and given their own
modified impact parameter relative to the one used for the primary electron incident on

the nanorod.

If the side antennas can be incorporated into a modal decomposition of plane
wave excitations then researchers could better consider the scenario between antenna
dimers of different materials. If the side antennas can mimic a secondary source of
electron excitation could they also mimic the activation of bulk modes in lower energy

ultra-small quantum plasmonic systems recently investigated?

Other possible directions based on this work would be using chemically
fabricated center nanorods instead of the poly-crystalline nanorods made from e-beam
evaporation. Single crystalline nanorods would reduce the loss in fragile higher-order
modes allowing them to more effectively couple to the side antennas. Investigating the
changes in the LDOS of the nanorod based on the thickness of the center nanorod will
also better examine the dependence of the lateral dimension of the nanorod to the strength
of higher order modes throughout the nanorod in contrast to a local inducement of charge

near the side antennas that does not manifest across the entire center nanorod.
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