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Abstract

Plasmonic nanostructures have potential applications across a diverse range of fields,
from biosensing to solar energy. The coupling of electric fields to oscillating free-
electrons on the surface of a material create plasmonic resonances, which are the key
to concentrating and utilising light beyond the diffraction limit. The ability to tailor
the plasmonic response of metallic nanostructures, based on many, easily tuneable,
properties, is the foundation for much of the current research, as this will allow for the
efficient integration of plasmonic components into a wide range of existing photonic
and laser technologies.

In this work, opportunities to chemically alter the dielectric, and thus plasmonic,
properties of Ag nanoparticles were investigated through boundary element simula-
tions. It was found that the three most cited compounds of Ag corrosion in the litera-
ture, Ag2O, AgCl, and Ag2S, have very different effects on the plasmonic response of
Ag nanostructures, when they form a thin shell on the nanostructure surface. While a
thin shell of Ag2O and AgCl were seen to red-shift the surface plasmon modes, Ag2S
was observed to completely quench the plasmonic response. This is the case even
for very thin shells of 1.5nm thickness. This chemically-induced red-shift can move
the Ag nanoparticle plasmon resonances from the UV region of the electromagnetic
spectrum in to the visible region, opening up opportunities for more facile photonic
integration. There is huge scope to take this investigation to the next step, and create
chemically altered nanoparticles for experimental analysis to compare with the results
and discussion presented herein.

Ag is known to corrode rapidly under atmospheric conditions, and this corrosion
is known to be detrimental to its plasmonic properties. However, there is still some
debate in the literature as to the exact mechanism and composition of this corrosion.
Experimental electron energy loss spectroscopy (EELS) was used to verify that Ag2S
is the only Ag corrosion compound observed on atmospherically exposed Ag nanopar-
ticles, the build-up of which was seen to be inhomogeneous. Energy loss near edge
structure (ELNES) of the EELS spectra was used to determine whether the Ag atoms
in a nanostructure sample were chemically bonded to other elements present on the
sample, or if these were merely physisorbed on the surface. This particular ELNES
analysis of the Ag M4,5 edge has not been seen elsewhere in the literature, and grants
a hugely important insight into the chemical makeup, and thus dielectric properties,
of an Ag sample. In addition, standard samples of Ag oxides, AgO and Ag2O, were
analysed for comparison with Ag nanoparticles which had been stored in a citrate
stabiliser and had oxygen signal present in their EELS spectra. A 9 eV shift in the
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O K edge was found depending on whether the O was chemically bonded to the Ag,
or present as part of some organic contamination. This is discussed as a potential
reason for the misidentification of Ag oxide as an atmospheric corrosion product in
past studies.

The focus of the work then shifted to fabricating plasmonic nanostructures using
focused electron beam induced deposition (FEBID). This is a relatively new tech-
nique when it comes to plasmonic structures, which allows for precise fabrication of
nanoscale structures in both two and three dimensions. In this work, the goal was to
see if the purity of the final products could be improved by injecting a reactive agent,
in this case H2O, into the deposition chamber during the deposition, to remove un-
wanted by-products. In addition, a post-deposition annealing step was investigated,
again with a view to increasing the purity of the Au nanostructures. From the re-
sults outlined here, and from recent literature, both methods showed some potential
promise for the development of suitable plasmonic samples. There is excellent oppor-
tunity for extending this research further, particularly to optimising the H2O injection
mechanism to increase the local pressure, and, as discussed at length, to integrating
an annealing step during the deposition process, to aid in flushing out unwanted by
products before they become part of the final structure.

ii



Acknowledgements

The research presented here, and the writing of the thesis itself, would have been im-
possible without the contributions and support of so many people. A particular thanks
to Dr. Donald MacLaren for his hard work and guidance throughout the project. A
big thanks to Colin How for all the help and expertise, and, most importantly, always
being up for a long discussion about absolutely anything. Thanks to Billy Smith for
somehow always responding to my questions and issues with good humour, even as
I would call to say that the microscope wasn’t working (again): evidently because
‘someone’ kept injecting water into it. A huge thanks to Dr. Sam McFadzean for the
very long list of help, favours, and advice from day one, right through until after the
project should have ended. You went above and beyond to help me get through a
challenging project, and I’ll always be very grateful for that.

To the rest of the MCMP group, I’ve thoroughly enjoyed getting to know you all,
and I always appreciated the additional advice, help, and general chat that you’ve
all given me over the years. A particular mention to Dr. Robert Webster for all the
useful discussions, and Dr. Gaz Patterson for all of the help - one day I may even miss
some of your jokes and innuendos. To Dr. Billy Wright, for the all the help at the
start, the many enjoyable physics conversations throughout, but more importantly
the good craic and memories. Trevor, Shane, and Alison, you gave me absolutely no
academic help whatsoever, in fact you probably held me back, but we had so many
outrageously funny moments. Some day soon we’ll go at it again. There are many
names I haven’t specifically noted here, but it would have been very dull without you
all.

Finally, thanks to my family and friends. To Mum and Dad in particular, who
still have no idea what I’ve been doing for the last few years, but have always been
so supportive. Your acts and words of encouragement really helped more than you
know. To Thomas and the rest of the family, you’ve all helped at least a little along
the way, and it was always appreciated. A big thanks goes to Shelly. You’ve had
to put up with this doctorate more than anyone, but you’ve always unequivocally
supported, encouraged, and helped me through. I’ll always be extremely grateful.

iii



Declaration

I have written this thesis, and the research it presents is my own, unless otherwise
stated. I have carried out the work as part of the Materials and Condensed Matter
Physics group, in the University of Glasgow’s School of Physics and Astronomy, under
the supervision of Dr. Donald MacLaren, from 2017 - 2021. This thesis has not
previously been submitted for a higher degree.

iv



Contents

Abstract i

Acknowledgements iii

Declaration iii

Abbreviations & Acronyms vii

List of Figures ix

1 Introduction 1

2 Methodology & Instrumentation 15
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

2.1.1 Electron-matter interactions . . . . . . . . . . . . . . . . . . . 16
2.1.2 Electron sources . . . . . . . . . . . . . . . . . . . . . . . . . . 18

2.2 Scanning Electron Microscopy . . . . . . . . . . . . . . . . . . . . . . 19
2.3 Focused Electron Beam Induced Deposition . . . . . . . . . . . . . . 20
2.4 Transmission Electron Microscopy . . . . . . . . . . . . . . . . . . . . 21

2.4.1 TEM optics . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
2.4.2 Scanning Transmission Electron Microscopy . . . . . . . . . . 24

2.5 Electron Energy Loss Spectroscopy . . . . . . . . . . . . . . . . . . . 26
2.5.1 The EELS spectrometer . . . . . . . . . . . . . . . . . . . . . 26
2.5.2 EELS spectra . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
2.5.3 EELS data processing . . . . . . . . . . . . . . . . . . . . . . 30
2.5.4 Spectral imaging . . . . . . . . . . . . . . . . . . . . . . . . . 33

2.6 Plasmon EELS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
2.6.1 Simulation method . . . . . . . . . . . . . . . . . . . . . . . . 36
2.6.2 Electron impact positions . . . . . . . . . . . . . . . . . . . . 38
2.6.3 Optical and experimental considerations . . . . . . . . . . . . 40

2.7 Atomic Force Microscopy . . . . . . . . . . . . . . . . . . . . . . . . . 43
2.8 Concluding remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

v



3 Plasmonic Simulations 46
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
3.2 Size effects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
3.3 Shape effects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
3.4 Plasmonic elements . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
3.5 Environmental effects . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
3.6 Coupled systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

3.6.1 Interparticle separation . . . . . . . . . . . . . . . . . . . . . . 65
3.7 Complex structures and assemblies . . . . . . . . . . . . . . . . . . . 66
3.8 Ag corrosion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

3.8.1 Core-shell particles . . . . . . . . . . . . . . . . . . . . . . . . 69
3.8.2 Coupled core-shell particles . . . . . . . . . . . . . . . . . . . 74
3.8.3 Janus nanoparticles . . . . . . . . . . . . . . . . . . . . . . . . 77

3.9 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

4 Electron Energy Loss Spectroscopy of Ag and Ag Compounds 81
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
4.2 Ag nanoparticle corrosion . . . . . . . . . . . . . . . . . . . . . . . . 81
4.3 Energy Loss Near Edge Structure . . . . . . . . . . . . . . . . . . . . 85

4.3.1 Ag compounds . . . . . . . . . . . . . . . . . . . . . . . . . . 85
4.3.2 Physisorbed O . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
4.3.3 O K edges . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

4.4 Plasmon EELS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94
4.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

5 Focused Electron Beam Induced Deposition 98
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98
5.2 Nanostructure growth . . . . . . . . . . . . . . . . . . . . . . . . . . 99
5.3 Precursors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103
5.4 Purification techniques . . . . . . . . . . . . . . . . . . . . . . . . . . 104
5.5 Optimisation of beam parameters . . . . . . . . . . . . . . . . . . . . 106

5.5.1 Deposition resolution . . . . . . . . . . . . . . . . . . . . . . . 107
5.5.2 Deposition rate . . . . . . . . . . . . . . . . . . . . . . . . . . 109
5.5.3 Deposition accuracy . . . . . . . . . . . . . . . . . . . . . . . 109

5.6 Substrate effects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110
5.7 Purification in practice . . . . . . . . . . . . . . . . . . . . . . . . . . 112

5.7.1 Intra-deposition water injection . . . . . . . . . . . . . . . . . 113
5.7.2 In-situ e-beam annealing . . . . . . . . . . . . . . . . . . . . . 115
5.7.3 Post-deposition annealing . . . . . . . . . . . . . . . . . . . . 115

5.8 Plasmonic analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118
5.9 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

6 Summary & Outlook 122

Bibliography 127

vi



Abbreviations &
Acronyms

2D two-dimensional
3D three-dimensional

acac acetylacetonate (C5H7O2)
ADF annular dark field
AgNP silver nanoparticle
AuNP gold nanoparticle
AFM atomic force microscope

BF bright field
BM bulk mode
BSE back-scattered electrons

CCD charge-coupled device
CFEG cold field emission gun
CTEM conventional transmission

electron microscope
CTP charge transfer plasmon

DD desorption dominated
DF dark field
DM dipole mode

EBL electron-beam lithography
EDS energy-dispersive x-ray

spectroscopy
EELS electron energy loss

spectroscopy
ELNES energy loss near edge

structure

FEBID focused electron beam
induced deposition

FIB focused ion beam
FWHM full width half maximum

GIS gas injection system

HAADF high angle annular dark
field

hfac hexafluoroacetylacetonate
(CF3)2(C5H7O2)

HO higher order

LMIS liquid metal ion source
LSP(R) localised surface plas-

mon (resonance)

MTL mass-transport limited

NEXAFS near edge x-ray absorp-
tion fine structure

NP nanoparticle

PMMA poly(methyl methacrylate)

QM quadrupole mode

RRL reaction-rate limited

SE secondary electron
SEM scanning electron mi-

croscope
SERS surface-enhanced Ra-

man spectroscopy
SI spectrum image
SNR signal-to-noise ratio
SP surface plasmon
STEM scanning transmission

electron microscope

vii



TEM transmission electron
microscope

tfac trifluoroacetylacetonate
(CF3)(CH3)(C5H7O2)

XANES x-ray absorption near-

edge structure
XAS x-ray absorption spec-

troscopy

ZLP zero-loss peak

viii



List of Figures

1.1 Coherent oscillations of conducting electrons on the surface of a nanosphere,
driven by an incident electric field. The quantised oscillations are
known as (surface) plasmons, which couple to the electric field of the
incident radiation, producing enhanced electric fields at the nanopar-
ticle surface. Positively charged regions are highlighted in blue and
negatively charged regions are coloured orange, with fields extending
out from the surface of the excited nanoparticle. . . . . . . . . . . . . 3

1.2 Simulated absorption spectrum for a 20 nm Ag sphere using optical
stimulation (top) and energy loss spectra for the same 20 nm Ag sphere
using incident-electron stimulation (bottom). The peaks in the spectra
represent energy absorption due to plasmonic mode excitation. There
is a single peak in the optical scattering spectrum, as only dipole-
type modes can couple to incident electromagnetic radiation. Incident
electrons can, however, excite higher order surface plasmon modes,
dependent on the impact positions, in addition to the dipole mode.
They may also penetrate the nanostructure surface to excite a material-
characteristic bulk plasmon, seen here at 3.75 eV. . . . . . . . . . . . 5

1.3 The first 3 physical plasmonic eigenmodes of a nanosphere, showing the
distribution of electronic charge during excitation. Eigenmodes are, in
this instance, the configurations of free-electron oscillation that are
physically permitted on the surface of the sphere. The dipole relates
to the most stable mode, and the only mode excitable through opti-
cal stimulation. It represents a single, coherent, oscillation of electrons
across the surface of the sphere, creating interchanging regions of posi-
tive and negative charge. Higher order modes, such as the quadrupole
and hexapole shown, are less stable due to a closer spatial confinement
of highly charged regions. These are only excitable through electron
stimulation, for example in a transmission electron microscope, and re-
late to coherent oscillations of increasing frequency across the surface
of the sphere. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

ix



1.4 The hybridisation of dipole modes on plasmonic spheres in close prox-
imity. Dipole modes in either the longitudinal or transverse axis, ex-
cited by correspondingly polarised light or appropriately placed elec-
tron beams, can couple to form hybrid modes. Coupled dipole oscilla-
tions that are in-phase are known as bonding modes, while out-of-phase
oscillations on each particle combine to form anti-bonding modes. Only
the bonding modes exhibit a net dipole and are therefore optically ac-
tive. The two optically active modes are denoted by the coloured,
dashed lines. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2.1 Examples of potential scattering events for a high energy electron in-
cident upon a thin sample. . . . . . . . . . . . . . . . . . . . . . . . . 16

2.2 Schematic showing approximate cross sections of several interaction
mechanisms, for an electron incident upon some material. Plasmon
generation has the highest cross section for any event at these energies,
so will dominate spectra obtained from electron-sample interactions. . 17

2.3 The process of focus electron-beam induced deposition (FEBID). A
precursor molecule is injected into the SEM chamber via the gas in-
jection system (GIS). This molecule decomposes under the influence of
a scanning electron beam, leaving the desired element(s) deposited on
the surface of the substrate. In this way, two- and three-dimensional
structures of essentially any shape can be created. . . . . . . . . . . . 21

2.4 An overview of the basic elements of the ARM200cF transmission elec-
tron microscope column, and corresponding ray diagram, for conven-
tional transmission electron microscopy (CTEM) and scanning TEM
(STEM). In CTEM, the pre-specimen lenses give parallel illumination
at the sample, and an image of the specimen is formed at the viewing
screen by the projector system. For STEM, the pre-specimen lenses
form a condensed probe at the sample, with the resulting diffraction
pattern magnified from the back-focal-plane (at the objective lens), to
the viewing screen, by the projector system. . . . . . . . . . . . . . . 23

2.5 Schematic depicting bright field (BF), annular dark field (ADF), and
high angle annular dark field (HAADF) imaging in a scanning trans-
mission electron microscope. α represents the convergence semi-angle
of the electron probe, while βBF represents the collection semi-angle
for BF imaging. βADF1 and βADF2 denote the inner and outer ADF
collection semi-angles, respectively. . . . . . . . . . . . . . . . . . . . 25

2.6 An overview of the basic elements of an electron spectrometer, used to
analyse energy-loss data in electron energy-loss spectroscopy (EELS).
This is found at the bottom of the TEM column, with the system
operating in STEM mode. . . . . . . . . . . . . . . . . . . . . . . . . 27

x



2.7 Examples of a low-loss (left) and high-loss (right) EELS spectrum, ob-
tained simultaneously from the same sample. The low-loss portion of
the spectrum contains ≈ 100 times more counts than the corresponding
high-loss region (note the log scale for low-loss data); this means they
must be acquired separately, with different acquisition times, to meet
the dynamic range limitations of the detector. The main energy loss
peaks from plasmon generation is highlighted in the low-loss spectrum,
while selected elemental peaks for atomic transitions from carbon, cal-
cium, silver, and oxygen are highlighted in the high-loss data. . . . . 29

2.8 An example of (a) background subtraction and signal extraction, and
(b) Fourier-ratio deconvolution for a region of interest in a core-loss
EELS spectrum. In this way, plural scattering events can be accounted
for and removed, and signal specific to a selected scattering event can
be analysed in isolation. . . . . . . . . . . . . . . . . . . . . . . . . . 32

2.9 Representation of a 3-dimensional EELS data array, based on low loss
data from an Ag nanoparticle sample. The x- and y-axes represent
the spatial dimensions for the raster scan of the electron beam. The
energy-loss data, beginning with the zero-loss peak, is contained in the
third dimension, shown on the ‘E’ axis here. Spectral images formed
at three individual energies are shown as examples, highlighting the
different plasmonic response of the sample at 2.00 eV (no response),
2.77 eV (bonding dipole-type mode), and 3.52 eV (anti-bonding dipole-
type mode). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

2.10 An EELS map of the dipole mode for a 20nm Ag sphere, at 3.3 eV,
shown as a combination of dipole excitations at every point on the
surface of the sphere. EELS maps give a two-dimensional visual repre-
sentation of regions of high interaction with the incident electron beam;
usually the regions with the highest electric field strengths. Regions of
a nanostructure that have a greater interaction with the beam at a cer-
tain energy appear as bright spots. The EELS map is a superposition
of all the degenerate arrangements of the plasmon modes at a given
energy, explaining why the dipole mode shown appears as a ring: the
dipoles excited at all possible points on the extremities of the sphere
contribute to the overall EELS map. . . . . . . . . . . . . . . . . . . 36

2.11 An overview of how plasmonic structures are treated under the bound-
ary element method. The surface of the nanoparticle is divided into a
number of faces, with the dielectric environment above and below each
face, represented by nx + ikx, set pre-calculation. j represents the sur-
face of the boundary element, with nj the normal vector to the surface
and Gx(j) is the Green’s function for the region. . . . . . . . . . . . . 37

xi



2.12 EELS spectra from an Ag cylinder in different orientations with respect
to the electron beam. The three electron beam positions are denoted by
the arrows on every structure. The impact position of the incident elec-
trons determines which surface plasmon modes will be excited. EELS
maps for selected plasmon modes are included in the inset. . . . . . . 39

2.13 (a) Optical spectrum from a coupled 20 nm Ag homodimer, with a
3 nm separation in air. Electromagnetic radiation is incident on the
homodimer in both the x- (purple) and y- (pink) polarised states, excit-
ing longitudinal (x) and transverse (y) surface plasmon modes. Simu-
lated eigenmodes for the two coupled bonding dipoles and longitudinal
anti-bonding dipole are shown in the inset above their corresponding
energy-loss peaks. The anti-bonding mode is a dark mode, so has no
peak in the optical spectra, but is seen in EELS data. (b) The summed
and normalised spectrum of the overall optical response. (c) An EELS
spectrum of the same dimer, created through 3 impact positions shown
in the inset by the coloured arrows corresponding to the coloured spec-
tral lines. (d) An EELS spectrum created by summing spectra from
each electron impact position across the 100 nm × 60 nm mesh shown
in red in the inset, at 1 nm intervals. . . . . . . . . . . . . . . . . . . 42

2.14 (a) the basic components of an atomic force microscope (AFM). A
topographic image is formed based on the movement of the laser beam
on the detector, which is reflected from the oscillating cantilever, and
is dependent on the movement of the tip scanning across the sample
surface. (b) force diagram describing the force exerted on the tip (Ft),
depending on its position relative to the sample surface. ‘z’ denotes
the separation between the tip and the sample surface. . . . . . . . . 44

3.1 EELS spectra from (a) isolated 20 nm AgNPs and (b) coupled 20 nm
Ag homodimers, with each NP surface discretised into a set number of
boundary elements (BEs). For the isolated 20 nm NPs, the number of
boundary elements used does not affect the EELS spectrum obtained.
For the coupled system, the number of elements becomes important, as
for the 32 BE case the dipole mode is blue-shifted and the high energy
shoulder of the peak just below 3.4 eV does not contain the remnants of
the peak seen when compared to configurations with higher BE density.
This effect was seen to become increasingly pronounced as the particle
separation is decreased, or the number of coupled particles increases. 47

xii



3.2 Simulated EELS spectra from spheres of different diameters, from 5
nm to 100 nm in 5 nm intervals. The spheres were each defined by
≈ 300 boundary elements. A single electron beam impact position
along the z-axis, incident at the rightmost extremity of each sphere, is
used to excite the plasmonic response. As the size of the nanoparticle
increases, the dipole mode (D) red-shifts. Up to a diameter of 65 nm
(black lines), the dipole mode is the largest peak on the spectrum; after
this point (blue lines), the quadrupole mode (Q) and a group of higher
order modes (HO) emerge to become the dominant features. . . . . . 49

3.3 Simulated EELS spectra from a number of Ag structures with different
geometries. From top to bottom, the spectra from a cube with sides of
20 nm, a rounded cube with sides of 20 nm, a cylinder of length and
diameter 20 nm, and sphere of diameter 20 nm are shown. A single
electron-beam impact position is used, denoted by an ‘x’, incident at
the edge/ diameter of each structure. Notable modes are labelled: ‘D’
is the dipole mode for each structure, ‘E’ are edge modes, ‘F’ are face
modes, ‘Q’ are quadrupole modes, and ‘HO’ denotes a group of higher
order modes. Also included are the simulated EELS maps for each
labelled mode of the cube and sphere. . . . . . . . . . . . . . . . . . . 53

3.4 Simulated eigenmodes from a 20 nm Ag cube and sphere. From left to
right for each shape: a dipole mode, a quadrupole mode, a hexapole
mode, 10th eigenmode, 20th eigenmode, and 30th eigenmode. Or-
ange regions represent negative charge accumulation, blue regions are
positive, and green are neutral. As the mode number increases, the
number of nodes of oscillation increase, and more energy is required
to support the mode. Eigenmodes higher than the quadrupole are in-
distinguishable in the EELS spectra for these structures, and modes
become weaker as the mode number increases. . . . . . . . . . . . . . 54

3.5 (a) real, n, and imaginary, κ, components of the complex refractive
indices for Ag, based on data from Jiang et al., across an energy range
from 0.5-4 eV. (b) real, ε′, and imaginary, ε′′, components of the com-
plex dielectric functions, corresponding to the optical data in (a). (c)
complex refractive indices, across the energy range appropriate for plas-
monic resonances in this work, for (from top to bottom): Ag, based
on data from Jiang et al.; Ag, based on data from Palik; Ag, based on
data from Johnson and Christy, Au, based on data from Johnson and
Christy; Cu, based on data from Palik. (d) Complex permittivities,
corresponding to the data in (c). . . . . . . . . . . . . . . . . . . . . . 58

xiii



3.6 (a) Simulated EELS spectra from 20 nm spheres, each defined by 300
boundary elements, made of different elements: Cu, Au, and Ag. The
strength of the plasmon resonance is over an order of magnitude greater
for an Ag sphere, compared to one composed of Cu or Au. Three spec-
tra for Ag are shown, using dielectric data from three different sources:
Jiang, Johnson & Christy, and Palik. The difference in Ag spectra
highlights the discrepancies between dielectric data sources in the lit-
erature, and how this affects the simulated plasmonic response. (b)
Simulated EELS spectra from 20 nm Ag spheres in environments with
different dielectric constants. An increase in the dielectric constant
causes a red-shift and weakening of the dipole mode. . . . . . . . . . 61

3.7 Simulated EELS spectra from (top to bottom) a 20 nm AgNP, a dimer
with 1 nm interparticle separation, and a trimer with 1 nm interparti-
cle separation; all nanoparticles are in air. Each nanoparticle surface
is discretised into ≈ 300 boundary elements. The same beam impact
positions were used for each structure, shown to the right of the cor-
responding spectrum. The key observation is the red-shift of the lon-
gitudinal dipole mode and the increase in the number of modes, as
more particles are added to the system. The charge distributions and
EELS maps for selected modes are added in the inset, and the optical
bright modes are labelled B, with an arrow representing either x- or
y-polarisation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

3.8 Simulated EELS spectra created from a 130 nm × 130 nm mesh of
electron beam impact positions at 1 nm intervals. Each spectrum is
from a cross shaped structure, with slightly different geometries. The
top cross is composed of 5 coupled 22 nm AgNPs separated by a 1.5
nm gap. Below this is a single structure cross with sharp vertices and
edges. The third cross down is a solid structure again, but with rounded
edges. Finally, the bottom cross was designed and created to closely
resemble real-world nanoparticle assembly. It has ‘pinched’ connections
between 5 nanoparticles forming solid metallic bridges. Schematics
for the charge distributions of the dipole mode on each structure are
included in the inset. . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

xiv



3.9 Simulated EELS spectra from a pure AgNP with no shell, and 5 in-
dividual AgNPs, each with a different 1.5 nm dielectric shell. The
surface of each Ag sphere is discretised into ≈ 400 boundary elements,
as is the slightly larger sphere surrounding it representing the shell.
The bare AgNP is at the bottom. Above this is the AgNP with a
Ag2S shell, followed by an amorphous carbon coated AgNP, for both
of which the plasmon resonances are broadened and damped almost
to the point of non-existence. Following this is a AgNP coated in
poly(methyl methacrylate) (PMMA), which shows a slight red-shift
and slight enhancement in the resonances of a bare AgNP. Above this
is the AgCl-shelled NP, which has a similar, but more pronounced,
response. Finally, the top spectrum comes from an AgNP coated in
Ag2O. This shell causes the largest red-shift seen here, and only a
slight weakening of the dipole mode. The optical bright modes are sim-
ply the dipole mode for each particle and are labelled B, with an arrow
representing either x- or y-polarisation. The dipole mode is labelled D
and quadrupole labelled Q for the bare nanoparticle. The dipole mode
is the clear peak in each spectrum, while the quadrupole mode is only
partly visible in the bare particle and PMMA-shelled particle. The first
Ag bulk mode is labelled BM, and is the same for each structure at
3.75 eV. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

3.10 Real, n, and imaginary, κ, components of the complex refractive indices
(left), and corresponding real, ε′, and imaginary, ε′′, components of the
complex dielectric functions (right) for (from top to bottom): Ag2O,
AgCl, and Ag2S, with their sources added here. . . . . . . . . . . . . 72

3.11 Simulated EELS spectra for Ag dimer coated in a variety of dielectric
shells. Each sphere is discretised into ≈ 400 boundary elements, while
the shell is made up of ≈ 1000. Whilst carbon and sulphide shells
quench the plasmonic response, silver oxide, chloride, and PMMA shells
maintain strong, though red-shifted, resonances, when compared to the
bare Ag dimer. The optical bright modes are labelled B, with an arrow
representing either x- or y-polarisation. The first Ag bulk mode is
labelled BM, and is the same for each structure at 3.75 eV. . . . . . . 75

3.12 (EELS spectra from a pure 20 nm AgNP (bottom) and then from three
different janus nanoparticles, split horizontally at the equator. The par-
ticles are each discretised into ≈ 300 boundary elements. The janus
NPs are composed of an Ag-compound dielectric on the top half, and
pure Ag on the bottom. They are (in ascending order): Ag2S-Ag,
AgCl-Ag, and Ag2O-Ag. The Ag2S causes a quenching of the plas-
monic resonances; the AgCl causes a large red-shift; and the Ag2O
causes a large red-shift, and the creation of several other modes, pre-
sumably through some coupling between the different hemispheres of
the structure. The optical bright modes are highlighted. . . . . . . . . 78

xv



4.1 TEM images of Ag nanoparticles drop-cast onto a holey carbon sup-
port, from a citrate stabiliser. The Ag nanoparticles were purchased
from Sigma-Aldrich and are typical of the nanoparticles used through-
out this work. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

4.2 A core loss EELS spectrum for an aged AgNP sample on a carbon
support film (inset). Highlighted are the peaks from atomic transitions
in S, C, Ag, and also where the O K peak would be, were there any
O present in the sample. In the inset is an EELS map of elemental
distributions, highlighting regions of Ag (green) and regions containing
S (blue). The inset also contains a HAADF image of the nanoparti-
cle. Experimental parameters: Dual EELS; 2cm camera length, 40 µm
condenser aperture, 36 mrad collection angle. 165 eV offset, 0.025 eV
/ channel. Acquisition times: 0.0001s / 0.02s. . . . . . . . . . . . . . 83

4.3 EELS spectrum images for four AgNP samples, aged for six months.
Regions in green represent Ag atoms, while S atoms are shown in blue.
The only corrosion product here is Ag sulphide; there is no O present
on any of the aged samples. The corrosion is inhomogeneous. Experi-
mental parameters: Dual EELS; 2cm camera length, 40 µm condenser
aperture, 36 mrad collection angle. 165 eV offset, 0.025 eV / channel.
Acquisition times: 0.0001s / 0.02s. . . . . . . . . . . . . . . . . . . . . 84

4.4 A core loss EELS spectrum for a freshly deposited AgNP sample (in-
set). Highlighted are the peaks from atomic transitions in C, Ag, O,
and also where the S L2 and L3 peaks would be, were there any S
present in the sample. Experimental parameters: 2 cm camera length,
36 mrad collection angle. Dual EELS 165 eV offset, 0.25 eV / channel.
Acquisition times: 0.005s / 0.5s. . . . . . . . . . . . . . . . . . . . . . 86

4.5 EELS spectra collected from (top to bottom): Ag2S, AgCl, Ag2O, and
AgO standard samples, focusing on the region of the Ag M4,5 edge.
Despite the data coming from standard samples purchased from Alfa
Aesar, there was slight variation in composition from different regions
of the sample. This was due to the reduction of unstable compounds,
beam damage, low quality samples, or a combination of these. The
sample pertaining to the lowest percentage of Ag is at the bottom,
and the data tends towards higher Ag compositions as it moves up
the figure. Pure Ag data is included above each group for comparison.
Experimental parameters: Dual EELS, 2 cm camera length, 40 µm
condenser aperture, 36 mrad collection angle. 180 eV offset, 0.25 eV /
channel. Acquisition times: 0.0002s / 0.1s. . . . . . . . . . . . . . . . 88

xvi



4.6 EELS spectra from a (bottom) uncorroded region of an aged AgNP
(EELS image in inset); (middle) data from the corroded region from
an aged AgNP; (top) a pure Ag spectral line. Specifically the Ag M4,5

edge, beginning at ≈365 eV is shown. The uncorroded region displays
a peak and trough within the Ag M4,5 edge, typical of pure Ag atoms.
The corroded region of the same AgNP has an Ag M4,5 edge that shows
the smoother, round structure associated with chemically bonded Ag
atoms. Experimental parameters: Pure Ag: 2 cm camera length, 40
µm condenser aperture, 36 mrad collection angle. Dual EELS 165 eV
offset, 0.25 eV / channel. Acquisition times: 0.005s / 0.5s. Corroded
NP: Dual EELS; 2cm camera length, 40 µm condenser aperture, 36
mrad collection angle. 165 eV offset, 0.025 eV / channel. Acquisition
times: 0.0001s / 0.02s. . . . . . . . . . . . . . . . . . . . . . . . . . . 90

4.7 EELS spectrum data in the region of the Ag M4,5 edge, from two freshly
prepared AgNP samples (bottom two spectral lines, EELS images in-
cluded in inset); also from an Ag2O and AgO standard sample. The
shape of the Ag M4,5 edge shows that the AgNPs comprise pure Ag0.
Experimental parameters: Ag2O / AgO: Dual EELS, 2 cm camera
length, 40 µm condenser aperture, 36 mrad collection angle. 180 eV
offset, 0.25 eV / channel. Acquisition times: 0.0002s / 0.1s. AgNPs:
2 cm camera length, 40 µm condenser aperture. Dual EELS 165 eV
offset, 0.25 eV / channel. Acquisition times: 0.005s / 0.5s. . . . . . . 91

4.8 Ag M and O K EELS edges for (from bottom to top), AgNP samples
×2, Ag2O, AgO, and a mixture of Ag2O and an oxygen rich organic
compound. The shape of the Ag M4,5 edge shows that the AgNP sam-
ples are composed of pure Ag0 atoms. All the samples have an O K
peak, but the peak energy indicates whether or not the O is bonded
to Ag. In the case of the AgNP samples, the O K peak is at its usual
energy, i.e. without a chemical shift. For the Ag oxide samples, the
O K peak is shifted by -9 eV, due to the effects of bonding with Ag
atoms. For the Ag2O and organic solution sample, both O K peaks
are seen: the lower energy peak stemming from O bonded to Ag, and
the higher energy peak from the organic molecules. Experimental pa-
rameters: AgO / Ag2O / Ag2O & Organic: Dual EELS, 2 cm camera
length, 40 µm condenser aperture, 36 mrad collection angle. 180 eV
offset, 0.25 eV / channel. Acquisition times: 0.0002s / 0.1s. AgNPs:
2 cm camera length, 40 µm condenser aperture. Dual EELS 165 eV
offset, 0.25 eV / channel. Acquisition times: 0.005s / 0.5s. . . . . . . 93

xvii



4.9 Experimental (red) and simulated (black) low loss EELS data, showing
the plasmonic response of an AgNP trimer. The broadening of the ex-
perimental data suggests the AgNPs are coated in a layer of amorphous
carbon. However, in the EELS images included in the inset for two
spectral peaks, the plasmonic activity can be seen to mirror simulated
behaviour for a low-energy bonding dipole mode, and a higher-energy
anti-bonding dipole mode. Experimental parameters: 2 cm camera
length, 40 µm condenser aperture, 36 mrad collection angle, 0.025 eV/
channel. 100 × 100 pixels for 5 Å2 pixels. 0.01s acquisition time, 5
acquisitions per pixel. Simulation parameters: Each nanoparticle was
made up of ≈ 600 boundary elements. A mesh grid of electron beam
impact positions was used, with a beam impact every 1 nm across the
entirety of the 50 nm2 area. . . . . . . . . . . . . . . . . . . . . . . . 96

5.1 Schematic of electrons incident upon 100 nm of Si, based on the sim-
ulation of 100,000 electron interactions using the CASINO software
package. The colours represent the energies of the electrons, with green
corresponding to electrons with incident energy, i.e., primary electrons,
or those which have passed through the Si without interacting or hav-
ing been elastically scattered, and red corresponding to lower energy
electrons Three electron energies were simulated: at 5 kV the vast ma-
jority of the electrons are scattered within the Si, generating lower
energy secondary electrons. For a 15 kV beam there are few secondary
electron generation events, and for 30 kV there is, approximately, no
secondary electron generation. . . . . . . . . . . . . . . . . . . . . . . 100

5.2 Competing FEBID processes. Precursor molecules adsorb on the sub-
strate surface, where desorption or surface diffusion can occur. Un-
der the influence of the focused electron beam, adsorbed precursor
molecules are dissociated, with some amount of the volatile organic
material being desorbed, and then removed by the vacuum system. . 102

5.3 FEBID structure growth, with intra-deposition purification induced by
adding a reactive gas, in this case H2O. The H2O reacts with the or-
ganic products of precursor dissociation, allowing them to be removed
more effectively by the vacuum system. This leads to lower deposition
of C, and higher purity Au depositions. Inset left: structure of the
dimethylacetylacetonategold molecule. Inset right: examples of struc-
tures fabricated during this project, using this method. . . . . . . . . 106

xviii



5.4 (a) Au FEBID point-depositions, for 60 seconds, on a Si3N4 membrane,
at a range of beam energies and currents. The most reliable, highest
resolution deposition comes from the high energy-low current regime
(30 kV - 21 pA). At low beam energies, the probe, and the interaction
volume for secondary electrons generated in the substrate are largest,
resulting in the largest deposition footprint. (b) A selection of FEBID
depositions, 500 nm2 by design, at a range of beam energies and cur-
rents. As with (a), the highest fidelity depositions occur at 30 kV, 21
pA beam parameters. For high currents, the structures are extremely
irregular, as the electron flux is much higher than the rate of precursor
replenishment in the region of the deposition. (c) AFM data for a range
of FEBID depositions, and (d) the corresponding height measurements.
The growth rate depends on numerous factors, particularly the beam
parameters and substrate, and then is dependent on the growth regime.
In this case the regime was expected to be electron-limited for deposi-
tions 2, 3, and 4, while the non-uniformity of deposition 1 at the edges
stems from a shift to the precursor-limited regime. . . . . . . . . . . . 108

5.5 (a) SEM images of Pt FEBID depositions on both a thin (≈ 30 nm)
Si3N4 membrane and a bulk Si substrate. The beam parameters for the
depositions were at either 30 kV - 21 pA, or 10 kV - 7.5 pA, and were all
normalised for electron dose. (b) Height data for the depositions, from
AFM analysis, corresponding to the similar lines on the SEM image.
For the 30 kV - 21 pA depositions, there is a significant increase in
deposition volume for the Si substrate depositions, as there is a greater
volume of secondary electron generation, leading to more precursor
dissociation and deposition events. This is not the case for the 10 kV -
7.5 pA beam, due to the fact that the deposition is already precursor
limited, regardless of substrate. . . . . . . . . . . . . . . . . . . . . . 111

5.6 Overview of the metal-GIS and water-GIS system for intra-deposition
FEBID purification, with a range of depositions shown in the magnified
section. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

xix



5.7 (a) Au composition data for a FEBID structures deposited on an Si sub-
strate, with a range of H2O pressures. (b), (d) SEM image of some of
the depositions analysed at 5 kV and 30 kV, respectively. (c), (e) higher
magnification TEM image of a cross section for depositions at each en-
ergy, with the typical EELS scan area highlighted in red. Also included
are corresponding false coloured EELS maps, comprising overlaid maps
of Au highlighted in green, Pt in red, and C in blue. Experimental pa-
rameters: Each spectrum was acquired twice, to account for the huge
difference between the positions of the Au and Pt M peaks, and the C
K peak, to allow all the elements to be mapped in the same spectrum
image; both were Dual EELS acquisitions, both with a collection angle
of 36 mrad and 2 cm camera length, at 1 eV / channel. SI 1: 900 V
offset; acquisitions: 0.0005s / 0.5s. SI 2: 300 V offset; acquisitions:
0.0005s / 0.02s. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

5.8 Annealing investigation for an array of identical Au-FEBID structures
on Si, in an O rich environment. (a) Images for entire array at room
temperature, then annealed to temperatures from 250°C to 500°C in
an O rich environment. (b) 350,000× magnified images of individual
structures for each annealing temperature. (c) Tilted (45°) images of
the array before treatment, and post-500°C annealing. While signifi-
cant deformation can be seen for each structure as the temperature is
increased, the material left has a higher percentage composition of Au. 117

xx



5.9 EELS analysis of a 100 nm × 100 nm × 100 nm Au-FEBID deposition.
(a) Low loss experimental EELS data in blue, post Richardson-Lucy
deconvolution, shows the plasmonic response for the FEBID deposited
nanocube. The simulated, idealised spectrum from a pure Au nanocube
of the same dimensions is shown in the gold spectra above the exper-
imental data. The slight peak seen in the spectrum stems from the
localised surface plasmon edge mode (E) for a nanocube, while the
dipole mode (D) actually falls within the range of zero-loss peak for
the experimental data. The brown spectral line stems from a simu-
lated Au nanocube, surrounded by 10 nm of amorphous C, chosen to
be a simple approximation for the effective dielectric function for a
FEBID deposition containing significant amounts of C. The plasmonic
response for this structure is quenched and red-shifted compared to the
pure Au case, similar to the the experimental data. The vertical dashed
lines mark the position of the edge mode peak in each of the simulated
spectra. Also seen in the Au-C simulated spectrum is the first Au bulk
plasmon mode (BP). (b) ADF image of the FEBID nanocube. (c) Ex-
perimental plasmon map at 2.03 eV, showing the response for the edge
mode. (d) & (e) Simulated plasmon maps for the same edge mode, for
the pure Au and Au+C structure, respectively. (f) & (g) Experimental
EELS maps showing C and Au signal, respectively. (h) Compiled RGB
image showing regions of C content in blue, and Au content in green.
The cube was found to comprise ≈ 20% Au. (i) Core-loss data from
the FEBID nanocube, with EELS edges for C, N, Si, and Au, stem-
ming from both the Si3N4 substrate and Au-C nanocube, highlighted.
Experimental parameters: plasmon EELS: 2 cm camera length, 40 µm
condenser aperture, 36 mrad collection angle. 0.01 eV/ channel. 100
× 100 pixel scan, for 3.958 nm/ pixel. 0.02 seconds / pixel. Chemical
mapping SI 1: 2 cm camera length, 36 mrad collection angle, Dual
EELS, 900 eV offset. Acquisition times: 0.0002s/ 0.5s. SI 2: 2 cm
camera length, 36 mrad collection angle, Dual EELS, 300 eV offset.
Acquisition times: 0.0002s/ 0.02s. Simulation parameters: cube, com-
prising ≈ 500 boundary elements for each cube. A mesh of electron
impact positions was used, with a beam impact position every 1 nm
across the entire 250 nm2 area seen. . . . . . . . . . . . . . . . . . . . 119

xxi





1 | Introduction

Plasmonics is a well-established and growing field of study, concerning the excitation
and utilisation of resonant oscillations in the free electron population of a mate-
rial. There are a huge number of applications across a range of disciplines including
biosensing, data storage, light concentration and harvesting, and the development of
metamaterials. [1–5] A quantised, resonant oscillation of free electrons, either on the
surface or within the volume of a structure, is known as a plasmon. Upon excitation
via some characteristic incident radiation, the electronic plasma will oscillate at a
characteristic plasma frequency about the fixed ions, continuing to do so until the
energy is depleted through damping processes. Surface plasmons exist at an inter-
face between a metal and a dielectric; their properties are characterised by strong
light-matter interactions. Fundamental to many potential applications, plasmon cou-
pling to incident radiation occurs far below the diffraction limit. For example, to
effectively utilise the data capacity of photonic integrated circuits, there is a need
to incorporate photonic technology with electronic circuits at nanometre scales. [6–9]
Plasmonic excitations are a potential intermediary to overcome the size discrepancy
between photonic and electronic components. Plasmons are tuneable through many
parameters, as will be a focus throughout this thesis, and are extremely sensitive
to their environment; this gives rise to the many applications for plasmonics from
communication to sensing. [10–13]

The motivation for the work presented here concerns the need to fabricate plas-
monic structures with tuneable plasmonic properties. In fitting with all of the ap-
plications mentioned above, the ability to tailor the plasmonic response of a system
to specific wavelengths makes plasmonic integration much easier and more effective.
There are well-established laser technologies, communication requirements, and sen-
sor applications among many others that demand plasmonic structures which operate
under highly specific conditions. Plasmonic structures will thus be discussed and
analysed in terms of fabrication and alteration of the many parameters that affect
plasmon resonances.

Early investigations into surface wave propagation and discrepancies in the in-
tensity of light reflected from metallic gratings formed the beginnings of plasmonic
research around the turn of the 20th century. [14–16] Particularly relevant for the
work contained herein, Mie presented a mathematical formulation of the effect of
light scattering from metallic nanoparticles in 1908. [17] This was the first time a
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mathematical description and thorough understanding of light scattering from nano-
scale particles had been developed, though the phenomenon of metallic nanoparticles
inducing colouration effects, in stained glass for example, had been observed and
utilised for hundreds of years. The blossoming of the research field was initially slow:
work into surface waves excited at visible wavelengths was expanded in the middle
of the century with work by Fano [18] and Ritchie [19, 20], followed by the direct ex-
perimental excitation of visible wavelength surface resonances, via prism coupling, by
Kretschmann and Raether in 1968. [21] These insights and results marked the start
of significant interest into the independent field of plasmonics, and surface plasmon
resonances (SPRs) in particular. From here, research into surface plasmon polari-
tons (SPPs), surface plasmons coupled to incident light, began to steadily grow as a
range of applications were identified, and the underlying physics and limitations were
probed.

Throughout the research presented in this thesis, it is localised surface plasmons
(LSPs) that are the focus. These are standing resonant wave modes in the free-electron
plasma, which exist on the surface of a conducting nanoparticle with dimensions
significantly smaller than the wavelength of the excitation. The scattering of the
radiation by a small particle leads to coupling with the free-electron population at
the surface, creating resonant oscillations. As the dimensions of the particle are much
smaller than the wavelength of the incident radiation, and different to propagating
surface plasmons that can be set up on thin films or the surface of bulk metals,
the nanoscale dimensions of the particle lead to the excitation of non-propagating,
standing wave modes in the resonant oscillations. In this way the exact size of the
nanoparticle becomes very important, as will be discussed in detail in section 3.2,
because the strength and wavelength of the standing wave mode is determined by the
distance between the opposite edges of the particle. These LSPs are therefore simply
non-propagating oscillations of the conducting electrons at the surface, coupled to
the external field. This leads to a resonance for which field amplification occurs
inside the particle and in the near-field zone outside the particle; an illustration of
oscillating surface electrons coupling to incident electromagnetic radiation is presented
in Figure 1.1.

The quality and energy of LSPs are dependent on many different properties of the
nanoparticle(s) involved, as will form the basis of much of the discussion in chapters
3 and 5. In recent decades, towards the end of the 20th century and right up to the
present day, nanofabrication and microscopy techniques have allowed for experimental
investigations into these nanoparticle properties and their photonic effects. Now that
nanoparticles can be accurately fabricated with sub-nanometer dimensions, and can
be analysed with high precision, in transmission electron microscopes for example,
many research groups are engaged in new and exciting research. The analysis of
nanoparticles using modern electron microscopy techniques is a focus of the work in
chapter 4, while nanofabrication of plasmonic structures is the focus of chapter 5.

Historically, investigations of LSPs generally comprised optical studies, and re-
sulted in confirmation of the dependence of the wavelength of the LSP on the size,
geometry, elemental composition, and immediate environment of the nanoparticle. It
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Figure 1.1: Coherent oscillations of conducting electrons on the surface of a nanosphere,
driven by an incident electric field. The quantised oscillations are known as (surface) plas-
mons, which couple to the electric field of the incident radiation, producing enhanced electric
fields at the nanoparticle surface. Positively charged regions are highlighted in blue and neg-
atively charged regions are coloured orange, with fields extending out from the surface of
the excited nanoparticle.

was at this point that potential applications for plasmonics began to be discussed in
detail, particularly regarding light harvesting, sub diffraction optical focusing, and
plasmonic sensors. As ever, the discussion of real-world applications drove the level of
research to greater heights, and the desire to tune the wavelength of metallic nanopar-
ticle plasmons began to gather momentum.

Surface plasmons are generally considered using Maxwell’s equations, along with
approximations for the homogeneity of the dielectric profile of the structure. An in-
depth discussion of the underlying mathematics can be found extensively throughout
the literature, a particularly useful source being found in reference [22], but the ap-
proach won’t be laboured again here. For now, however, it is sufficient to note that
a time-independent form of the wave equation is used to solve Maxwell’s equations,
leading to solutions at the boundary that represent surface plasmons:

∇2E + k2
0εE = 0. (1.1)

This is known as the Helmholtz equation, and is one of the central components of the
metallic nanoparticle boundary element method (MNPBEM) solver [23], a software
package used throughout this work to calculate the plasmonic response of simulated
structures; the methodology is detailed in section 2.6.1.

It is important to introduce the concept of using an electron beam to stimulate
plasmonic resonances, particularly because this is the method used for the work in
this thesis; this is in contrast to the majority of research in the literature, which
concerns optical stimuli. When an electromagnetic wave is used to excite plasmons,
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the free-electron population couples to the oscillating electric field of the incident wave.
This limits the number of modes that can be excited on a plasmonic structure to those
with dipole-like character. However, for an incident electron beam, the excitation is in
the form of an electric field emanating from a moving point-charge: an electron. This
electric field induces charge oscillations in the free-electron population of the material,
through electrostatic interactions. The differences between optical and electron-beam
stimulated plasmonic responses will be discussed in detail later in this chapter, around
Figure 1.2.

The use of electrons to probe plasmonic structures requires specialised and ex-
pensive equipment: a transmission electron microscope (TEM) and coupled electron
spectrometer to be specific, the details of which will be covered in chapter 2. The
primary benefit electron microscopes have over their optical counterparts is the huge
increase in achievable resolution. An important principle for the creation of LSPs, as
discussed, is that the NPs must be of dimensions much smaller than the wavelength
of the light which corresponds to their energy. This necessitates the use of NPs which
are, by definition, beyond the resolvable limit of standard optical equipment. The
imaging of NPs on the order of nanometers is, however, of no issue to modern TEMs.
Ångström-scale resolution has been regularly achieved on many instruments, includ-
ing the microscope used for much of this work, for over a decade. [24] Though there
are many benefits to electron microscopy in plasmonic analyses, it is always necessary
to note that almost all reasonably scalable real-world applications for plasmonics use
optical excitations. Therefore, the discussions presented here will always link back to
what is optically viable, despite the use of electron microscopy to obtain all the data.

Electron microscopy has been used in plasmonic analysis for many decades. An
important point in the progression of the field was the relation of electron energy loss
data to the dielectric properties of a material, the basis of plasmonic analysis in mod-
ern investigations, in the late 1950s. [25] This continued through the following decade,
with observations of bulk plasmon energies. [26] However, it was the improvement in
instrumentation, and scanning TEM (STEM) and electron energy loss spectroscopy
(EELS) development throughout the 80s, that led to the ability to process spectral
data at many points on a sample, with high resolution. This led to an ability to image
plasmons on the nanometer scale. [27] The use of these techniques to form spectrum
images (SIs) to image both plasmon excitations and chemical composition in nanos-
tructures forms an integral part of this thesis. An excellent overview of plasmon
mapping using EELS can be found from Colliex et al. in reference [28].

There are important differences to consider between using optical and electron
stimuli to excite plasmon resonances. In the same way that the electron offers a
much more spatially confined probe for imaging a sample, it also creates a much
more spatially confined perturbation to the free-electron system of a conducting NP.
The higher spatial confinement of the probe results in many different, higher order
modes of coherent free-electron oscillation being available for excitation. This is in
contrast to optical excitation, for which only the largest, dipole mode couples to the
incident oscillating electric field. Examples of the contrasting spectra from optical
and point-charge excitation are seen in Figure 1.2.
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Figure 1.2: Simulated absorption spectrum for a 20 nm Ag sphere using optical stimula-
tion (top) and energy loss spectra for the same 20 nm Ag sphere using incident-electron
stimulation (bottom). The peaks in the spectra represent energy absorption due to plas-
monic mode excitation. There is a single peak in the optical scattering spectrum, as only
dipole-type modes can couple to incident electromagnetic radiation. Incident electrons can,
however, excite higher order surface plasmon modes, dependent on the impact positions, in
addition to the dipole mode. They may also penetrate the nanostructure surface to excite a
material-characteristic bulk plasmon, seen here at 3.75 eV.

Figure 1.2 displays data simulated in this project, showing the major divergence
between EELS and optical spectra of the simplest plasmonic structure: an isolated
spherical nanoparticle. The basis for the simulations will be discussed at length
in section 2.6.1; for now, it is useful to note the major differences between optical
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and EELS spectra. As seen in Figure 1.2, there is an increased number of spectral
features observed when using electrons as point-excitations. There is a single peak in
the optical spectrum for the nanoparticle, corresponding to the only optically active
plasmonic mode on the sphere. Only dipole modes are optically excitable; the fact that
the wavelength of excitation is much larger than the dimensions of the nanoparticle
means that only the most basic mode of free-electron oscillation can couple to the
incident electric field. As the incident electric field oscillates, the free-electrons are
driven to coherent oscillation as in Figure 1.1; but, higher order oscillations, from
quadrupoles upwards, are not accessible using such a large, dipole-like excitation.
The dipole mode in the optical spectrum in Figure 1.2 is the same for both x and y-
polarised light, due to the symmetry of the sphere. For the decreased symmetry shapes
considered in later chapters, there will be additional optical modes available through
the longitudinal and transverse dipole modes, for free-electron oscillations along the
long or short axis of the structure, respectively. However, for the EELS case, there
are three clear peaks in the spectrum, and, as will be discussed in chapter 3, many
higher order modes that are present but unresolvable in this particular spectrum.

The lowest energy peak in the EELS spectrum of Figure 1.2 is at exactly the same
energy as the optically active dipole mode, and relates to the same dipolar oscillation.
This dipole mode is always the lowest energy mode of a system, representing the
most stable configuration of coherent charge oscillation across the structure surface.
At slightly higher energies, ≈ 3.42 eV, another peak is seen. This actually contains
all of the higher order surface modes of the system. These occupy very similar en-
ergies, and exist close to the dipole energy, due to the geometry and symmetry of
the structure, which, again, will be covered in depth when discussing shape depen-
dence in chapter 3. The important note for now is that these higher order modes
are observed and analysable by EELS, but not by optical spectroscopy. The vast
majority of plasmonic research focuses on electric dipolar modes, as these are most
readily accessible through optical means, as will be discussed later in this chapter;
however, higher-order modes such as magnetic and dark modes are also important to
consider in plasmonic systems. Due to not having a strong dipole moment, so-called
dark modes can store electromagnetic energy more efficiently than bright modes due
to an inhibition of radiative losses, [29], leading to interest for applications such as ul-
trasensitive detectors [30] and general metamaterials research [31]. In addition, when
mode coupling occurs, as will be the focus of the discussion around Figure 1.4 and
through much of chapter 3, higher order modes can hybridise to form new modes with
differing properties, potentially leading to the creation of new bright modes. So, an
understanding of the full plasmonic spectrum, as seen in EELS investigations, gives
a much fuller and more useful insight into the overall plasmonic response.

The final peak in the EELS spectrum is at ≈ 3.75 eV and stems from energy
losses due to the generation of the first bulk plasmon for Ag. This peak exists for
all Ag nanostructures at exactly the same energy, regardless of any size, geometry,
environmental, coupling, or other effects; it denotes the end of the surface plasmon
regime and the onset of the higher energy bulk plasmon modes. A bulk plasmon is a
coherent oscillation of free-electrons, but within the volume of a structure, dependent
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solely on the dielectric properties of the material; they are only excitable using incident
electrons. The lowest energy bulk plasmon at 3.75 eV was often used as a spectral
marker throughout the project, due its consistency, but aside from that offers no
relevance to the research aims here.

A final, and important, observation of Figure 1.2 is the different number of lines
which make up each spectrum. For the EELS spectrum, three traces are plotted, each
stemming from a different beam impact position. This is important as the position of
the electron stimulus determines which plasmonic mode can be excited. The impact
position on the centre of the sphere, corresponding to the red energy-loss profile, shows
almost no dipole excitation, some excitation of higher order modes and the entirety
of the creation of the bulk plasmon mode at 3.75 eV. A perturbation to the system
at the centre will not excite a dipole oscillation, but can excite some of the higher
frequency oscillations. Essentially, an impact position at a node of oscillation will not
excite that corresponding plasmon.

Any electron that passes through plasmonic material will lose energy to bulk plas-
mons in that structure, and an electron needs to be incident on, or near, the edges
of a structure in order to create dipolar oscillations; this is seen with the other two
impact positions and corresponding spectral lines in Figure 1.2. The impact position
at the edge of the sphere dominates the contribution to the low energy dipole mode,
while retaining significant contribution to the group of higher order modes, and no
bulk plasmon excitation. The final impact position plotted is at a distance of 5 nm
from the structure, but still has a significant effect. The electric field of the electron,
even at a distance, excites a dipole mode on the sphere; with minimal contribution to
higher order modes, but now no bulk plasmon excitation. This ‘aloof scattering’ is an
important effect, as it shows that even electron beam positions far from the structure
can elicit a plasmonic response. [32, 33] This plays an important role in determining
the overall plasmonic response of a structure throughout this work, and, interest-
ingly, can be used to analyse ‘beam sensitive’ samples by avoiding direct electron
exposure. [34]

As discussed, a dipole plasmon mode is characterised by a single oscillation of
charge across the entirety of the structure, as shown in Figure 1.1. Higher order
modes constitute oscillations of higher frequency, and higher node density across the
structure. The modes of oscillation that a structure is physically capable of support-
ing are independent of the stimulus to the system, and are known as eigenmodes.
An illustration of the first three eigenmodes on the surface of a sphere is shown in
Figure 1.3.

As the the particles which sustain LSPs are much smaller than the excitation
wavelengths involved, the whole interacting system can be considered as an electro-
static problem, ignoring retardation of the field interactions. This is known as the
quasistatic approximation, and is a useful step for simulating a large range of plas-
monic structures. In particular, it is a facile method for calculating the eigenmodes
of a structure. To begin, the Poisson equation is converted to the boundary integral
equation:
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Λ(ω)σ(s, ω) +

∮
∂V

∂G(s, s′)
∂n

σ(s′)da′ = −∂φext(s)

∂n
(1.2)

for a sphere of radius a, where

Λ(ω) = 2π
ε2(ω) + ε1(ω)

ε2(ω)− ε1(ω)
, (1.3)

and contains all the dielectric information about the system; ε1(ω) and ε2(ω) refer to
the dielectric functions of the nanoparticle and the environment respectively. σ(s, ω)
represents the surface charge distribution: the key consideration for the eigenmode
calculation; the Green’s function G(s, s′), as will be seen later in Figure 2.11, relates
points on the surface of the nanoparticle. If φext = 0, meaning there is no external
stimulus, a consideration here as the eigenmodes are independent of any excitation,
then equation 1.2 can be used to obtain the eigenmode equation:∮

∂V

∂G(s, s′)
∂n

σi(s′)ds′ = 2πλiσi(s) (1.4)

where σi and λi are the ith eigenstates and eigenenergies, respectively.
It is interesting, and necessary, to note that equation (1.4), and thus the eigen-

modes of a nanostructure, are dependent only on the geometry of the nanoparticle,
and not on the dielectric properties of the material. While the plasmonic response
of a structure is heavily dependent on its dielectric function, the actual modes that

Figure 1.3: The first 3 physical plasmonic eigenmodes of a nanosphere, showing the dis-
tribution of electronic charge during excitation. Eigenmodes are, in this instance, the con-
figurations of free-electron oscillation that are physically permitted on the surface of the
sphere. The dipole relates to the most stable mode, and the only mode excitable through
optical stimulation. It represents a single, coherent, oscillation of electrons across the surface
of the sphere, creating interchanging regions of positive and negative charge. Higher order
modes, such as the quadrupole and hexapole shown, are less stable due to a closer spatial
confinement of highly charged regions. These are only excitable through electron stimula-
tion, for example in a transmission electron microscope, and relate to coherent oscillations
of increasing frequency across the surface of the sphere.
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a structure can support do not depend on material properties. The goal of much of
the initial research in this project concerned the chemical doping of nanostructures to
tune the plasmonic response; in effect altering the dielectric functions. Understanding
that the plasmonic modes on a given geometry will in fact be the same, but perhaps
behaving in different ways due to the doping, is an important caveat.

Figure 1.3 shows the first three eigenmodes of a 20 nm sphere: a dipole, a
quadrupole, and a hexapole. It can be seen that the dipole is the most basic, single
oscillation of charges across the structure. This is the most stable, and thus lowest
energy oscillation, as regions of high charge are kept the greatest distance apart. As
the eigenmode number increases, these regions of high charge are confined to smaller
areas on the nanostructure surface, requiring more energy. This will be discussed in
detail in chapter 3, when the dependence of the plasmonic response on the size of the
nanostructure is examined. For now, the focus is on the fact that only dipole modes
can be excited by optical means, while all of the higher order eigenmodes are acces-
sible through electron, or point charge, stimulation. The higher order modes form an
important part of the discussion in chapter 3, and are integral in the phenomena of
nanoparticle coupling.

There are a number of ways to alter the wavelength/ energy of the LSP on a
nanoparticle. As discerned very early by researchers, the supported plasmon de-
pends on the size, geometry, material, and environment of the nanoparticle; beyond
this, one of the most important methods for tuning a plasmonic response stems from
the coupling interactions between plasmonic nanoparticles in close proximity. While
coupling was observed relatively early in the field, it was Prodan et al. who pre-
sented a model to describe the hybridisation of plasmonic modes on each individual
nanoparticle, analogous to the well-established splitting of atomic orbitals to form
hybrid molecular orbitals in molecular theory, in 2003. [35, 36] In this description,
plasmonic modes from individual nanoparticles will couple via near-field interactions
to form hybrid modes across the overall interacting structure. These hybrid modes
represent electron oscillations which are in-phase or out-of-phase, known as bond-
ing or anti-bonding modes, respectively, in common with molecular theory. A visual
representation of dipole mode coupling is shown in Figure 1.4. A full, quantitative
description based on experimental evidence has been hard to obtain until relatively
recently, due to difficulty in correctly fabricating nanoparticle arrays, and then a lack
of techniques to accurately analyse and characterise the plasmonic response. [37–40]

The theory presented by Prodan et al., describing the interactions of LSPRs on
complex plasmonic elements, was actually based on concentric spherical (core-shell)
nanoparticles, which form an important part of later discussions in this thesis. How-
ever, this model was quickly extended to the case of adjacent, coupled spheres, which
has become the basis for much of the work here on coupled plasmonic structures, and
the most common illustration of plasmonic coupling. [41] The simplest structures for
which coupling effects occur are nanoparticle dimers comprising heterogeneous com-
ponents, particularly spheres; these have been studied in great depth in the literature;
the same bonding and anti-bonding mode descriptions are used to explain all coupled
systems. Coupled dimers exhibit three major differences in plasmonic response, when
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Figure 1.4: The hybridisation of dipole modes on plasmonic spheres in close proximity.
Dipole modes in either the longitudinal or transverse axis, excited by correspondingly po-
larised light or appropriately placed electron beams, can couple to form hybrid modes. Cou-
pled dipole oscillations that are in-phase are known as bonding modes, while out-of-phase
oscillations on each particle combine to form anti-bonding modes. Only the bonding modes
exhibit a net dipole and are therefore optically active. The two optically active modes are
denoted by the coloured, dashed lines.

compared to an isolated particle: a red-shift of the lowest energy LSP mode, a concen-
tration of the local enhancement of the electric field in the gap between the particles,
and the creation of new, coupled LSP modes. [42–45]

The hybridisation of plasmonic modes has been observed for a variety of structures,
with the theory predicting, and experiment proving, that LSPRs from each structure
will couple to create two new modes. Of particular interest here, are the mapping
of both hybrid bright (optically active) and dark (optically inactive) modes using
electron-based analysis techniques. [46–50] These modes will have different energies,
usually with one higher and one lower than that of the dipole on an individual particle.
The goal of much of the research in this project was to model the plasmonic response
of assemblies of nanoparticles, and to fabricate complex plasmonic structures, both
of which have properties dependent on mode hybridisation.

The lowest energy mode in Figure 1.4 stems from an asymmetric longitudinal
distribution of charges, with respect to the centre of the system, leading to a strong
dipole moment along the longitudinal axis. As this mode has a net dipole moment, it



11

can couple to incident electromagnetic radiation, and is therefore known as a bright
mode. The higher energy longitudinal mode has a symmetric distribution of charges
with respect to the centre of the system, with no net dipole created, leading to a
mode which cannot couple to incident light; this is known as a dark mode. For the
optically bright mode, the dipoles are parallel and in phase; this results in the electric
field peaking in the junction between the particles, giving rise to a bonding mode. The
dipoles are out of phase for the high energy hybrid mode, with the resulting electric
field concentrated at the extremities of the inter-particle gap, forming a less stable,
repulsive state, known as an anti-bonding mode. For the in-phase oscillations, the
charge separation is kept at maximum distance throughout the period of oscillation.
This leads to smaller electrostatic interactions between similarly charged regions, and
thus lower energy modes. The opposite is true for the out-of-phase oscillations, leading
to higher Coulombic forces, and higher energy hybrid modes.

The case of transverse dipole mode coupling is also included in Figure 1.4, and
illustrates a similar but slightly different scenario. In this case, the out-of-phase oscil-
lations represent the lower energy configuration, again due to the increased separation
of regions of equivalent, and therefore repulsive, charge. This mode, however, is not
optically active, as there is no net dipole in the transverse axis across the system. The
in-phase oscillations form an optically active mode, and this is at a higher energy as
the regions of positive and negative charge must be on the same hemisphere for each
sphere, and therefore in close proximity; as shown in Figure 1.4.

The longitudinal modes of a system tend to be at more extreme energies, eg.
they constitute the highest and lowest energy hybrid modes. This is simply due
to the increased distances with which the in-phase oscillations can occur across the
whole structure, giving rise to more stable bonding modes, as will be described in
the size investigation in chapter 3; and the greater overlap of the similar, repulsive
fields for the out-of-phase, high energy hybrid mode. The magnitude of coupling
effects depends on several factors, in particular the proximity and the arrangement
of the nanoparticles [51–54], in addition to the properties that affect the general
plasmonic response of a structure. For an excellent review of the plasmonics of coupled
nanostructures, the reader is directed to reference [55].

The growth in understanding of coupled nanoparticles inevitably led to investiga-
tions into more complex structures. A variety of geometries have been analysed and
discussed in the literature, from basic structures such as nanotriangles, nanocubes,
and nanodisks [56–58]; to nanoprisms, nanocrosses [59,60], and even nanoholes/ cav-
ities [49, 61], for example. There are a number of motivations cited for these types
of investigations, from aiming to develop or improve upon plasmon models using
nanotriangles [56], to photothermal cell destruction with nanocrosses [60], or the im-
provement of biosensor efficacy with nanoholes [62]. In general, however, the aims of
plasmonic nanoparticle investigations are broadly similar, usually discussing one or
more of the following outcomes: enhancing/ tuning the plasmonic modes at certain
energies, enhancing the electric fields in the vicinity of the nanostructure surface,
and pinning the electric field to a certain position on the structure. For example,
the electric fields near the surface of plasmonic structures are a focus for much cur-
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rent research, relevant for applications such as surface enhanced Raman spectroscopy
(SERS) [63], and can enhance the inelastic scattering of light by a factor of over 108,
allowing for single-molecule detection. [64]

Areas of field enhancement are often referred to as hot-spots in the literature, and
while the enhancement factor depends on a number of properties, particularly the
dielectric function of the material, control of the position of the enhanced field can
be achieved through geometrical manipulation. In the case of heat assisted magnetic
recording (HAMR), an important current industrial application of these effects, the
ability to concentrate the field to a nanoscale point on a near-field transducer allows an
area far beyond the diffraction limit to be selectively heated by coupling incident light
of appropriate wavelength to a nanoscale plasmon, with the absorbed radiation then
being released as heat into the immediate environment. This allows a small area of a
magnetic disk drive to be selectively heated, temporarily reducing the coercivity of the
selected region, allowing the magnetic head to write data into a much smaller area than
previously possible, without the need for unfeasibly large magnetic fields. [5, 65–67]
Field enhancement and localisation are not a primary concern for the work contained
herein, though it is useful to note that this forms a large portion of the interest in the
field; here, however, the spectral tuning of the plasmonic modes is the main focus.
Mode tuning is applicable to almost all potential applications. The ability to control
the required wavelength of plasmonic excitation leads to higher specificity in plasmonic
devices and, importantly, easier integration with current photonic/ laser technology.
While the plasmonic modes for noble metals are oft described as being in the visible
wavelength range, this is actually only the case for nanoparticles of certain sizes and
geometries. In reality, LSPs can have stimulation wavelengths ranging from near-
ultraviolet to infrared, depending on myriad factors; this means certain plasmonic
systems can be difficult to integrate and utilise in an efficient and scalable manner, but
conversely allows for precise mode-energy tuning through the fabrication process. In
the case of HAMR, for example, the plasmonic heating required is determined by the
magnetic disk drive, but the wavelength of excitation needed to create the appropriate
plasmonic response depends directly on the nanostructure used. Depending on the
material and geometrical properties of the nanostructure, devices can be built and
tuned to integrate much more seamlessly with current laser capabilities, removing the
need to develop additional technologies.

One of the more complex arrangements analysed with a view to altering LSP
properties is the core-shell nanoparticle. Research into core-shell nanoparticles is
seen throughout the field, with interesting effects predicted and seen for hybridisation
between core and shell regions [35], plasmonic-enhancement of fluorescence [68], and
mode tuning [69], among others. An investigation into chemically doped AgNPs
forming core-shell systems is a focus of chapter 3 in this thesis, and a more in-depth
discussion on core-shell effects and the relevant literature can be found there.

Beyond core-shell nanoparticles, the analysis of other hybrid structures has been
extensive and growing in the literature. Useful for the discussion in this thesis are the
investigations into large self-interacting structures, particularly those with dendritic
or fractal-like geometries. From lithography patterned Cayley-tree structures [70] and
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plasmonic Sierpinski carpets [71, 72], to self-aggregated plasmonic dendrites [73, 74],
many scale-invariant or self-similar structures have been investigated with respect
to plasmonic effects. As before, the general trend is a discussion of LSP energy
tuning and field-enhancement localisation. The key properties for these scale-invariant
structures are the symmetry of the structure and the interactions between the different
recurring elements, as the effects of plasmonic coupling have a finite range, and cannot
act over across the entirety of large (µm-scale) structures. This is a key concept that
is expanded upon, and forms one of the basic principles of simulation development,
in chapter 3; it can lead to a broadband plasmonic response, due to the individual
responses of different regions of the larger structure summing together to provide a
plasmonic response over a larger wavelength range. This is particularly useful in areas
such as solar-light harvesting. [24,75,76]

The increase in complexity of investigated nanostructures essentially tracks the
increasing capabilities of nanofabrication techniques. As nanofabrication is an impor-
tant discussion point in chapter 5, it is useful to briefly introduce the current standard
practice here. There are a myriad of ways to fabricate a plasmonic nanostructure, ei-
ther in a top-down fashion, etching a larger structure down to appropriate dimensions,
or using bottom-up synthesis to create nanostructures from smaller constituents; LSPs
can themselves be utilised in a nanolithography process. [77] Currently, one of the
most common nanofabrication methods for the direct writing of accurately controlled
structures is electron-beam lithography (EBL). [48,78,79] In EBL, a focused electron
beam is scanned across a metallic film covered in an electron sensitive resist, effectively
‘drawing’ nanostructures with nanometre resolution. Upon developing the resist, the
nanostructures alone remain in place for analysis. EBL is commonly used for its res-
olution and precision, but requires expensive specialised equipment and has a very
low throughput. For bottom-up synthesis, chemical reactions and/or self-aggregation
are generally used to fabricate structures. [80–83] These generally offer less control
than direct patterning techniques, but can offer huge increases in throughput and
reductions in cost.

There are two fabrication methods important for the research contained here. The
first concerns the aggregation of nanoparticles to form a larger structure, such as those
formed using methods like diffusion limited aggregation (DLA). [84, 85] The manner
in which individual nanoparticles aggregate and couple will have a critical effect on
the plasmonic response of the whole structure, so understanding and modelling this
was a primary aim here. The second fabrication method considered, and one which
was experimentally implemented to fabricate structures, is the relatively new and less
well developed method of focused electron beam induced deposition (FEBID). In this
case, a focused electron beam is scanned across a substrate surface, in the presence
of a precursor: a gaseous compound containing a desirable metallic component. Un-
der the influence of the electron beam, the compound breaks down and the desired
constituents adhere to the substrate, building the desired nanostructure. In this way,
nanostructures can be designed and fabricated with nanometer resolution. There
are limitations and drawbacks to this technique, particularly the metallic purity of
the deposited structures, which will be addressed at length in chapter 5. Crucially,
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however, FEBID allows the fabrication of complex three-dimensional (3D) structures,
impossible with the majority of common nanofabrication techniques. [86–88]

The move to 3D plasmonic structures is a relatively recent, but growing, trend,
still only investigated by small subsections of the field, in-part due to the difficulties
in fabricating such structures. Just as with the move to more complex structures
in the early days of plasmonic investigations, the move to investigate 3D geometries
is an inevitable step in the quest for increasingly tuneable plasmonic devices. 3D
structures offer an added dimension of tunability, and are known to have some in-
teresting potential properties such as improved light confinement and electric field
enhancement [89, 90], useful for a huge variety of applications from biosensing to
desalination. [91, 92] As field localisation is often a primary concern for plasmonic
system investigations, the ability to concentrate and manipulate an electric field in
three dimensional space, removed from any influence of the substrate, is an interesting
prospect, particularly for applications such as SERS.

To briefly summarise, tuning the plasmonic response of nanostructures has long
been established as a primary aim for much of the research into plasmonics. There
are many reasons why this is such a desirable goal: from developing a wider range
of more applicable sensors, to integrating plasmonic structures more seamlessly with
well-established photonic technologies. It is with a view to these aims that the research
presented here was developed and undertaken. To begin, understanding how the
geometrical and dielectric properties of a nanoparticle affect its plasmonic response
was an essential step. This work is presented and compared to relevant literature at
the start of chapter 3. Once established, these principles were used in investigating
opportunities to utilise the reactivity of Ag to chemically alter the surface dielectric
properties of AgNPs, and thus tune plasmonic resonances. Original and novel results
for this investigation are found in the latter half of chapter 3, and form many of the
key components of this project. Following this, there was a clear need to accurately
characterise the composition of Ag nanostructures, leading to the results presented
in chapter 4, where, among other insights, the exact corrosion product of Ag in
atmosphere is identified and a novel method for determining the bonding state of Ag
is presented.

In chapter 5, the focus shifts to fabricating Au structures using the relatively
modern technique of FEBID. Initially, the key aim here was to determine the optimal
deposition parameters, by characterisation of both Pt and Au depositions, which
will be discussed at length, particularly in terms of the limitations and literature
already available. Following this, alterations to the deposition system were made to
improve the purity of the deposited structures, by utilising a reactive agent during
the deposition process to purify Au structures. Finally, a complete characterisation
and analysis of simple FEBID-Au structures is presented, with a view to achievable
purities and plasmonic properties, and an outlook for future improvements.



2 | Methodology &
Instrumentation

2.1 Introduction

This chapter contains an overview of the equipment and techniques used to obtain
the simulated and experimental results presented later in the thesis. It provides the
basic understanding necessary to interpret the presented results. For in-depth reading
on the subject of transmission electron microscopy, the reader is directed towards
reference [93] from Williams and Carter; or for further reading on electron energy-loss
spectroscopy, to books by Egerton [94] or Brydson [95].

Electron microscopies were the principal experimental techniques used throughout
this project. Using electrons as a probe has major benefits over conventional optical
microscopies, especially the sub-ångström probe wavelength: the electron wavelength
for a transmission electron microscope (TEM) operating at 200kV is 2.5 pm. Though
the achievable resolution is limited by aberrations, imaging and analysis of atomic-
scale features is achievable. It is a huge improvement on the use of visible light
(≈400-700 nm), or even x-rays (≈0.1-10 nm), which are much more difficult to focus.

Of particular significance in this work is electron energy-loss spectroscopy (EELS),
whereby the change in energy of an electron that has passed through a region of a
thin sample is used to determine the interactions that have taken place, primarily
plasmon generation and atomic excitation in this work; this is used for both plasmon
and chemical mapping here. Plasmonic simulations, based on low-loss EELS calcula-
tions, are presented throughout this thesis, and the boundary element method used
is presented and discussed.

Furthermore, electrons can not only be used for analysis, but also in the fabrication
of nanostructures, as in the work presented in chapter 5 concerning focused electron-
beam induced deposition (FEBID). By energetic electron dissociation of a precursor
molecule, material can be deposited and built in three dimensions with nanometre
precision within a scanning electron microscope (SEM).

The only analysis technique covered here that does not fall under the bracket of
electron microscopy is atomic force microscopy (AFM). It was used to gather informa-
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tion about the dimensions of a nanostructure, particularly thickness/height measure-
ments, which can be difficult to obtain with the same level of accuracy using electron
microscopy.

2.1.1 Electron-matter interactions

There are many types of interactions that may occur when a high energy electron
hits a sample. These interactions are often characteristic of the sample structure and
chemistry, and thereby form the basis of a variety of analytical techniques. Some of
these interactions are illustrated in Figure 2.1.

Figure 2.1: Examples of potential scattering events for a high energy electron incident upon
a thin sample.

It can be seen in Figure 2.1 that electrons are either transmitted through the thin
sample, or scattered back through some angle. For SEM, it is the electrons coming
from the surface of the sample that are picked-up by detectors above the sample
plane. These are secondary electrons (SEs), stemming from inelastic interactions
near the sample surface, and backscattered electrons (BSEs) from elastic interactions.
There are many other potential products of electron interactions near the surface of
a sample; some, such as visible light or x-ray emission, are shown here, and can be
used in different characterisation and spectroscopy techniques. [96–99]

If the sample is thin enough for electron transmission, an essential consideration
for TEM samples, then a substantial fraction of the beam will be transmitted through
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it. It is these electrons which are used to form a TEM image and give information
about the internal composition and processes of a sample using EELS.

Of the inelastically transmitted electrons, a scattering interaction particularly im-
portant to this work involves the creation of plasmons. As detailed extensively in
chapter 1, plasmons are created when incident electrons impart energy to conduction
band electrons, creating coherent oscillations within the free-electron plasma. These
plasmons have characteristic energies, so the transmitted, inelastically scattered elec-
trons that excited them can be spectroscopically analysed to ascertain which plasmons
have been created.

It is useful to consider the interaction cross sections for electron scattering, which
determine the probability of a given process occurring. This is important when
analysing raw EELS data, as the cross section of each interaction relates directly
to the number of counts recorded by the spectrometer in the energy range of the
interaction; knowing the probability of an interaction occurring is therefore essential
in determining the composition of a sample. A schematic of the approximate cross
sections of different interactions is shown in Figure 2.2.

Figure 2.2: Schematic showing approximate cross sections of several interaction mechanisms,
for an electron incident upon some material: data based on [93]. Plasmon generation has
the highest cross section for any event at these energies, so will dominate spectra obtained
from electron-sample interactions.

It can be seen that plasmons have a larger cross section than any other inelastic
process, so plasmon generation is the dominant inelastic feature of EELS spectra
created in this research. The atomic transitions K (stemming from the 1s electronic
subshell) and L (from 2s/2p subshells) will be used in compositional analysis, as these
characteristic interactions can be used to ‘fingerprint’ the materials and elements
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present. However, their substantially lower cross section results in far lower signal
levels that necessitate longer counting times.

Experimentally, it is the differential cross section, dσ/dΩ, that matters, which relates
the number of scattered particles dσ and the solid angle through which they scatter dΩ
as this accounts for the angle of scattering to a detector covering a given angular range.
Furthermore, it is useful to consider the double differential cross section, d2σ/dΩdE,
which accounts for the energy range ∆E within which the electron is scattered. The
double differential cross section governs much of the analysis of EELS data presented
in this thesis; the different situations relevant to this are discussed in section 2.5.2.
Before this is considered, however, the electron source must be chosen, with the
knowledge that the obtainable data are dependent on the energy range of the incident
electrons.

2.1.2 Electron sources

There are several important parameters governing the choice of the electron ‘gun’.
The brightness gives the current per area per solid angle, and is proportional to the
voltage; this determines the number of electrons available in the probe, to be used
in analysis. The total emission current determines how large an area on the sample
can be reasonably illuminated. The energy spread is also an important consideration
when EELS is used. Unless a monochromator is used, which was not the case here,
the energy spread of the source contributes to the ability to resolve spectral features.
Electron guns fall into three main categories: thermionic emission, field emission,
and Schottky emission; and each uses a different method of electron production.
Thermionic emission utilises a material such as tungsten or LaB6, with a relatively
low work function, allowing electrons to be liberated from the tip by simply heating it.

J = AT 2 exp

(
φ

kT

)
(2.1)

Equation (2.1) describes the current density, J , of emitted electrons, where T is the
temperature and k is Boltzmann’s constant. A and φ are the Richardson constant and
work function respectively: these are both material specific qualities. Importantly,
if heating is used for emission, the emitted electrons will have a range of energies
described by a Boltzmann distribution, typically 1.5 - 3 eV, with this distribution
degrading the energy resolution for EELS.

A field emission gun uses strong electric fields to cause Fowler-Nordheim tunnelling
from the tip of the source. A sharp tip, with an apex ranging from a single atom to
a radius of a few nanometers, is strongly biased with respect to a nearby anode, and
locally enhances the electric field. The current density of electrons emitted in this
fashion is given by

J = cE2 exp

(
−Bφ3/2

E

)
, (2.2)
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where c and B are constants specific to the material, again often tungsten, and E
represents the electric field. For ‘cold’ field emitters, as used for EELS analysis in this
work, the energy spread is improved to ≈0.3 eV.

The final category of electron sources utilises Schottky emission, which combines
both of the previous methods to produce electrons via field assisted thermionic emis-
sion. In this work, ultra high resolution images, and all of the EELS data was obtained
using a ‘cold’ field emission gun in a JEOL ARM 200cF. Throughout the project, how-
ever, all three types of source were used. A minority of TEM investigations were made
using a Thermo Fisher Technai T20 microscope, utilising a thermionic emission elec-
tron source, where extremely high resolution was not necessary. The measurements
and depositions in the SEM were achieved using a Schottky emitter in a Thermo
Fisher Nova 200 NanoLab.

2.2 Scanning Electron Microscopy

Scanning electron microscopy is used throughout the work presented in chapter 5.
The fabrication process used to create nanostructures takes place within a SEM, so
this technique is the most easily accessible in this case, and is generally a very facile
method of imaging samples, without the complexity and sample preparation associ-
ated with imaging in a TEM. The SEM has a similar electron column configuration
to the condenser system of a TEM, shown later in Figure 2.4. For a SEM, either
backscattered electrons (BSEs) or secondary electrons (SEs) are analysed. The BSE
detector sits directly above the sample, though not blocking the incident electron
beam, while the SE detector sits closer to the sample plane. The beam energy is usu-
ally set between 5kV and 30kV, while beam-currents on the order of pico- or nanoamps
are commonly used. The beam is raster-scanned across the surface of the sample, and
the beam position and intensity of detected electrons are used to create an image in
a pixel by pixel manner.

SEs are most commonly used for imaging in a SEM, and were used throughout
this work. They have low energy (<50 eV), and have been removed from outer atomic
bands of sample material, due to inelastic scattering with incident electrons. They
are detected using an Everhart-Thornley detector, which utilises an electrically biased
grid to attract the SEs, then accelerates them towards a scintillator, where the corre-
sponding flashes are recorded by a photomultiplier. The interaction volume represents
the volume within a sample for which interactions with the incident electron beam
occur; in this case, the volume for which SEs are generated. As the angle of beam
incidence on the sample increases, the interaction volume increases, and more SEs
are emitted. This, along with the fact that shadows can form, just as with optical
illumination, can give SEM images a characteristic 3D appearance, as topographic
features will appear brighter or darker in the final image, depending on their angle to
the beam and/or detector.

A SEM has a much lower resolution than a TEM, typically on the order of nanome-
ters and limited by a number of factors including the probe size on the sample, electron
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interaction volume, surface charging and contamination; however, it is much quicker
and more user-friendly to use as an analysis technique of surface features. It has the
added advantage that samples do not need to be electron transparent, which removes
much of the sample preparation associated with the TEM. However, only surface fea-
tures are analysed, and while some compositional analysis can be carried out it lacks
analytical power of TEM-based techniques.

2.3 Focused Electron Beam Induced Deposition

A focused ion beam (FIB) has become commonplace in many SEM systems over the
last three decades. [100] In the Nova 200 NanoLab microscope used for this work,
there is a Ga ion column at 52° to the electron column. The principle of FIB imaging
is similar to that of electron imaging in the SEM: a focused ion beam is incident
upon the sample surface, and either secondary electrons or ions, generated within the
sample, are detected and used to form an image. An important point of difference
for a FIB as opposed to an electron beam, apart from the obvious use of ions as the
probe, is that the FIB must be run at much lower currents, otherwise it is destructive
to the sample. When high energy Ga ions are incident upon a sample with high
enough primary beam current, sputtering of atoms from the sample surface occurs.
This does, however, give rise to one of the FIBs most common uses: sample etching.
A FIB is often used to mill out small sections of a large sample, which can be analysed
in a TEM. In addition to this feature, the increasingly popular technique of focused
electron (/ion) beam induced deposition FE(/I)BID is often utilised. In this work,
FEBID was used to fabricate nanoscale structures, with the aim of creating plasmonic
systems.

During FEBID, precursor molecules, containing the desired element, are injected
into the vacuum chamber, where they decompose under the influence of the electron
(or ion) beam, leaving the desired material at a position determined by the beam
position. In this way, three dimensional structures can be built with high levels of
accuracy. A schematic of this process is provide in Figure 2.3. An in-depth discus-
sion of FEBID variables, mechanisms, and regimes is included alongside experimental
results in chapter 5. For further reading, the background sections of reference [101]
provide an accessible overview of the technique.

A notable consideration for FEBID here is the effect of substrate charging. This
was seen to have a potentially very large, and detrimental, effect on deposition char-
acteristics throughout this work. In the first instance, considerable sample charging
makes it harder to focus a coherent and symmetric probe on the surface of the sub-
strate. Furthermore, it can lead to extremely unpredictable depositions, with low
resemblance to the desired structure. This is a particular issue for the Si3N4 mem-
branes here, but less so with the semi-conductive Si substrates, though it can be
affected by levels of contamination on the substrate surface. For this reason, in ad-
dition to rigorous sample cleaning, including solvent and plasma-cleaning, a thin film
of conductive material was occasionally used to dissipate the charge build-up, in this
case 2-4 nm of Ti, which has the added benefit of being an established adhesion layer
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Figure 2.3: The process of focus electron-beam induced deposition (FEBID). A precursor
molecule is injected into the SEM chamber via the gas injection system (GIS). This molecule
decomposes under the influence of a scanning electron beam, leaving the desired element(s)
deposited on the surface of the substrate. In this way, two- and three-dimensional structures
of essentially any shape can be created.

for Au nanostructures. [102,103]

2.4 Transmission Electron Microscopy

2.4.1 TEM optics

A key function of a TEM is the focusing of the electron beam onto the sample, which
is achieved by using electrostatic and magnetic fields. A lens in an electron microscope
is generally a cylindrical, magnetic pole-piece, surrounded by current-carrying copper
coils, causing a magnetic field to be generated based on Ampére’s law. The electron
beam passes through the centre of the lens, where the magnetic field is concentrated,
allowing manipulation and focusing of the beam. An electron travelling through
the lens is subjected to two vector forces: a force parallel to the radius of the lens
causes the electron to spiral, exposing it to a force parallel to the central axis of the
microscope, which focuses the electron. [93, 104] The magnetic field is determined
by the current in the surrounding coils, allowing focus adjustments to be made by
varying the current. In general, a TEM is broadly considered in 3 parts, each with
its own array of lenses, functionality, and degree of user input. The basic schematics
of a TEM in 2 different modes are shown in Figure 2.4.

Just below the electron gun, at the top of the TEM column, is the condenser
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system. This system governs the illumination of the sample, having control over
the intensity, diameter, and angle of the probe. For a conventional TEM (CTEM)
electrons are focused to give near parallel illumination of the sample, primarily using
the C1 and C2 lenses. The C1 lens is used to provide magnification of the gun, while
the C2 lens is used to control the convergence of the probe at the sample. An aperture
sits just below these two lenses and limits the spread of the beam, but this leads to a
drop in current density, and thus beam intensity at the sample.

The objective system is below condenser system and consists mainly of a powerful
upper and lower objective lens, with the sample placed in between. The upper lens
is used to ensure parallel illumination of the sample, while the lower lens projects a
sample diffraction pattern in the back focal plane, where the objective aperture sits.
The objective aperture dictates the collection angle of post-sample electrons, thus
having an important role in aberration control as high angle electrons are more affected
by lens imperfections. This is the principle image-forming system, and contains the
strongest magnetic fields in the TEM. As it dominates aberrations, it is essential that
electrons pass through the lens centre, or as close to this as possible.

The final system in a TEM is the projector system. An image is formed in the
selected area aperture plane, which can be used to examine diffraction patterns along
with diffraction lenses, which are not shown in Figure 2.4. Overall in this system, the
image formed by the objective system is further magnified, with the diffraction lens
transferring either a diffraction pattern or an image to the viewing screen or detector.

Aberrations and diffraction limit the achievable resolution of electron microscopes
to ≈ 100λ, where λ is the wavelength of the image-forming electrons. [105] At 200
kV, the electron wavelength is about 25 pm, leading to a resolution limit of ≈ 0.25
nm. This is less than required, and achieved, by modern microscopes, as the aber-
rations in the systems must be accounted for to allow atomic-scale information to
be obtained without resorting to attempts to raise the accelerating voltage to in-
creasingly high values. Spherical aberrations, often denoted Cs, are caused by the
magnetic fields of the lenses having an inhomogeneous affect on the electron beam,
depending on their deviation from the optical axis: off-axis electrons are focused more
strongly than paraxial ones. The Scherzer theorem [106] states that for electrostatic,
rotationally symmetric lenses, these aberrations are unavoidable, stemming from the
solutions to the Laplace equation of the electrostatic potentials adopting extrema at
the boundaries, putting constraints on the spatial distribution of the electromagnetic
potentials. The refractive index of the electrons depends on these potentials, meaning
the extremities of the lens focus the electrons more strongly than the central poten-
tials. The greater this distance from the optical axis through the centre of the lens,
the greater the effects of spherical aberration, causing point sources to be imaged as a
disc of finite size. Thus, a key concept for microscopy is the need to keep the angle of
travel of the electron through the lens as small as possible, to keep the trajectory as
close and parallel to the optical axis as possible. For the TEM outlined in Figure 2.4,
a key feature is the Cs corrector : a set of lenses used to produce a negative Cs, to
cancel out the positive Cs of the condenser lenses. Chromatic aberrations, Cc, arise
from the relative focusing power of a lens, depending on individual electron energy.
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Figure 2.4: An overview of the basic elements of the ARM200cF transmission electron
microscope column, and corresponding ray diagram, for conventional transmission electron
microscopy (CTEM) and scanning TEM (STEM). In CTEM, the pre-specimen lenses give
parallel illumination at the sample, and an image of the specimen is formed at the viewing
screen by the projector system. For STEM, the pre-specimen lenses form a condensed probe
at the sample, with the resulting diffraction pattern magnified from the back-focal-plane (at
the objective lens), to the viewing screen, by the projector system.
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As discussed, there is an energy spread in beam electrons, even from a cold FEG
source, and inelastic scattering events within the sample provide additional cause for
electrons to have variable energy lower down the TEM column. In either case, low
energy electrons are focused at shorter distances than higher energy electrons, lead-
ing to a defocus and degradation in resolution. The choice of electron source, using
a cold FEG for example, can reduce Cc somewhat, as can preparing thin samples. In
general, the most effective way to reduce Cc, which is also extremely useful for EELS,
as will be discussed, is to incorporate a monochromator into the system. Also, for
imaging purposes, an imaging energy filter between the object and the image plane
can remove inelastically scattered electrons while leaving the zero-loss portion of the
beam to enter the detector and form the image. [105,107,108]

2.4.2 Scanning Transmission Electron Microscopy

In scanning transmission electron microscopy (STEM) the condenser system is used
to focus the electron beam into a spot on the sample, as opposed to parallel beam
illumination in CTEM. This probe is then rastered across the sample, allowing a point-
by-point image to be formed via the detectors below. Scan coils allow the beam to be
scanned across the sample; this can sometimes lead to the beam wandering too far off
the optical axis at the extremities of the scan range. This can lead to a reduction in
the image intensity detected on the STEM detector, or issues with correctly measuring
energy values of an EELS spectrum. This can be corrected by utilising de-scan to bring
the beam back on axis through deflector coils. These aren’t used on the microscope
used for the work in this thesis, and are not necessary as the scan area is always kept
small enough to not fall outside the bounds of what the microscope optics can focus
within the optical axis. The ability to scan the probe over the surface of the sample
to gather and analyse data from very specific regions, potentially down to ångström
scales, is key to the EELS methodology presented throughout this thesis.

Imaging is undertaken in either bright field (BF) or dark field (DF) mode, with dif-
ferent detectors used for each. For BF imaging, the direct electron beam transmitted
through the sample, up to ≈ 10 mrad, is used. In EELS this beam goes to the spec-
trometer, and imaging is achieved with DF electrons scattered through higher angles.
For DF imaging, it is diffracted electrons, or those scattered through a given angle,
that are collected, and can be used to form images using electrons only scattered
along specific angles, to view different crystallographic orientations, for example. In
STEM these are collected by either the annular dark field (ADF) detector at angles
from 10-50 mrad, or high angle annular dark field (HAADF) detector for angles >50
mrad, an example set-up is shown in Figure 2.5. ADF and HAADF imaging requires
an annular detector below the microscope objective system, as shown in Figure 2.6, to
collect electrons scattered through high angles. The incident electrons undergo either
Bragg scattering for ADF, or Rutherford scattering from atomic nuclei for HAADF,
which is dependent on the atomic number of the atoms involved. HAADF images thus
have the benefit of the reduction of Bragg effects and diffraction contrast; and high
Z-contrast, meaning HAADF can also be a useful tool for determining the presence
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and position of heavier elements within a sample. The camera length is an important
consideration in determining the range of angles that each detector will collect elec-
trons for. For very short camera lengths, for example, the range of collection angles
becomes very large for the innermost detectors, also possibly leading to low intensities
on the HAADF detector, affecting the information that each detector can process.

Figure 2.5: Schematic depicting bright field (BF), annular dark field (ADF), and high angle
annular dark field (HAADF) imaging in a scanning transmission electron microscope. α rep-
resents the convergence semi-angle of the electron probe, while βBF represents the collection
semi-angle for BF imaging. βADF1 and βADF2 denote the inner and outer ADF collection
semi-angles, respectively.

The reader is again directed towards Williams and Carter [93] for a complete in-
sight to transmission electron microscopy, and also towards references [109], [110],
and [111], for a broader overview of some of the capabilities of TEMs, such as tomog-
raphy, Lorentz imaging, or cryo-microscopy.
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2.5 Electron Energy Loss Spectroscopy

2.5.1 The EELS spectrometer

A basic schematic of an EELS spectrometer, is presented in Figure 2.6. Having passed
through the sample, transmitted incident electrons are collected in the spectrometer
and dispersed. Put simply, a constant magnetic field perpendicular to the path of
the electrons acts as a velocity selector, dispersing electrons according to their energy,
simply utilising the Lorentz force. The resulting spectrum can be read on a CCD
detector.

Along with EELS spectra, images of the sample are taken using electrons scat-
tered through large angles, which are no longer part of the BF beam, so the primary
transmitted electron beam is free to enter the spectrometer unhindered. In this work,
it is HAADF images in particular that are taken during EELS acquisition.

2.5.2 EELS spectra

The dominant feature in EELS spectra is the zero-loss peak (ZLP), as many elec-
trons will pass through a thin TEM sample unhindered, or elastically scattered. The
width of the ZLP gives an indication of the resolution of the spectrum; it should be
infinitely thin if the electron source emits perfectly coherent electrons, or a monochro-
mator is used; however, there is always a finite electron energy spread as discussed
in section 2.1.2, and numerous other factors such as acceleration voltage stability,
and spectrometer performance can affect the energy resolution. [112] For example,
an emission current of 0.1 µA was used throughout, to ensure the Boersch effect,
Coulombic interactions between emitted electrons giving rise to increased chromatic
aberrations, was minimised. [113] Despite these issues, resolutions on the order of
meV are now attainable on some instruments, [114] while a resolution of ≈0.4 eV was
attainable under ideal conditions using the equipment in this project.

In general, EELS data are collected in separate low-loss and high-loss spectra;
both of these were used throughout this project. The separation of these regions is
made due to the vastly different signals acquired from each, based on the difference
in cross sections from the dominant interactions in each energy range. The low-loss
portion of an EELS spectrum, up to roughly 50 eV, contains information pertaining to
the low energy interactions of incident electrons with the sample, giving information
about its dielectric properties. The high-loss region, > 50 eV, is dominated by losses
from inelastic scattering from core electrons in the sample atoms. Figure 2.2 shows
the difference in cross sections for these interactions.

For purely plasmonic analysis, only low-loss data was acquired, as this allows
only the energy-loss region of interest to be analysed while maximising the dispersion
to allow for the highest spectral resolution. The dispersion is set by the user and
corresponds to the distribution of energies across the 2000 channels of the detector.
The lower the energy per channel, the greater the resolution in the acquired spectra.
For the plasmon analysis presented throughout this thesis, a dispersion of 0.01 eV/
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Figure 2.6: An overview of the basic elements of an electron spectrometer, used to analyse
energy-loss data in electron energy-loss spectroscopy (EELS). This is found at the bottom
of the TEM column, with the system operating in STEM mode.
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channel was used.
For investigating sample composition, the core-loss data at higher energies is re-

quired. In this case, dual EELS is used to acquire both the low-loss and high-loss
spectra simultaneously, but with different acquisition parameters; this is important
for a number of reasons. First, the signal coming from the low-loss region is far greater
than the high loss, as shown in Figure 2.7. To meet the limitations of the dynamic
range of the detector, with enough signal from each region being detected without
saturation at any point, the low-loss spectrum is acquired with a significantly shorter
acquisition time than the corresponding high-loss spectrum. [115] It is important to
acquire both the low-loss and high-loss spectra, even for compositional analysis alone,
as the ZLP is used for aligning the core-loss edges, and the low-loss spectrum is used
to remove the signal from plural scattering events, as will be discussed in section 2.5.3.
The far greater energy range needed for compositional analyses, generally ≈500-1000
eV in this work, does mean that there is a trade off in resolution due to lower energy
dispersions being used. In general for this work, dispersions of 1 eV/ channel were
used for core-loss acquisitions.

One of the main spectral regions of interest for this work concerns very low energy
losses. Incident electrons lose small amounts of energy through interactions with
valence electrons on the surface of a material, exciting localised surface plasmons.
They exist in the energy range from ≈1-4 eV, as shown in Figure 2.7. Existing
this close to the ZLP can make low energy modes extremely hard to distinguish
if the spread of the ZLP is too high. Following the surface plasmon regime, and
beginning immediately, is the bulk plasmon region of the spectrum. Bulk plasmons
behave similarly to the surface plasmons described previously, and are caused by
perturbations to the free-electron plasma, but exist in three dimensions throughout
the volume of the sample. An example of a low-loss spectrum and corresponding
high-loss region is shown in Figure 2.7.

As mentioned previously, the double differential cross section describes the num-
ber of electrons scattered within a given energy range ∆E, through a solid angle Ω,
and governs the shape of EELS spectra; for the low-loss region it is dependent on the
dielectric material properties:

d2σ

dΩ dE
=

Im[−1/ε(q,E)]

π2 a0m0 v2 na

(
1

θ2 + θ2
E

)
(2.3)

where q represents the momentum transfer, a0 is the Bohr radius (0.529×10−10m), m0

is the rest mass of the electron, v2 is its velocity, and na is the number of atoms per unit
volume of the sample. At low scattering angles, the primary angular dependence is a
Lorentz distribution (θ2 + θ2

E)−1 , where θE is a characteristic angle representing the
half-width at half maximum of the Lorentzian. When analysing EELS data, it is the
double differential cross section that is used to analyse the signal for both plasmonic
and compositional investigations. This represents the signal that is attributed to a
given interaction, so is relevant to the processing steps discussed in the next section,
and the overall analysis of a given sample.

The low-loss spectrum contains about 100 times more signal than the high-loss
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Figure 2.7: Examples of a low-loss (left) and high-loss (right) EELS spectrum, obtained
simultaneously from the same sample. The low-loss portion of the spectrum contains ≈ 100
times more counts than the corresponding high-loss region (note the log scale for low-loss
data); this means they must be acquired separately, with different acquisition times, to meet
the dynamic range limitations of the detector. The main energy loss peaks from plasmon
generation is highlighted in the low-loss spectrum, while selected elemental peaks for atomic
transitions from carbon, calcium, silver, and oxygen are highlighted in the high-loss data.

spectra in Figure 2.7, as is common. There are, in general, a far higher number of
low-loss interactions occurring, so low-loss measurements are taken with much faster
acquisition times, to avoid detector saturation. Depending on the sample thickness,
many electrons will pass through a thin sample unimpeded, or having been elasti-
cally scattered, giving rise to a significant ZLP. Furthermore, as shown in Figure 2.1,
the cross section for plasmon generation is much higher than that for any core-loss
processes, so occurs much more frequently, contributing more counts to the overall
signal.

In contrast to the low low-loss loss spectral region, which is associated with scat-
tering events from large numbers of loosely bound outer electrons; atomic models,
particularly Bethe theory, can be used to describe the interactions with individual
core electrons. Scattering from core electrons in the high-loss spectrum may be re-
garded as a transition from an initial to final state, with wavefunctions ψi and ψf
respectively. [94] These transitions are characteristic of the atoms involved, depend-
ing on the exact electronic structure, and available sites above the Fermi level. These
properties are influenced by the surrounding atoms in the material, potentially giving
rise to both chemical shifts and variations in fine structure for core-loss edges, as
will be the focus of much of the discussion in chapter 4. It is useful to mention the
dipole selection rule here, whereby only small-angle scattering is taken into account,
meaning interband transitions are limited to dipole transitions only. This means that
only a change in orbital angular momentum of ∆l = ±1 is allowed, which can dictate
the shape and form of an energy loss peak. The differential cross section for core-shell
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transitions can be written as
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where γ2 = (1−v2/c2)−1, i.e. a relativistic correction, and the entire first term in
brackets is the Rutherford cross section for scattering from a single free electron. k0

and k1 are the wavevectors of the incident electron before and after the interaction,
respectively. rj is the coordinate of atom ‘j’, while q represents the momentum
transferred to the atom, and q.rj is the phase factor for the system. Only certain
transitions from an initial state i to a final state f are allowed by quantum selection
rules, and these must be to an available site, i.e. above the Fermi-level of the atom.
This is a key consideration in using the core loss EELS spectrum as a probe for the
density of states of an excited atom, which forms an important part of the discussion
throughout chapter 4.

2.5.3 EELS data processing

When a set of spectra such as those shown in Figure 2.7 are acquired, there are
several processing steps that must be taken to allow thorough analysis of the data. A
number of experimental results from both low-loss and core-loss data will be presented
throughout this thesis, and the major processing steps are outlined here. Initially, it is
important to set specific acquisition parameters, depending on the data required. The
emission current can be set to improve the energy resolution of the acquired spectra,
generally 0.1 µA was used in this work, and the electron gun voltage can be altered
to increase the scattering cross section for electron-sample interactions. In general,
there is a compromise to be made between improving the signal-to-noise ratio (SNR)
and keeping the dwell time and electron dose low to protect samples. For example,
the SNR of the low loss data is a particularly important consideration, as the plasmon
peaks under investigation here are much smaller than the nearby ZLP. One way to
tune the CCD and improve SNR is to alter the vertical binning applied to each pixel
in the 260 × 2048, horizontal × vertical CCD array. As the number of binned pixels
increases, the readout time is reduced, but the dynamic range for each read remains
the same. Consequently, the total dynamic range decreases, so the signal must be
lowered to prevent saturation, so there will be a worse SNR in the less bright regions.
A balance must be struck between SNR and total readout time; throughout this work,
a 1 × 5 binning was generally used for this reason.

Plasmon data processing

The processing methods used for plasmon investigations and composition investiga-
tions were slightly different. Starting with plasmon analyses, the primary processing
step used was a Richardson-Lucy deconvolution (RLD). Deconvolution is used in many
fields of microscopy to reverse distortion in a dataset, allowing desired signals to be
extracted and noise minimised, based on a known distortion. [116] RLD is widely
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used throughout the literature for processing plasmon signals in EELS datasets. [117]
This step is necessary in electron microscopy as there is an intrinsic distortion of the
data based on the limitations of the microscope, such as the energy spread of the
incident electrons and aberrations throughout the lens system. RLD is achieved by
deconvolving a data set with a point-spread function (PSF), based on the distortions
present in the system. For the data analysed here, the PSF is a reference spectrum
obtained from an isolated area of the (Si3N4) substrate, where there is no influence
from any deposited structures. This PSF thus contains not only the information from
the distortions based on the microscope, but also the energy spread from the substrate
interactions, which are also present in the plasmon datasets. This is an iterative pro-
cess, leading to an improved (reduced) ZLP FWHM, but at the expense of potentially
introducing noise to the spectrum for large numbers of iterations.

The number of iterations chosen for the datasets analysed throughout this work
was chosen on a case-by-case basis, based on a simple process of trail and error. In
general, improvements to the ZLP FWHM were not significant after ≈100 iterations,
and 60 - 100 iterations were used throughout, leading to a FWHM with a minimum
size of ≈ 0.4 eV for the work herein. As will be seen in later chapters, particularly
the experimental EELS of chapter 5, an energy resolution of 0.4 eV is enough to see
some useful plasmon features, particularly for Ag samples. For Au samples the dipole
mode will often lie at an energy < 1 eV, making it hard to resolve beyond the ZLP;
for resonances close in energy, as is the case for many coupled modes, they can also
be difficult to resolve with this energy resolution. The use of a monochromator is
becoming increasingly common to increase the energy resolution of EELS data, but
was unfortunately not able to be used in this project due to a number of constraints.

Core-loss data processing

As discussed, the core-loss portion of an EELS spectrum stems from atomic transitions
based on the Fermi golden rule. Electron-sample interactions can be used to determine
the composition of the sample, by approximating the probability of inelastic scattering
of an incident electron from an atomic shell with a given cross section. [118, 119]
Spectral peaks arise from beam electron interactions with atomic core shells (K, L, M
etc.), where a core shell electron is given enough energy to excite it from its atomic
orbital to above the Fermi-level. For this process to occur, the core electron must be
stimulated with energy equal to, or greater than, the energy required for the transition;
this is an energy which is dependent on the atom in question, and the specific shell
within that atom. For this reason, the characteristic peaks in the spectrum are useful
in sample characterisation.

Before accurate characterisation of the sample can occur, there are a number of
processing steps that must be undertaken, the most important of which are outlined
here. Initially, it is important to align, in energy, all spectra by a well-known feature.
As many individual spectra are generally acquired over long acquisition times as part
of a spectrum image, as will be discussed in section 2.5.4, there can be a considerable
drift in the relative position of the spectra. To account for this, all spectra considered
in this work were aligned using the ZLP.
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Figure 2.8: An example of (a) background subtraction and signal extraction, and (b) Fourier-
ratio deconvolution for a region of interest in a core-loss EELS spectrum. In this way,
plural scattering events can be accounted for and removed, and signal specific to a selected
scattering event can be analysed in isolation.

Once aligned, one must consider the non-uniformities in the dispersion across
the range of the spectrometer, recently described by Webster et al. [120] In essence,
the polychromatic electrons collected by the spectrometer are dispersed simply by
exploiting the Lorentz force, leading to an inherently non-linear dispersion. This
energy-dependent non-linearity is corrected for, to some extent, by post-prism optical
elements, but can none-the-less lead to non-uniformities across the energy range in an
EELS spectrum. This is a particular concern for analyses considering small chemical
shifts in spectral peaks, as will be discussed at length in chapter 4. For this reason,
a simple method was developed by Webster et al. to correct these issues, which was
used for all core-loss analyses presented here.

Following the dispersion corrections, a background fit is applied to all the peaks
identified in the spectrum, in order to isolate the signal coming from specific electron
transitions from background signal. This process, from the same core-loss spectrum in
Figure 2.7, is shown in Figure 2.8 (a). Figure 2.8 (a) shows a background fit applied to
a region identified as potentially containing characteristic energy-loss from an AgM4,5

edge. The background signal is removed, leaving only the signal associated with
the selected edge. This leaves a signal which is more representative of these specific
transitions and much easier to analyse.

The extracted signal may differ from what is expected from a pure, single event
interaction, due to plural scattering of electrons within the sample and substrate,
generally the result of plasmon excitation. Electrons which pass through a sample
may be involved in multiple inelastic interactions, causing energy-loss spectral peaks
to be summations of, potentially, a large number of energy loss events. This plural
scattering adds additional counts across the entirety of the spectrum through lower
energy electron interactions that may occur before or after the core loss interaction.
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This degrades the accuracy of peak integral calculations used to determine atomic
compositions, as the number of counts in a spectral region can be vastly different to
that for just a single transition.

Plural scattering becomes more prevalent as the sample thickness increases, as
there are more opportunities for incident electrons to interact with the sample and
lose some energy. To account for this, the signal must be deconvolved using the
low loss spectrum from the same acquisition, meaning these low energy interactions
can be accounted for and removed from the summed signal. This leaves the ‘true’
interaction signal, as shown in Figure 2.8 (b). Fourier-ratio deconvolution is used here,
which, for an isolated core-loss edge, treats the corresponding low-loss spectrum as
an instrument broadening function, allowing classical deconvolution techniques to be
used. There are errors associated with this type of analysis, including uncertainties in
the background model fit, noise in the signal, and differences in the plural scattering
due to thickness variations in the sample. For very thin samples, where the mean
number of electron scattering events is less than or equal to 0.3, the effects of plural
scattering can be neglected.

It is also important to note the difficulties and errors associated with modelling
cross sections of the atomic shells. A ‘simple’ hydrogenic model may be used to
calculate cross sections using an atomic model based on hydrogenic wavefunctions,
and incorporating atomic number dependent constants to account for screening and
nuclear charge. [121] This model is useful for K and potentially L shells of lighter
elements, but becomes increasingly unreliable as the atomic number increases. So, for
higher order shells in heavier elements (Z > 30), a different model must be used. The
M-edge of Ag is analysed in Figure 2.8, and for this the Hartree-Slater model was used.
[122–125] Due to the fact that the wavefunctions of core electrons change very little
when atoms aggregate to form a solid, an atomic model can still be used to predict
cross sections and edge profiles for nanoparticle samples. The Hartree-Slater atomic
wave function model assumes a spherical, isolated atom, though does not account for
bonding or crystallinity. These do, however, affect electron scattering, and thus the
calculated composition of the sample, meaning accurate elemental quantification can
be difficult. The error associated with the cross section for M edges is ill-defined, but
is generally considered to be at least ≈20%. The error in computing K and L cross
sections is better, at 5-10% and 10-20%, respectively, but still places large limits on
how accurate quantification can be. As a note, these error figures have been provided
by Gatan, whose Digital Micrograph software was used throughout this work for the
quantification of samples, but the values have not been found explicitly stated in the
literature. Overall, these errors are a consideration for work on both Ag-compounds
and Au structures presented in chapters 4 and 5, respectively.

2.5.4 Spectral imaging

EELS maps are an intrinsic part of both the plasmonic and elemental analyses con-
tained here. A spectrum image (SI) is a two-dimensional image of the sample, which
contains energy-loss data for every point in space, and an image of the sample for
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every point in the energy range. To create the two-dimensional image, with a third
dimension of energy for each pixel, the STEM probe is raster scanned across a region
of the sample, as usual; but, at each point in this scan, energy-loss data is acquired
and recorded. This allows elemental maps to be plotted, highlighting compositional
changes in a material, while also allowing plasmon-generated electric fields, of vari-
able energies, to be mapped and visualised. [27, 126, 127]. An example of a 3D data
array taken for this project, allowing plasmonic excitations on Ag nanoparticles to be
observed at specific energies, is shown in Figure 2.9.

Plasmon EELS maps are formed through excitation of the structure at multiple
points across the surface, and from aloof beam positions that can also excite plasma
oscillations through Coulomb interactions from passing electrons at a distance from
the sample surface. They highlight regions of the structure that are interacting most
with the electron beam, at a specific energy, depending on the signal determined by
equation 2.3. At every point that there is a build-up of charge, due to specific oscil-
lations of electrons, the concentrated electric field will influence the incident electron
beam, and be registered on the EELS map. The influence exerted on the electron
beam can simply be explained by consideration of the Lorentz force, with the electric
field around the surface of the plasmonic sample exerting a force on the incident beam,
causing some energy-loss. [48,128] An excellent overview of plasmon mapping through
EELS can be found in reference [28]. As an example, in Figure 2.9 at 2 eV there is no
plasmonic activity, so pixels registering energy-losses are strictly confined to the area
of the nanoparticles. For SIs at 2.77 eV and 3.52 eV, for example, plasmons have been
excited, and the resulting electric fields exert an influence on the beam which extends
beyond the area of the nanoparticles. In fact, the electric fields can broadly be seen
to shift from the extremities of the nanoparticles at 2.77 eV, to the area between the
nanoparticles at 3.52 eV; this is a shift from a bonding to an anti-bonding dipole
mode.

For core-loss data, chemical maps can be constructed in the same way, with the
energy-loss stemming from characteristic atomic transitions. In this way, regions of a
sample, with sub-nanometer spatial resolution, can be identified as containing specific
elements, based on the signal collected in the relevant spectral region, and determined
by the double differential cross section for the specific atomic transition: equation 2.4.
Both the geometry of surface plasmons and the presence and position of elements are
key considerations in the work throughout this thesis.

An example of a simulated EELS map from a 20 nm diameter Ag sphere is shown
in Figure 2.10. It must be understood that an EELS map represents electric fields
corresponding to a superposition of charge configurations from all possible forms of a
plasmonic mode. For example, a dipolar oscillation of charge can be set up between
any two directly opposite points on the surface of a sphere. Each of these degenerate
excitations contributes to the same energy loss peak in an EELS spectrum. Con-
versely, the EELS map, collected at a single energy ‘slice’ for all pixels, represents
a superposition of all of these excitations, visualised in two-dimensions. In the case
of a 20 nm diameter Ag sphere, the dipole mode, excited at 3.3 eV, is shown. The
EELS map for this energy takes the form of a ring around the extremity of the two-
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Figure 2.9: Representation of a 3-dimensional EELS data array, based on low loss data
from an Ag nanoparticle sample. The x- and y-axes represent the spatial dimensions for the
raster scan of the electron beam. The energy-loss data, beginning with the zero-loss peak,
is contained in the third dimension, shown on the ‘E’ axis here. Spectral images formed
at three individual energies are shown as examples, highlighting the different plasmonic
response of the sample at 2.00 eV (no response), 2.77 eV (bonding dipole-type mode), and
3.52 eV (anti-bonding dipole-type mode).

dimensional projection. This superposition means that distinguishing modes in either
simulated or experimental spectra can be challenging, since higher order modes, such
as quadrupolar modes in the case of the sphere, will have a very similar ring-like
appearance in the EELS maps. As a consequence, modes are only identified by close
comparison with simulations, ideally by modelling the energy eigenvalue and calcu-
lated charge configuration (eigenmode); with a comparison of spectral peaks with
corresponding EELS maps between experimental and simulated data.

Taking EELS data at each point in a scan to form an image is also an integral part
of the elemental analysis presented in this thesis. Using core-loss EELS data, regions
of a sample, with sub-nanometer spatial resolution, can be identified as containing
specific elements. Chapter 4 contains results and in-depth discussion of this technique.
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Figure 2.10: An EELS map of the dipole mode for a 20nm Ag sphere, at 3.3 eV, shown as
a combination of dipole excitations at every point on the surface of the sphere. EELS maps
give a two-dimensional visual representation of regions of high interaction with the incident
electron beam; usually the regions with the highest electric field strengths. Regions of a
nanostructure that have a greater interaction with the beam at a certain energy appear as
bright spots. The EELS map is a superposition of all the degenerate arrangements of the
plasmon modes at a given energy, explaining why the dipole mode shown appears as a ring:
the dipoles excited at all possible points on the extremities of the sphere contribute to the
overall EELS map.

2.6 Plasmon EELS

2.6.1 Simulation method

In this work, a boundary element method (BEM) was used to simulate the plas-
monic response of nanoparticles and structures. The MNPBEM Toolbox for MatLab,
developed by Hoenester [23], formed the basis of all modelled data contained herein.

BEM is a method of solving partial differential equations numerically. The dif-
ferential equations are represented in boundary integral form, using predetermined
conditions to fit boundary values. Following this, the integral equation can be used
to calculate a solution directly for the individual elements. The use of BEM for EELS
analysis was first used by Ouyang and Isaacson. [129] It was expanded upon by Abajo
et al., [130] in the first of several papers that would form the basis of the simula-
tion model developed by Hoenester. In this process, Poisson’s equation is used to
calculate the nonrelativistic energy loss of an electron passing in close proximity to
dielectric interfaces. The potential induced by a moving electron is expressed in terms
of surface-charge distributions at these interfaces. This potential produces a retarding
force on the electron, and forms the basis of plasmon EELS.

The interfaces are discretised and defined by frequency dependent, complex re-
fractive indices, n + iκ, on each opposing face. BEM expresses the fields inside each
homogeneous region of a structure in terms of interface sources that are then self-
consistently calculated by imposing the continuity of the potential and the electric
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Figure 2.11: An overview of how plasmonic structures are treated under the boundary
element method. The surface of the nanoparticle is divided into a number of faces, with
the dielectric environment above and below each face, represented by nx + ikx, set pre-
calculation. j represents the surface of the boundary element, with nj the normal vector to
the surface and Gx(j) is the Green’s function for the region.

displacement. This is advantageous in that it requires less computational power since
it involves parametrisation of boundaries as opposed to volumes, as is the case for dis-
crete dipole approximation (DDA) simulations, for example, which are very common
in the literature. [61,131,132] Maxwell’s equations are solved for each discretised sur-
face element. For this discussion, metallic nanoparticles are considered, described by
local and isotropic dielectric functions εj(ω), which are separated by distinct bound-
aries δVj. The key quantities for this approach are the scalar and vector potentials
φ(r) and A(r). These are related to the electromagnetic fields by

E = ikA−∇φ (2.5)

B = ∇×A (2.6)

with k = ω/c, where ω and c are the wavenumber and speed of light in a vacuum,
respectively. These two potentials are connected through the Lorentz gauge condition
∇.A = ikεφ, and must be used to solve the Poisson equation,

∇2Gi + k2
i = −4πδ(r) (2.7)

where ki =
√
εjk representing the wavenumber in the medium r ∈ Vj. If the Helmholtz

equation, 1.1, a form of the wave equation representing the propagating wave on the
surface of the nanostructures, is recalled from chapter 1, one can introduce a Green’s
function for this using a solution to 2.7.

Gj(r,r′) =
eikj|r−r

′|

|r − r′|
(2.8)
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giving solutions for the potentials,

φ(r) =

∮
Vj

Gj(r,s)σj(s)da + φext(r) (2.9)

A(r) =

∮
Vj

Gj(r,s)hj(s)da + Aext(r) (2.10)

where φext and Aext are the scalar and vector potentials characterising the external
stimulus to the system, and σj and hj are the surface charge and current distributions,
which must satisfy the boundary conditions of Maxwell’s equations at the boundary
between regions of different permittivities εj. This leads to a number of integral equa-
tions which, upon discretisation of the particle boundaries into boundary elements,
allows one to obtain a set of linear equations to provide solutions of Maxwell’s equa-
tion in terms of σj and hj. This supplies the information needed to create, among
others, simulated EELS maps and charge distributions.

While the BEM has proven to be an extremely useful tool in the simulation of
plasmonic systems, there are limitations. The computing power required increases
rapidly with the number of interacting particles in the system; the time needed to
perform calculations increases rapidly with the number of boundary elements used.
The number of boundary elements required also depends on the geometry of the struc-
tures, with sharp edges requiring smaller elements to be used to accurately represent
the shape, for example. It was also found to depend on the distance between inter-
acting structures; smaller separations required more boundary elements to accurately
compute the response.

2.6.2 Electron impact positions

When interpreting both simulated and experimental plasmon EELS data, it is im-
portant to consider the effect of an electron beam impact on a nanostructure, as
the plasmonic response is not uniform for every impact position. For an optically
stimulated system, the wavelength of light is far greater than the dimensions of the
nanoparticle(s), so the polarisation of the light is a more important factor to consider
than the exact position of excitation. As only dipole-type modes can be optically
excited, it is generally only important to consider whether this is a transverse or
longitudinal dipole mode across either the short or long-axis of the structure, respec-
tively. However, for electron stimulated systems, such as those presented here, the
spatial confinement of the electron beam means the plasmonic response is hugely de-
pendent on the exact site of electron impact. This is evidenced by the three different
sets of spectra in Figure 2.12. The same Ag cylinder, with a diameter of 20 nm and
length of 50 nm, was simulated in three different orientations. For each orientation,
three separate beams were incident along the z-axis of the structure, impacting in a
central position, on the extremity of the cylinder, or as an aloof beam 5 nm from the
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structure. The EELS maps for selected spectral peaks are included in the inset as a
visual aid in the description of the similar or different modes excited by the beams.

Figure 2.12: EELS spectra from an Ag cylinder in different orientations with respect to
the electron beam. The three electron beam positions are denoted by the arrows on every
structure. The impact position of the incident electrons determines which surface plasmon
modes will be excited. EELS maps for selected plasmon modes are included in the inset.

It becomes clear that the orientation of the cylinder and the position of the beam
impact points lead to specific plasmonic responses. The lowest energy dipole mode is
consistent across all three sets of spectra, though only beams incident on, or near, the
edges of the cylinder will elicit this response. In spectrum (a) and (b), all three beam
positions will create this low energy dipole mode, meaning all three can stimulate a
single, coherent oscillation of electrons, across the entire the surface. For spectrum
(c), however, the central impact position, represented by a red spectral line, does not
excite the dipole mode. A point excitation, as the electron beam is considered to
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be here, will only induce resonant coherent oscillations emanating from the point of
impact. A perturbation to the centre of the nanoparticle can excite certain modes,
as will be discussed, but, importantly, does not contribute to the oscillating dipole
response. In general, a beam incident on the extremities, or passing by the edge on a
nanoparticle will excite a dipole response most strongly, and may contribute to higher
order modes, depending on the exact geometry of the structure. The key consideration
is the position of the electron beam with respect to the node or antinode of the relevant
coherent electron oscillation. For example, a dipolar coherent oscillation will have
antinodes at either end of the structure, with a node in the middle. A perturbation to
the middle of the structure, at the point of zero amplitude in the dipolar oscillation,
can not excite a dipole mode. Higher order modes, with antinode positions close to the
centre of the structure can, however, be excited by this perturbation. It is useful to
note here that despite an incident electron often being modelled as a point-charge, its
path through the sample does create an electric field which extends through a volume
in the structure, so may excite certain modes, even if the antinode is not directly in
this path. This is an important consideration for aloof beam positions, as seen in
Figure 2.12, which can excite surface modes, simply through Coulomb interactions
with surface electrons in the sample.

For the case of Ag structures, as analysed in much of this work, the end of the
region where LSPRs are observed and beginning of the bulk plasmon regime occurs
with the first bulk mode at around 3.74 eV. This mode is entirely dependant on
material properties, regardless of geometry, so appears at exactly the same energy
for all Ag structures in Figure 2.12. The energy of this plasmon is proportional to
the square-root of the conduction electron density in the material. A beam which
passes through a considerable amount of Ag will always have this peak in its EELS
spectrum, and this is the dominant mode for any of the central beams in Figure 2.12.
The EELS maps indicate the electric field positions for each mode, relating to the
electron oscillations; the increase in the number of nodes, representing higher order
standing wave modes, can be seen as the energy of the spectral peaks increases.

It is important to be cognizant of the effect of beam position on a structure for
a number of reasons. Primarily, as Figure 2.12 shows, the full plasmonic properties
of a structure can only be attained by exciting positions all over the surface of the
structure, and also in a large area around the structure with aloof electron beams.
Again, in optical investigations the entire structure is excited simultaneously, so a
single, highly spatially confined electron beam is a poor representation of the optical
properties for the structure as whole.

2.6.3 Optical and experimental considerations

A final, important, consideration for the plasmonic investigations throughout this
thesis is the comparison of optical data and EELS data. This comparison is impor-
tant because the majority of the potential applications for plasmonic devices concern
optical stimuli. For this reason, the optical bright modes will generally be labelled
throughout this thesis, and are simply modes that have dipole-like characteristics, as
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discussed in chapter 1, around Figure 1.2. To show the differences between optical
and EELS spectra, and discuss the steps taken in this work to consider and account
for these differences, Figure 2.13 shows four different spectra, obtained from the same
Ag nanoparticle dimer, where NPs are separated by 3 nm of air. The top spectra,
Figure 2.13 (a), are the simulated spectra from optical excitation along the x and y
plane individually, and there are number of key observations here. Primarily, it can
be seen that only 3 modes are optically active, as highlighted by the two faint vertical
purple lines and one faint pink line, continuing through all four spectra.

The energy splitting of the x and y-polarised modes is worth mentioning here. For
an individual 20 nm Ag sphere in air, the x and y-dipole modes are obviously iden-
tical due to the symmetry of the shape. The restoring force acting on the oscillating
electrons can determine the mode energy, and, for a chain of coupled nanoparticles,
this restoring force is heavily influenced by the charge distribution of neighbouring
particles. Plasmon coupling, as described in chapter 1, means that in-phase longitu-
dinal oscillations create very stable charge configurations, manifesting as a low energy
x-dipole mode here; while in-phase transverse oscillations create an optically active
dipole mode, but the charge configurations across the smaller (y-axis) distance give
rise to a larger restoring force, and thus a less-stable, higher-energy mode. For the
example in Figure 2.13, the dipole that would be at 3.3 eV for a single particle, splits
to a low energy longitudinal mode at 3.1 eV, and a transverse mode at ≈3.35 eV.
This effect is amplified with an increase in particle chain length, up to the limit of
near-field interaction length, as will be discussed in Chapter 3.

The second spectrum, Figure 2.13 (b), shows the summed and normalised energy
loss data for optical excitation of the dimer. This is representative of a plasmonic
system excited by unpolarised light; spectral peaks can be identified with no indication
of mode directionality. The high energy longitudinal mode is no longer visible in the
spectrum, it lies within the larger transverse mode peak. This is the most common
method of stimulating plasmonic systems, but highlights the relative lack of spectral
information when compared to a more in-depth polarised light study, or, particularly,
an EELS investigation, as shown in (c).

For spectrum (c) in Figure 2.13, EELS data was simulated. Three electron impact
positions were used: between the two particles, on the centre of one particle, and
on the edge of the structure. The symmetry of the structure means the impact
positions elicit a response which is identical to that if the corresponding positions on
the other side of the structure were used. The excitation of additional modes, when
compared to optical stimulation, can be seen here. This is the simulation method
most widely seen throughout the literature, where specific, symmetry-inequivalent
excitation sites are chosen; but there are drawbacks to simulating data with so few
points of excitation, with the relative weighting of certain modes being misrepresented,
as seen in Figure 2.13 (d).

The final spectrum, Figure 2.13 (d), is the sum of the energy loss spectra from
an impact position at every point, in 1 nm intervals, across the red mesh in the
inset figure. In fact, this is the method of simulation used for most results presented
in this thesis. There were two main reasons for obtaining the data in this way: it
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Figure 2.13: (a) Optical spectrum from a coupled 20 nm Ag homodimer, with a 3 nm
separation in air. Electromagnetic radiation is incident on the homodimer in both the x-
(purple) and y- (pink) polarised states, exciting longitudinal (x) and transverse (y) surface
plasmon modes. Simulated eigenmodes for the two coupled bonding dipoles and longitudinal
anti-bonding dipole are shown in the inset above their corresponding energy-loss peaks. The
anti-bonding mode is a dark mode, so has no peak in the optical spectra, but is seen in
EELS data. (b) The summed and normalised spectrum of the overall optical response. (c)
An EELS spectrum of the same dimer, created through 3 impact positions shown in the inset
by the coloured arrows corresponding to the coloured spectral lines. (d) An EELS spectrum
created by summing spectra from each electron impact position across the 100 nm × 60 nm
mesh shown in red in the inset, at 1 nm intervals.
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facilitates direct comparison with experimental EELS data, and it is more relevant to
common optical applications. As discussed, when experimental data is acquired here
using EELS, an electron beam is scanned over the structure and energy loss data is
taken from every point in the scan. Thus, the acquired spectrum image becomes a
superposition of each of these thousands of individual spectra, in order to give a full,
normalised overview of the plasmonic properties of the structure. The high spatial
confinement of the electron beam means many more modes have the potential to be
excited, when compared to an optical beam, but if too few impact positions are used,
the significance of certain modes tends to be over-emphasised, while some modes can
be left unstimulated and unobserved. An example is the small peak between the
longitudinal bonding dipole mode at 3.1 eV and the transverse dipole peak at 3.35
eV. This is not visible in spectrum (c), as, evidently, none of the 3 impact positions
used are in the correct place to excite it. If a summed method of EELS excitation is
not used, plasmon modes such as this are missed and not considered in any analysis.

The weighting of the LSP modes is important as this can elucidate the quality
and strength of the overall response. In Figure 2.13 (c), the strongest surface plasmon
mode is shown by the peak at approximately 3.5 eV, which represents the anti-bonding
dipole mode. However, when the overall response is analysed in spectrum (d), the
anti-bonding dipole peak becomes diminished almost to the point of insignificance.
This is because the anti-bonding dipole mode can only be excited by beam positions
between the two spheres, which are vastly outnumbered by impact positions in other
areas on and around the dimer, with aloof beam positions being a particular important
contributor to the excitation of dipole modes. This is again important for the many
potential applications of plasmonic structures, which are based solely around the
optical excitation of these dipole modes.

Summing EELS spectra across a range of points on and around a structure means
many modes become hidden, as the global effects cause peak broadening and the
strongest modes dominate. Crucially, however, the information from each isolated
beam impact position remains accessible, allowing high spatial resolution analysis
of individual plasmon modes to still take place. There are computational aspects
to consider, however, as this does add additional strain to the computational system.
For simulating plasmonic structures already near the limit of computing performance,
as discussed in section 2.6.1, the need to calculate the response from thousands of
individual excitations can be either very time consuming, or indeed beyond the limits
of the system. For this reason, the array of impact positions was generally broken
down into symmetrical sections, where possible, and only beam positions for one of
these sections were simulated; the acquired data was then scaled up accordingly, to
provide a relative coverage for the entirety of the required area.

2.7 Atomic Force Microscopy

Atomic force microscopy (AFM) is a useful and versatile technique for gathering in-
formation about the dimensions of a nanoscale sample, and was used to analyse the
deposited structures in chapter 5. It works by raster scanning a tip, often made from
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silicon or silicon nitride, across the surface of the sample. This tip is at the end of
a cantilever, and when atomic forces interact with the probe (Ft), the cantilever is
deflected. The deflection is monitored by a photodiode detector receiving reflected
signals from a laser incident on the end of the cantilever, allowing topographic in-
formation to be obtained as the probe is scanned across a surface; this is shown in
Figure 2.14 (a), while the force diagram for the tip in relation to the surface is shown
in Figure 2.14 (b).

Figure 2.14: (a) the basic components of an atomic force microscope (AFM). A topographic
image is formed based on the movement of the laser beam on the detector, which is reflected
from the oscillating cantilever, and is dependent on the movement of the tip scanning across
the sample surface. (b) force diagram describing the force exerted on the tip (Ft), depending
on its position relative to the sample surface. ‘z’ denotes the separation between the tip and
the sample surface.

There are three main operating modes for AFM: contact mode, non-contact mode,
and tapping mode. All of the results contained in this work were obtained using tap-
ping mode AFM, so the focus of this description will be on this modality, though there
are only slight differences between them. Tapping mode AFM allows for the same
level of data acquisition, without the same potential for sample damage associated
with the, older, contact mode technique. The cantilever oscillates at approximately its
resonant frequency, using a piezoelectric driver. The tip is moved towards the sample
until it begins to experience the forces from the sample surface, for example van der
Waals forces, during its oscillation cycle. The amplitude of the oscillations change
according to these forces, which stem from changes in the surface topography. The
amplitude changes are detected by the optical system and fed back to the controller
so that a 3D image of the sample can be created. Tapping mode AFM can achieve
sub-nanometre vertical resolution and lateral resolution. This is all dependent on the
dimensions of the tip, however. As the radius of the tip increases, the resolution of the
scan image is limited by how large the probe itself is. AFM is used across a number
of fields, as its extremely high resolution, relatively cost-efficient and easy set-up, and
high resolution make it a popular choice for assessing the topographic properties of a
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sample.

2.8 Concluding remarks

The simulated and experimental methods used throughout the work in this thesis have
been presented and described here. The most important method of analysis used in
this thesis is EELS, and this is reflected by the huge emphasis on simulated EELS data,
and both plasmon and composition EELS investigations undertaken experimentally.
Simulations were carried out using the MNPBEM toolbox, a well-established and
accurate method for both EELS and optical simulation of plasmonic systems; this
forms the bulk of the work presented in chapter 3, but is also used in parts of work
presented in chapters 4 and 5. The key considerations were introduced, such as the
acquisition, processing, and interpretation of spectrum images, and the role of point-
charge excitations in the plasmonic response of metallic structures.

Experimentally, several analysis techniques, primarily focused on electron mi-
croscopy, were used throughout this work. Initially, the focus was on EELS inves-
tigations into the composition and then plasmonic response of Ag samples, before the
focus shifted to fabrication of Au samples using FEBID, with additional characteri-
sation techniques such as AFM being introduced.
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3.1 Introduction

As discussed in chapter 1, a particular interest throughout the literature is the desire
to tune the surface plasmon resonances of nanostructures to specific wavelengths or
ranges. Here, using boundary element simulations, the plasmonic response of real-
istic multi-particle Ag systems will be introduced, with a view to chemically tuning
the plasmon energies. To begin, the effects of nanoparticle geometry, composition,
and environment on plasmonic resonances will be discussed and compared to well-
documented research in the literature. Then, simulated results from basic coupled
systems will be presented, again as part of a discussion on the extensive research
already available. Following this, the plasmonic properties of more complex systems
will be analysed, with a view to self-assembled nanoparticle structures, as the more
novel aspects of the research are introduced and discussed. This centres around the
use of fused nanoparticles forming larger interacting structures. Section 3.8 introduces
the original and novel work which is key to this chapter: an analysis and discussion of
thin, Ag-compound dielectric shells and their effects on plasmonic resonances, based
primarily on corrosion products commonly identified in the literature. This is pre-
viously unseen in the literature, and carries the key aim of this thesis to investigate
options for tuning plasmonic nanostructures, showing promise for doing so in future
work.

Before the investigation into nanoparticle plasmonics could begin, it was impor-
tant to understand the limitations set by the nanoparticle surface discretisation, as
outlined in 2.6.1. Too few boundary elements (BEs) may mean the geometry isn’t
representative of the required structure, or may leave the programme with too few ref-
erence points to accurately simulate the plasmonic response. Conversely, the greater
the number of boundary elements, the greater the time and processing power required
to simulate the system. For this reason, a balance must always be struck between the
processing power available and the accuracy of the results, which was investigated for
several simple systems to get an impression of how to scale to more complex systems;
an example of this is contained in Figure 3.1. In Figure 3.1 (a) It can be seen that
for an isolated 20 nm Ag sphere, the number of boundary elements does not make
any noticeable change to the energy loss spectrum. This fits in with the theory dis-
cussed in chapter 1, where the quasistatic approximation is valid for small, isolated
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nanoparticles, and the structure is treated as a whole when calculating the plasmonic
response. The shape of the ‘sphere’ is, however, noticeably distorted if the surface is
discretised to too few elements.

Figure 3.1: EELS spectra from (a) isolated 20 nm AgNPs and (b) coupled 20 nm Ag homod-
imers, with each NP surface discretised into a set number of boundary elements (BEs). For
the isolated 20 nm NPs, the number of boundary elements used does not affect the EELS
spectrum obtained. For the coupled system, the number of elements becomes important, as
for the 32 BE case the dipole mode is blue-shifted and the high energy shoulder of the peak
just below 3.4 eV does not contain the remnants of the peak seen when compared to config-
urations with higher BE density. This effect was seen to become increasingly pronounced as
the particle separation is decreased, or the number of coupled particles increases.

For coupled sphere cases, the number of elements does affect the spectra gathered,
as seen in Figure 3.1 (b). These are the complex systems mentioned in chapter
1, where a new method of calculating the response is required. For even a simple
coupled system, such as this Ag homodimer, the spectrum is shifted and the high
energy shoulder of the high energy peak is smoothed, hiding information about a peak
contained within this region. In this case, at least 60 BEs on each sphere are required
to accurately simulate the system, based on the consistency of the observed spectra as
the number of BEs is increased. Additional complexities arise from the interactions
of the plasmon modes on each particle, as discussed in chapter 1. As opposed to
mapping oscillations of a single group of electrons across a smooth, homogeneous
surface; there are now the many possible configurations of coupled plasmon modes
to consider. This, in fact, represents a significant increase in the number of, and
thus difficulty in performing, the calculations, and means more boundary elements
are required to accurately consider all of the new competing interactions across the
surfaces of the coupled system.
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It was seen that as the number of interacting structures increases, and as the dis-
tance between them decreases, a larger number of boundary elements was required
to maintain the reliability of the simulations. These issues became particularly im-
portant for the complex structures detailed later in the report, for example coupled
core-shell systems composed of up to ten particles in extremely close proximity. In
reality, as the longest simulations took no more than thirty hours, the actual limiter
was the amount of memory the computer could commit to the calculations for all the
boundary elements. Even for a dedicated simulation computer with 64Gb of RAM, it
was found that there was a limit of accurately simulating about ten particles in very
close proximity.

3.2 Size effects

The surface plasmonic properties of a nanoparticle have a large dependence on the
surface area available for coupling with the external electric field; this has been well
documented in the literature in a variety of research, from solar cells to biosensing.
[133,134] To illustrate the well-known size dependence of the plasmons supported by
metal nanoparticles, Figure 3.2 summarises a number of simulations, each giving the
response of an isolated AgNP to the passage of an incident electron beam. For an
increase in diameter from 5 nm to 65 nm, a steady red-shift in dipole mode energy
is seen. Throughout this size change, the dipole mode remains the strongest mode
observed for the nanoparticle. This shift can be understood as a shift in the resonance
polarisability of a Drude or noble metal sphere, simply defined as

α = 4πa3 ε1 − ε2

ε1 + 2ε2

, (3.1)

where a is the radius of the sphere, and ε1 and ε2 are the dielectric functions inside and
outside the particle, respectively. However, a more intuitive explanation is to consider
a simple electrostatic interaction of charges, and recognise the change in separation
between regions of oscillating charge across the sphere surface. A larger surface area
leads to an increased distance between charges at opposite interfaces, leading to less
energy required to support the oscillating system, and therefore a more stable mode.
This observation is well known in the literature, and has been experimentally verified
for both Ag and Au, particularly through optical investigations, for many years.
[135–138]

Above diameters of 65 nm, the dipole mode loses strength with increasing diam-
eter. A quadrupole mode becomes distinguishable from the high-energy shoulder of
the dipole mode and low-energy shoulder of the higher order modes. The higher order
modes quickly become the dominant spectral features with a size increase above 65
nm. This is noteworthy for a number of reasons: where optical excitation is the key
process for exciting plasmon resonances, only the dipole is available to couple to the
incident electromagnetic field, as discussed in chapter 1. This represents the major-
ity of applications for plasmonics, so a strong dipole mode is an essential component
of most nanostructures. In addition, the presence of prominent and numerous higher
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Figure 3.2: Simulated EELS spectra from spheres of different diameters, from 5 nm to 100
nm in 5 nm intervals. The spheres were each defined by ≈ 300 boundary elements. A single
electron beam impact position along the z-axis, incident at the rightmost extremity of each
sphere, is used to excite the plasmonic response. As the size of the nanoparticle increases,
the dipole mode (D) red-shifts. Up to a diameter of 65 nm (black lines), the dipole mode
is the largest peak on the spectrum; after this point (blue lines), the quadrupole mode (Q)
and a group of higher order modes (HO) emerge to become the dominant features.

order modes usually represents a more lossy system. These trends have also been iden-
tified extensively in the literature, for example through the common discrete dipole
approximation (DDA) and COMSOL simulation techniques, [139, 140] and through
experimental investigations. [133,141]

For the creation of a LSP, one of the key properties of a nanoparticle is that
it needs to be much smaller than the wavelength of the incident light, in order for
standing wave modes to be set up. Within this framework, as the nanoparticle size
increases, the probability of creating higher order modes increases, at the expense of
the often dominant dipole mode. As the surface area increases, it becomes difficult
to support a dipole mode; the distance between the extremities of the nanoparticle
become so great that the opposing poles of the dipole mode no longer interact with
significant strength, as shown by the severe diminishing of the dipole peak above a
diameter of 65 nm. This explains why higher order modes, with shorter wavelengths,
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become more prominent. The quadrupole shifts slightly to lower energies, as this
increased charged spacing across a larger area becomes more stable, just as seen with
the dipole. It shifts away from the highest energy peak seen in Figure 3.2, which
represents a mixture of all the higher order modes, particularly the breathing mode,
oscillations emanating from a centre point outwards, and remains relatively consistent
in energy as the size of the sphere changes.

For nanoparticles of a large enough diameter, generally considered to be around 100
nm, the quasistatic approximation is no longer valid: the field can no longer be viewed
as invariant across the surface of the particle. Within a full dynamic treatment of a
plasmonic system, there are two primary damping processes for plasmonic resonances
on particles beyond the quasistatic limit: radiative and non-radiative. The radiation
damping stems from the decay of coherent electron oscillations into photons, and is
the main cause of the reduction in strength of the dipole mode as the particle diameter
increases. [142] There is also a non-radiative process due to absorption, which stems
from the creation of electron-hole pairs via intraband transitions of conduction band
carriers, or interband transitions from low-level d -bands up to the conduction band.
An increase in volume will lead to a reduction in the absorption decay pathway,
however, the radiative decay pathway becomes increasingly dominant, leading to the
broadening of the dipole mode which is seen in Figure 3.2; so for large particles,
the broadening of the individual collective excitations is due mainly to the radiation
damping mechanism, but for smaller sizes, typically for diameters < 40 nm, the line
width is essentially determined by the intrinsic electron energy losses based on the
composition of the nanoparticle. This is an important consideration when deciding
which elements to use in plasmonic applications, as will be discussed in section 3.4.
In general, the individual particles considered in this work lie within the quasistatic
regime, though, fully dynamic calculations were considered and used throughout.

For very small nanoparticles, less than 10 nm, an additional damping process
becomes significant, and a reversal in the energy shift of the dipole mode has been
seen experimentally. [143] This is often called chemical interface damping, and causes
an increased dephasing of the coherent-electron oscillations due to elastic scattering
at the particle surface. This occurs because the particle size is much less than the
electron mean free path, taken to be approximately 30-50 nm. Overall, this manifests
as a broadening of the dipole resonance, and an associated energy shift. Further
nanoparticle size decreases have been analysed in the literature, but both red- and
blue-shifts of the dipole mode have been observed for different materials. [144, 145]
Predicting this shift is difficult as it stems from competing processes as the particle size
is decreased: energy level quantisation, which results in a blue shift; and dynamical
surface screening which can result in either a red- or blue-shift. [146] For noble metals
in particular, as relevant in this work, d -electrons form a polarisable environment that
screens the valence electrons and lowers the energy of collective oscillations, and thus
the dipole mode. They are also highly localised, so the screening at the surface is
reduced. There is a trade-off between electron spill out (red-shift) and a reduction
in d -electron screening (blue-shift) as the surface to volume ratio increases. [147,148]
In AgNPs, as applicable here, the reduction in screening has been seen to dominate,
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resulting in a blue-shift. It is suggested that this energy shift is highly dependent on
the chemistry of the particle surface and immediate environment. [149,150]

For nanoparticles of diameters approximately 3 nm or less, quantum mechanical
effects become critical. The quantised nature of the energy levels can generally be
ignored in metallic systems as the number of electrons is so large: ≈ 1023cm−3. How-
ever, for small numbers of electrons, the energy gained by individual electrons becomes
significant compared to their Boltzmann energy, and, in this regime, the model of a
plasmon as a coherent oscillation of electrons fails. Even though all the simulations
were made within the scope of fully-retarded dynamics, not just the quasistatic regime,
it was not known whether the results would be reliable for nanoparticles smaller than
5 nm. For this reason, the simulations weren’t taken beyond this point. In general for
this work, nanoparticles with length scales on the order of tens of nanometers were
considered, so the quantum size limit was not a factor.

3.3 Shape effects

Nanoparticles can be manufactured in almost any shape, in numerous ways, and un-
derstanding the effect of these distinct geometries is essential for developing suitable
plasmonic structures. [151] Nevertheless, it is important to consider that fabricated
elements will never be perfect: small structural imperfections can manifest as large
deviations in the plasmonic response, particularly when modelled on ‘perfect’ geo-
metrical structures, leading to discrepancies between the desired and actual response
of a plasmonic system. [152, 153] As many of the applications of plasmonic devices,
as highly accurate sensors for example, require precise knowledge of plasmon energy,
these geometry-based discrepancies can hinder their functionality if not avoided or
accounted for.

An investigation was undertaken to simulate the electron energy loss spectra for
several shapes impacted, in isolation, by a single electron beam incident upon the
extremity of the structure. The structures considered for this work will either be
self-assembled nanoparticle structures, or those fabricated directly; in either case it is
necessary to understand the effects of geometry on plasmonic response, for accurate
modelling or tuning the response. Figure 3.3 shows the spectra obtained from each
of four Ag nanoparticle geometries. The shapes considered were: a cube, a cube with
rounded edges, a cylinder, and a sphere. They are all of similar size, and are shown
directly to the right of their corresponding energy loss spectrum. Triangular plasmonic
structures are often considered in the literature [154–158], but are not presented here
as the discussion for this particular project is covered, and better served, by the
observations from the named structures. Thus, there are a number of interesting
observations to be made. Initially, a shift in energy can be seen for the lowest energy
peak, with this shift being directly linked to nanoparticle geometry, particularly charge
confinement, as will be discussed; this lowest energy peak represents the dipole mode.

There is a much greater contribution from higher order modes to the spectra of
the cubes, when compared to the cylinder and the sphere. These higher energy modes
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occupy a larger range of energies and have a much stronger response to excitation. In
addition, there are more distinguishable modes for the cube structures. The change
in plasmonic response for different nanoparticle shapes has been well established, and
forms one of the most common and facile methods of resonance tuning. [159–162]
These spectra are an important consideration here as chemically synthesised and self-
aggregated nanoparticles may have variability in their shape, despite commonly being
modelled as spheres. Additionally, when structures are chosen for direct fabrication,
for example using electron-beam induced deposition as discussed in chapter 5, the
ability to predict and tune the plasmonic response is a key consideration when de-
signing structures for fabrication. To examine the cause of plasmonic changes with
changing geometry, the eigenmodes for two of the shapes, a cube with sharp vertices
and a sphere, are shown in Figure 3.4.

Figure 3.4 shows a number of eigenmodes supported by an isolated cube and
isolated sphere. These are ordered from left to right in terms of energy, or eigenvalue:
from the lowest energy dipole mode, through to the quadrupole and octopole modes,
then on to higher eigenmodes, as examples of much higher order resonances. In
principle, an infinite number of LSPR modes can be supported on each of these
structures, but their close proximity, in both space and energy, mean most are not
visible in any spectra. It can be seen that the charge distributions for the cube are
centred around the vertices for low energy modes, before extending to the edges, and
then faces, for the increasingly complex, higher energy modes. This is also seen in the
EELS maps in Figure 3.3. This is in total contrast to the sphere, which supports all
of its modes across the entirety of its surface, with no vertices or edges available for
charge accumulation. The accumulation of charge at certain small volumes, or mode
pinning, means the separation of opposing charges across the shape is greater, leading
to more stable mode configurations, which is reflected in the energy loss spectra of
the two shapes, and has been documented in the literature [59,153]: the modes on the
cube are at much lower energies than the corresponding modes on the sphere. It is
interesting to note the relative charge scale in Figure 3.4; the confinement of charges
to smaller volumes leads to an increase in the relative charges observed. This can
become an important effect if large electric fields are required, for example in field
enhancement studies that will be alluded to later in the chapter.

A decrease in symmetry of a plasmonic structure generally leads to an increase in
the number of distinguishable modes, through a loss of degeneracy and mode splitting.
For example, there are only two modes distinguishable for the sphere, as any higher
order modes exist in too close a proximity to be discerned separately in the spectrum.
For the cube, the reduced symmetry means more modes are supported at distinct
energies. This is particularly evident when EELS maps are considered. As discussed
in section 2.5.4, EELS maps provide a picture of areas which are interacting strongly
with the electron beam, and different order modes appear very similar for shapes
with spherical symmetry: the EELS map for a spherical dipole and quadrupole, for
example, both appear as a bright ring.

In contrast to the sphere, the modes supported by a cube have much more distin-
guishable EELS maps. It is easy to see the increased electric fields at the vertices for
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Figure 3.3: Simulated EELS spectra from a number of Ag structures with different geome-
tries. From top to bottom, the spectra from a cube with sides of 20 nm, a rounded cube
with sides of 20 nm, a cylinder of length and diameter 20 nm, and sphere of diameter 20
nm are shown. A single electron-beam impact position is used, denoted by an ‘x’, incident
at the edge/ diameter of each structure. Notable modes are labelled: ‘D’ is the dipole mode
for each structure, ‘E’ are edge modes, ‘F’ are face modes, ‘Q’ are quadrupole modes, and
‘HO’ denotes a group of higher order modes. Also included are the simulated EELS maps
for each labelled mode of the cube and sphere.

low order modes, which then shift to the edges for modes with higher energy, as seen
in particular in Figure 3.3, and shown experimentally in [163]. Investigations here,
based on similar work by Zhang et al., showed that when morphing from a sharp
edged cube, to a structure with spherical symmetry, a significant blue shift and sub-
sequent merging of some modes is seen. [164] The dipole mode remains isolated and
distinguishable during this transformation, but with a significant blue shift (≈ 0.36
eV). This is due to charge confinement in the vertices, a more stable configuration,
no longer being geometrically available. The edge modes of the cube structures are
distorted to become the quadrupole modes of the cylinder and sphere, while the face
modes become higher order resonances. Corner modes are the lowest energy modes
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Figure 3.4: Simulated eigenmodes from a 20 nm Ag cube and sphere. From left to right
for each shape: a dipole mode, a quadrupole mode, a hexapole mode, 10th eigenmode, 20th
eigenmode, and 30th eigenmode. Orange regions represent negative charge accumulation,
blue regions are positive, and green are neutral. As the mode number increases, the number
of nodes of oscillation increase, and more energy is required to support the mode. Eigenmodes
higher than the quadrupole are indistinguishable in the EELS spectra for these structures,
and modes become weaker as the mode number increases.

a structure can support, followed by edge modes, and then face modes. This has
been demonstrated in the literature experimentally using STEM EELS by Nicoletti
et al., whereby they provide excellent three-dimensional reconstructions of plasmon
resonances on Ag nanocubes, based on acquired energy loss data at a range of orien-
tations, and electron tomography. [163]

There is the potential to observe large changes in resonance energies depending
on the geometry of the structure supporting the resonances. The changes are partic-
ularly pronounced when dealing with structures which contain sharp vertices, which
is also an important consideration when determining the position of electric fields on
plasmonically active structures. Sharp corners preferentially pin charges, and this
charge accumulation creates large, localised electric fields.

3.4 Plasmonic elements

A comparison of noble metals as plasmonic elements is useful here. It is important
to understand how optical properties, and particularly complex dielectric functions,
dictate plasmonic properties, as both Ag and Au nanostructures are considered here,
and because the overall aim of this work is to investigate opportunities to tune the
plasmonic response through altering the surface chemistry of nanostructures. As
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a simple boundary value problem, the energy of surface plasmons is independent
of material and solely determined by geometry. However, the Drude model of a
free electron gas incorporates a dependence on ω through the material’s dielectric
function. The optical properties of a material, its response to incident radiation, are
generally measured and presented as a complex refractive index, ñ(ω) = n(ω)+ iκ(ω),
where n is the real part of the refractive index, representing the phase velocity of the
wave through the medium, and the imaginary component, κ, is often referred to as
the extinction or attenuation coefficient. These then relate to the complex dielectric
function, ε(ω) = ε′(ω) + iε′′(ω), also known as the complex permittivity, of a material
via the equations:

ε′ = n2 + κ2 (3.2a)

and

ε′′ = 2nκ (3.2b)

While the Drude model doesn’t offer a perfect description of the dielectric prop-
erties of metals, particularly for Au in the energy ranges considered in this thesis,
it is still a useful tool to understand the physical basis of these properties. A more
rigorous mathematical derivation of the complex dielectric function can be found in
many textbooks, for example reference [22]; here, only the basics will be shown. The
dielectric displacement D of a medium, in this case the free electron plasma, can be
linked to the electric field E via the polarisation P:

D = ε0E + P, (3.3)

and if, as in this case, a linear, isotropic, and nonmagnetic medium is considered, the
constitutive relation

D = ε0ε(ω)E (3.4)

can be defined, where ε0 is the permittivity of vacuum. Electrons within a free elec-
tron gas that are displaced by an external electric field contribute to the macroscopic
polarisation, given by

P = − ne2

m(ω2 + iγω)
E, (3.5)
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then combining 3.3 and 3.5 leads to

D = ε0(1−
ω2
p

ω2 + iγω
)E, (3.6)

where ω2
p = ne2/ε0m is the plasma frequency of the free electron gas, for n electrons

with charge e and resting mass m; and γ = 1/τ, where τ is the relaxation time of the
free electron gas. Considering 3.6 and 3.4, an expression for the frequency dependent
dielectric function of a free electron gas is reached:

ε(ω) = 1−
ω2
p

ω2 + iγω
, (3.7)

while the real and imaginary components of the complex dielectric function are given
by

ε′(ω) = 1−
ω2
pτ

2

1 + ω2τ 2
(3.8a)

and

ε′′(ω) =
ω2
pτ

ω(1 + ω2τ 2)
, (3.8b)

respectively.
The optical properties of a noble metal at a given wavelength, within this model,

are governed by its plasma frequency: the frequency of free-electron oscillation. When
an electromagnetic field is incident upon the surface of the material, its phase velocity
is altered as the material’s electrons are driven to oscillation by the incident field,
radiating their own field in the process. This new field, emanating from each of the
oscillating electrons, obstructs the incident waves. The frequency of oscillation of the
free electrons thus determines the overall effect on the incident wave. For noble metals
the large number of free electrons leads to a high plasma frequency, generally around
1.4x1016 Hz. [165] This means that for incident radiation below this frequency, the
free electrons oscillate fast enough to cancel out the incident electric field, meaning
there is very low field penetration, even up to ultraviolet frequencies. This is the
reason for the reflective surfaces associated with noble metals, and corresponds to a
high imaginary refractive index.

For a material to be able to support plasmonic resonances, one of the the key
necessary parameters is a negative real permittivity. ε′ is negative below the plasma
frequency, indicating the free electrons are oscillating quickly enough to cancel out the
incident waves. Here, permittivity indicates the strength of the relation between an
electric field and the polarisation of the electron population, and the real permittivity
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specifically represents the mechanism of lossless energy exchange between the incident
electric field and the free electron population, essentially determining the ability of
plasmons to couple to incident fields. As materials only have a negative ε′ at energies
below their plasma frequency, noble metals are the only elements capable of supporting
plasmons at visible and ultra-violet frequencies. As a key focus of the research here
is to look towards integrating plasmonic structures into photonic technology, much of
which is based around visible wavelengths, noble metals are the obvious candidates
for investigation. The imaginary part of the permittivity represents the losses in the
energy exchange system; high positive ε′′ values are associated with high damping of
resonant electron-oscillations, and thus low plasmonic activity. With this in mind, the
optical properties, and corresponding dielectric functions for a range of noble metal
data are plotted in Figure 3.5.

Figure 3.5 (a) and (b) show both the real and imaginary components of the com-
plex refractive index and complex dielectric function for Ag, respectively. These are
based on data from Jiang et al. [166], and show why Ag is such a promising plasmonic
material. Figure 3.5 (a) shows that, for the energy range applicable for nanoparticle
plasmonics, Ag has a high extinction factor, κ, and a very low real refractive index, n.
This indicates favourable dielectric properties, namely a large, negative ε′, and low ε′′.
In particular, the low, almost negligible, ε′′ indicates very low losses in the resonant
system, allowing strong plasmon modes to be supported. Figure 3.5 (c)-(g) display
the complex refractive index for Ag, but using data from Jiang, Palik [167], and John-
son and Christy [168]; and for Au and Cu, using data from Johnson and Christy and
Palik, respectively. The dielectric function for each refractive index is shown beside
its corresponding plot, in figures (h)-(l). The different sources for Ag have been pre-
sented as there are some significant discrepancies in the modelled plasmonic response,
depending on which source is used; this is shown in Figure 3.6. Despite only extremely
small differences being seen in the optical and dielectric plots for each Ag source, these
can manifest as large differences in plasmonic response. Overall, is important to note
here that there must be a high κ value for a material to be plasmonic, as this indicates
a high ωp and thus negative ε′ at these frequencies.

Ag is widely known to exhibit the strongest plasmonic coupling of any element,
and this can be predicted from the properties displayed in Figure 3.5. It has a much
higher κ value than either Au or Cu, and, importantly, a much lower n value as well.
It is the difference between these two values that drives ε′ to more negative values.
The fact that n being so low is beneficial is perhaps not immediately intuitive, but
this allows the value of ε′′, indicating the losses in the plasmonic system, to be kept
extremely low. It is also made clear why Au and Cu can only support modes at lower
energies, compared to Ag, as their ε′′ values increase significantly above ≈2.3 eV.

Physically, this increase in ε′′ stems from interband transitions that are preferen-
tially excited by incident radiation, at the expense of plasmon excitation. For Ag,
these transitions exist above 4 eV, so ε′′ remains very low until this point in the spec-
trum, at which point surface plasmons are no longer supported anyway, and the bulk
plasmon regime begins, so it is not a spectral region considered in this work. In fact,
this is the reason that the Drude model breaks down at these energies, as interband
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Figure 3.5: (a) real, n, and imaginary, κ, components of the complex refractive indices for
Ag, based on data from Jiang et al. [166], across an energy range from 0.5-4 eV. (b) real,
ε′, and imaginary, ε′′, components of the complex dielectric functions, corresponding to the
optical data in (a). (c) complex refractive indices, across the energy range appropriate for
plasmonic resonances in this work, for (from top to bottom): Ag, based on data from Jiang
et al.; Ag, based on data from Palik [167]; Ag, based on data from Johnson and Christy, [168]
Au, based on data from Johnson and Christy [168]; Cu, based on data from Palik [167]. (d)
Complex permittivities, corresponding to the data in (c).
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transitions are not accounted for.
The differences between the spectra for Ag in Figure 3.5, based on different data

from the literature, are relatively small. However, even these small discrepancies can
lead to relatively large changes in the calculated plasmonic response of an Ag system.
To demonstrate the effect of different optical properties on plasmonic responses, Fig-
ure 3.6 (a) shows the simulated plasmonic response from a 20 nm sphere composed
of pure Ag, Au, or Cu. As previously, a single electron beam was used to excite
the plasmonic modes, which was incident upon the periphery of each sphere. It is
immediately clear that Ag has by far the strongest dipole response, approximately an
order of magnitude greater than the dipole response of either Au or Cu. The higher
order modes of Ag can also be identified in the smaller, higher energy peak; these
have higher loss probabilities than the dipole modes of Cu or Au.

The quality of a resonance can be quantified using the quality factor, which de-
scribes the level of damping an oscillator experiences in a resonant system. This
dimensionless parameter indicates the ratio of the initial energy stored in the res-
onator, to the energy lost in one radian of the oscillation cycle. Alternatively, it can
be defined as the central resonance frequency divided by its bandwidth, fr/∆f, mak-
ing visual estimations straightforward in many of the spectra presented throughout
this thesis. For surface plasmon resonances, the quality factor can be calculated us-
ing ε′2/ε′′, which, based on the data presented in Figure 3.5, demonstrates why the
plasmonic response for Ag is much stronger than for either Au or Cu.

It thus becomes obvious why Ag is considered the most potent plasmonic element;
an insight well established in the literature. [169,170] The major drawback for Ag is its
tendency to corrode under standard atmospheric conditions, while similar Au struc-
tures will remain chemically unaltered. While there remains some ambiguity about
the exact nature of Ag corrosion in the literature, which will be analysed in chapter 4,
it has been known for many years that corrosion seriously degrades the electrical and
plasmonic properties of Ag thin films and nanoparticles. [171, 172]. This means that
any effective long-term plasmonic Ag structures must be protected from these effects.
There are numerous passivation layers that have been investigated in the literature,
from various dielectrics, to graphene or Au shells [173–175], while single crystals of
Ag have been shown to resist the effects of corrosion for significantly longer than
polycrystalline samples. [176] This all adds extra complications to sample fabrication,
leading to Au being widely viewed as the most facile and promising element for re-
liable plasmonic devices. Gaining a greater understanding of these corrosion effects,
and examining ways to use this to the advantage of plasmonics research, formed the
basis of much of the initial work here.

It is important to note the major issues with the Ag data recorded in the literature.
Common sources such as Johnson and Christy [168] or Palik [167] were found to be
in slight disagreement with each other. Figure 3.5 shows that these differences are
relatively minor, but, while they did not affect the energy of the dipole plasmon mode
for an Ag sphere, it did make a huge difference to the shape and strength of the peak,
and the position of non-dipole modes. The differences are shown in Figure 3.6 (a).

The data from Jiang et al. is also included in this discussion, as they claim
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that the data taken by sources such as Palik, and Johnson and Christy did not fully
or accurately account for atmospheric Ag corrosion in their measurements. They
published their own data in 2015, and followed up with a plasmonics specific paper in
2016, which accounted for the issue of tarnish and compared the differing dielectric
functions across the range of plasmon applicable wavelengths. [166,177] This leads to
a significant shift in the energy of the entire spectrum, including the dipole mode. As
this data was obtained with a specific focus on protecting the Ag from atmospheric
corrosion, and then with a view to highly accurate plasmonic calculations, it was data
was deemed to be more reliable than any other source, so was the sole source used
for the work presented in this thesis.

3.5 Environmental effects

As the LSP exists at the interface between regions of different dielectric functions,
the environment also plays an important role in determining the properties of the
system. As shown in Figure 2.11, the complex refractive indices of the media inside
and outside of the boundary, related to complex permittivities ε1 and ε2, respectively,
are used as the physical basis to define sets of Poisson equations to be solved across
the interface. A simple demonstration of the effect of the dielectric environment is
shown in Figure 3.6 (b), where a constant dielectric function, ε2, is assumed across
the energy range. In general, materials will have an energy-dependent response to
external stimuli, described by a complex dielectric function; this will be important
when looking at core-shell structures in later sections, but vacuum or air (at standard
temperature and pressure) environments can be described using a constant dielectric
value ε = 1, and varying this constant provides a facile way to observe changes in the
plasmonic response.

Increasing ε2 leads to a weakening and red-shift of the dipole mode. This can
most simply be understood by again considering the polarisability of the sphere within
the quasistatic approximation. As the diameter of the sphere is much smaller than
the wavelength of the excitations involved, one can represent the sphere as an ideal
dipole, allowing for fields which vary with time, but neglecting spatial retardation
effects across the volume of the sphere. The polarisation can be defined as

P = 4πε0ε2a
3 ε1 − ε2

ε1 + 2ε2

E0, (3.9)

where the strength of the induced dipole, due to the applied external field, is depen-
dent on the polarisability of the sphere:

α = 4πa3 ε1 − ε2

ε1 + 2ε2

. (3.10)

It becomes apparent that the polarisability experiences a resonant enhancement if
ε1 + 2ε2 is at a minimum value. If Im[ε1] can be considered small or slowly-varying
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Figure 3.6: (a) Simulated EELS spectra from 20 nm spheres made of different elements: Cu,
Au, and Ag. The strength of the plasmon resonance is over an order of magnitude greater
for an Ag sphere, compared to one composed of Cu or Au. Three spectra for Ag are shown,
using dielectric data from three different sources: Jiang [166], Johnson & Christy [168], and
Palik [167]. The difference in Ag spectra highlights the discrepancies between dielectric
data sources in the literature, and how this affects the simulated plasmonic response. (b)
Simulated EELS spectra from 20 nm Ag spheres in environments with different dielectric
constants. An increase in the dielectric constant causes a red-shift and weakening of the
dipole mode.
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over the volume of the sphere, this can be simplified to

Re[ε1(ω)] = −2ε2 (3.11)

which is known as the Fröhlich condition, and the resonance mode it describes is the
dipole surface plasmon of the sphere. This highlights the importance of the dielectric
environment of the nanoparticle, and indicates that an increase in ε2 will lead to a
red-shift in the dipole mode, as observed in Figure 3.6 (b). This sensitivity to the
environment is one of the primary reasons that plasmonic nanoparticles have such
promise as sensors in a range of situations. [178–180] Slight changes in the plasmon
energy, often analysed as an optical absorption peak, can give an indication of the
change in environmental conditions. Using complex, energy dependent dielectric func-
tions for the environment can lead to more drastic changes in the surface plasmon
response of a nanostructure; this will be discussed in more detail in later chapters
considering core-shell particles.

3.6 Coupled systems

Nanoparticles in close proximity can form interacting plasmonic systems, and, when
nanoparticles couple together, the combined plasmonic properties of the system change
drastically. This is well established in the literature for many different interacting plas-
monic systems [40, 181], and for Ag nanoparticles in particular [182–185]. Plasmonic
modes of individual nanoparticles can couple and hybridise to create new modes at
different energies, as described in chapter 1. This is an important consideration here,
as the goal is to model systems comprising many interacting nanoparticles. Figure 3.7
contains simulated spectra from three different Ag nanoparticle systems: an isolated
nanoparticle, a homodimer, and a homotrimer. Each of the nanoparticles is 20 nm in
diameter, and the inter-particle separation is 1 nm for the coupled systems. Individual
beam positions are again coloured to match their energy loss profile in the correspond-
ing spectrum. The same five beam positions are used to form each spectrum, though
the symmetrical nature of each structure means some of the spectral lines are identical.
EELS maps for selected modes are included in the inset for comparison.

The most evident change in the spectra as the system moves from one to three
nanoparticles is the increase in the number of modes seen and the spread across a
wider range of energies. Going from one nanoparticle to two, the effects of hybridisa-
tion can be seen, leading to a much lower energy dipole bonding mode at just above 2.8
eV, and anti-bonding mode at 3.5 eV. The EELS maps are added for these, showing
the concentrated electric fields at the extremities or centre of the dimer, for the bond-
ing and anti-bonding cases, respectively. As discussed, the bonding mode represents
a coupling of individual nanoparticle dipole modes which are in phase. Continuing
the simple picture of charge separation, one can see why in-phase coupled modes,
across chains of molecules with increasing length, will create more stable, lower en-
ergy modes. As with increases to nanoparticle size, where this effect will eventually
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Figure 3.7: Simulated EELS spectra from (top to bottom) a 20 nm AgNP, a dimer with 1 nm
interparticle separation, and a trimer with 1 nm interparticle separation; all nanoparticles
are in air. Each nanoparticle surface is discretised into ≈ 300 boundary elements. The same
beam impact positions were used for each structure, shown to the right of the corresponding
spectrum. The key observation is the red-shift of the longitudinal dipole mode and the
increase in the number of modes, as more particles are added to the system. The charge
distributions and EELS maps for selected modes are added in the inset, and the optical
bright modes are labelled B, with an arrow representing either x- or y-polarisation.

weaken as the charge separations become too large, for coupled nanoparticles, even-
tually the separation between individual elements of the structure can be too distant
to interact. This is the case even if the interparticle separation between adjacent
nanoparticles remains small enough to induce coupling. This effect was examined
in this project, and a chain of 5-10 nanoparticles was found to be the limit for any
near-field interactions to induce a coupled system across the entire range; this limit
depends on the size and separation of the individual nanoparticles. The spatial extent
of the near-field interactions was analysed by Maier et al. through finite-difference
time-domain simulations (FTDT) and experimental analysis; they found that for a
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chain of 50 nm Au spheres, separated by 75 nm on a silica substrate, seven was the
minimum number of interacting nanoparticles needed to provide the maximum shift
in bonding dipole energy. After this, there was no appreciable change in the mode
energy upon the addition of nanoparticles. [186] Overall, this means there is a limit
to how far one can push the bonding mode to lower energies, and how strong that
mode will be relative to the increasingly strong anti-bonding and higher-order mode
contribution to the global properties. For larger assemblies, such as those considered
in this work, it places limitations on how different regions within the larger structure
can interact.

The anti-bonding modes at ≈3.5 eV, which represent a coupling of the out-of-
phase dipole modes, create regions of much smaller field confinement and relatively
large opposing Coulomb interactions between nanoparticles, in the gaps between the
particles, so are of higher energy than their bonding counterparts. Interestingly,
their energy doesn’t change as more particles are added to the system. The peaks
observed in the spectra corresponding to these modes simply represent the same
coupling between each pair of adjacent nanoparticles. There is no summed effect of
having more nanoparticles in the system, unlike the case for the red-shifting bonding
mode. So, there is only one bonding dipole mode in a system, but many anti-bonding
dipole modes. The bulk mode at 3.74 eV is, again, identifiable for all Ag-particle
configurations.

Plasmonic coupling also has a huge effect on the optical response of the system.
There is a possibility of the emergent hybrid modes in the EELS spectrum also being
optically active, if they exhibit dipole properties. In Figure 3.7 the optically active
modes are highlighted by vertical coloured bands through the spectra. The energy
splitting of the x and y-polarised modes is also worth mentioning here. For an in-
dividual 20 nm Ag sphere in air, the x and y-dipole modes are identical due to the
symmetry of the shape; and this dipole mode exists at 3.3 eV, as shown in several
of the previous figures. As explained in section 3.2, the restoring force acting on
the oscillating electrons can determine the mode energy, and, for a chain of coupled
nanoparticles, this restoring force is heavily influenced by the charge distribution of
neighbouring particles. For this reason, in-phase longitudinal oscillations create very
stable charge configurations, manifesting as a low energy x-dipole mode here; while
in-phase transverse oscillations create an optically active dipole mode, but the charge
configurations across the smaller (vertical) distance give rise to a larger restoring force,
and thus a less-stable, higher-energy mode. For the example in Figure 3.7, the dipole
at 3.3 eV for a single particle splits to a low energy longitudinal mode at ≈2.76 eV,
and a transverse mode at ≈3.27 eV. This effect is amplified with an increase in particle
chain length, as seen in the move to a three particle chain in Figure 3.7, meaning a
longitudinal dipole shifts to lower energies, up to the limit of near-field interaction
length, while the transverse dipole energy increases slightly, because as the restoring
force from the neighbouring coupled particles increases, the charge separation does
not.

In addition to the increase in optical modes due to simply breaking the symmetry
of the system, there is a higher energy longitudinal bright mode, just above 3.2 eV,
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which is the result of the hybridisation of higher order modes with similar or different
different order modes, on the opposing particle. The exact combination of modes is
not clear from these simulations, but there are a number of combinations that can
present as dipole-like hybrid modes, increasing the accessibility of a system to optical
stimuli. Importantly, there is an increase in the number of optically available modes
in coupled systems as the modes on each particle couple and hybridise. Creating and
tuning optical modes is a general theme of this research, as it allows access to well
established photonic technologies.

The geometrical effects discussed in 3.3 also play a part in determining the coupled
response of the system. Grillet et al., for example, present their work on coupled
heterodimer pairs of Ag nanocubes, with a focus on the effects of edge rounding,
similar to the discussion in section 3.3, but with a focus on plasmonic coupling. They
observe significant plasmon mode splitting and energy shifts due to non-uniformities in
coupled systems, especially for particles with very small interparticle separation. [57]
In this work, either self-assembled or directly fabricated systems of nanoparticles are
considered, both of which are subject to limits on nanoparticle uniformity. This is
particularly important when complex structures are considered, as in section 3.7.

3.6.1 Interparticle separation

Returning to Figure 3.7, the coupled particles have a separation of 1 nm, and this
interparticle distance is of huge significance when determining the coupling strength,
field enhancement, and overall plasmonic properties of any interacting group of struc-
tures. The dependence of coupling on interparticle separation has been investigated
at length in the literature. [187,188] Tabor et al. observed that the effective coupling
distance is dependent on the size of the interacting nanoparticles, and that there is
a near exponential decay in coupling strength as the relative separation increases.
This was found to be independent of the material, but did vary slightly depending on
nanoparticle geometry. [188] It is broadly accepted in the literature that two particles
can effectively couple for any interparticle separation up to ≈2-3 times the diameter
of the largest particle, after which the particle interactions are negligible [189]. Maier
et al. showed that the interaction strength can be described by d−3, where d is the
interparticle separation scaled to the nanoparticle size, as expected for interacting
dipoles. For example, for chains of 50 nm Au nanoparticles, they found that a sep-
aration of 150 nm was enough to isolate the nanoparticles from one another. [190]
This will be important when considering the effects of many particles interacting in a
complex system in this work, particularly when considering the distances between dif-
ferent regions of a multi-particle structure, such as the separate branches of a dendritic
structure. In addition, self-assembled Ag nanoparticles are seen to fuse together, but
also potentially form a layer of tarnish, which can cause a dielectric layer of varying
thickness to separate the pure Ag nanoparticle cores. This will be discussed in later
sections, and can be predicted to play a key role in determining the coupling, and
therefore plasmonic response, of a multi-particle system.

At separations less than ≈ 0.5 nm, the classical description of interacting plasmon
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modes breaks down. At these distances, and as the separation decreases further,
electron tunnelling plays an increasingly important role up until the point of contact.
The trend of increasing bonding dipole mode strength as particle separation decreases
is reversed at these length scales, where a charge transfer plasmon (CTP) emerges
and becomes dominant. This creates a lower energy dipole mode across the, now
connected, single structure. Excellent research and discussion showing these trends
in Ag nanoparticles in this regime can be found in references [191] and [192]; while
a quantum corrected model for plasmonic coupling is presented by Esteban et al.
in [193]. The key note, relevant to this thesis, is that the, coupled particles behave
increasingly like a single structure as the low energy CTP grows in strength with
decreasing separation, until the point where contact is made and a single structure
is physically created. There is a slight, and interesting, change in behaviour for
particles with small points of contact, which will be discussed further in section 3.7.
It is currently impossible to carry out full simulations for all but the simplest quantum
systems, and thus the classically-based boundary element method used in this work
is not wholly accurate for individual nanoparticles with interparticle separations less
than 0.5 nm; these conditions were not used at any point in the work herein.

3.7 Complex structures and assemblies

It is necessary at this stage to consider more complex structures, and, in particular,
how different geometries for similar structures can alter the plasmonic response, based
on many of the parameters previously discussed. To this end, four cross-shaped
nanostructures were designed and analysed. These were chosen as they display many
of the different properties discussed throughout this chapter, and represent a move to
more realistic physical structures, more akin to the large, complex structures that are
the target for this chapter. The structures and EELS spectra are shown in Figure 3.8.
The crosses are all the same dimensions, 69 nm x 69 nm, but have been created in four
different geometries. These geometries were analysed with a view to potential methods
of nanostructure fabrication: from directed nanoparticle assembly to self-assembly,
and forms of patterning such as lithography or electron beam induced deposition.
The suitability of different fabrication methods is debated at length in the literature.
[194–198] Here, the important concept is the accuracy and fidelity of the structure,
and how subtle variations in similar structures can induce large plasmonic changes.
Nanocrosses have been analysed previously in the literature, as they provide an insight
into many interesting aspects of plasmonics, and opportunities to tune the plasmonic
response; particularly due to the interacting regions of the structure, and the ability
to elicit significant spectral changes depending on the length or angle between the
arms. [199–203]

The first structure in Figure 3.8 is a coupled system of five 22 nm diameter Ag
nanoparticles, each separated by a 1.5 nm gap. Currently, creating this type of struc-
ture is possible using fabrication techniques such as DNA-tethering, [204], chemical
separation of encapsulated nanoparticles [205], or some form of direct patterning.
Seen here are many of the features discussed in the sections on coupled nanoparticles:
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a bonding dipole mode at much lower energy (2.7 eV) than the dipole of an isolated
sphere (3.3 eV), a large, broad peak containing the multitude of coupled higher order
modes, and the ever-present bulk Ag mode at 3.75 eV. While there is a larger number
of particles interacting than previously presented in this work, the principles already
laid out very accurately predict and describe the results.

The second spectrum in Figure 3.8 comes from a single structure: a rounded-edge
cross. Both this and the next (sharp edged) cross are typical of the type of struc-
tures fabricated with modern techniques. [70, 206, 207] The comparison between the
rounded and sharp-edged cross give an insight into the importance of design and fab-
rication for plasmonic tuning. The obvious difference between them is the red-shift
of the dipole mode when the edges are sharp. This can be explained in the same
way as for Figure 3.4: opposing charges are preferentially pinned to different vertices
and edges of a structure, creating larger charge separation and more stable mode
configurations, when compared to smooth or rounded structures. This is seen in the
sharp cross structures analysed by Zhang et al., which are a slightly different cross
geometry to those presented here, but exhibit the same properties. [208] Verellen et
al. present an excellent experimental optical study of plasmonic nanocrosses with
rounded edges, similar to those simulated here. They begin with a simple rod, and
then move to a two rod cross configuration. While they extend their study to analyse
structures with additional arms and then multiple coupled crosses, for the isolated two
arm cross they observe and discuss the plasmonic dependence on the symmetry of the
structure, namely the length of the arms, and the angle between them, highlighting
the opportunity for plasmonic tuning. They also highlight an important point about
the validity of their simulations compared to experimental results, particularly with
regards to the weaker quadrupole mode seen in experimental results. [206] This dif-
ference is ascribed to the presence of defects in the real structures, particularly grain
boundaries, which is important for all plasmonic investigations. Work from Chen et
al. highlights this effect in plasmonic structures, and shows how annealing to increase
grain size improves the quality of plasmonic resonances. [209] More recent work from
Das et al. analysed Ag nanocrosses using STEM EELS and BEM simulations [210],
while Ji et al. present a similar, though simulation based, investigation [60], varying
the arm length to tune the plasmonic response. While the structures from Das et
al. were significantly larger than those presented here, the results from both studies
are similar: there is a strong dipole response for both the x and y axes of the cross
with equal arm length and 90° arm separation, with visible, but much weaker higher
order modes. This is important to note for the potentially broken symmetry and
inhomogeneous geometries of the self-assembled structures considered in this chapter.

The final cross structure was modelled on the real example of self-assembled
nanoparticles analysed here using TEM; these nanoparticles were seen to come to-
gether to form a link at the point of contact, merging into a single structure. For this
cross, there is a very clear red-shift in the lowest energy dipole mode, compared to
any of the previous crosses. This case becomes rather analogous to the work by S.
Kadkhodazedeh et al. [191] and J. A Scholl et al. [192], where they experimentally
observe and analyse the quantum effects of reducing the separation between AgNPs.
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Figure 3.8: Simulated EELS spectra created from a 130 nm × 130 nm mesh of electron beam
impact positions at 1 nm intervals. Each spectrum is from a cross shaped structure, with
slightly different geometries. The top cross is composed of 5 coupled 22 nm AgNPs separated
by a 1.5 nm gap. Below this is a single structure cross with sharp vertices and edges. The
third cross down is a solid structure again, but with rounded edges. Finally, the bottom
cross was designed and created to closely resemble real-world nanoparticle assembly. It has
‘pinched’ connections between 5 nanoparticles forming solid metallic bridges. Schematics for
the charge distributions of the dipole mode on each structure are included in the inset.
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When two coupled particles come into contact, the low energy bonded dipole mode is
replaced by the lower energy charge transfer plasmon (CTP). When this contact point
is kept relatively small, there is a large build up of charges at the particle boundaries,
creating a lower energy mode across the structure. In this regime, the nanoparticles
can act both as individual structures harbouring dipole modes, and particles with a
net charge; the latter being impossible before the point of contact. This leads to a
‘jump’ between the allowed mode of lowest energy after interparticle contact is made.
As the point of contact widens, the lowest energy mode blue-shifts, in part due to
mode decoupling, and the structure begins to act as expected for a single structure.
These effects are unlike those of the standard sharp and rounded crosses, as they have
no charge confinement at small ‘contact points’, and they explain the large red-shift
for the fourth cross geometry.

While various nanocross geometries have been discussed in the literature, no in-
vestigation into nanocross structures comprising individual or fused nanoparticles has
been identified. Crucially, this investigation has again highlighted the difference in
plasmonic response between single and multi-particle structures of the same shape;
reinforced the effects that seemingly small structural alterations, particularly with
regards to vertices, can have on the plasmonic response; and discussed the concept of
a CTP, and charge build-up at particle boundaries around a small point of contact,
and how it can relate to more complex, multi-particle systems, compared to the sim-
ple dimers usually discussed in the literature: significant for the fused nanoparticle
structures in this work.

3.8 Ag corrosion

3.8.1 Core-shell particles

The aim of the work in this chapter was to model small regions of large plasmonic
nanoparticle assemblies, based on real particles and their interactions. For real-world
applications, the corrosion of Ag must be taken into consideration. As discussed,
Ag has the strongest plasmonic response known for any element, but the corrosion
it undergoes in air severely weakens these properties. The isolated nanoparticles
shown in Figure 3.9 consist of a 20 nm Ag core, surrounded by a 1.5 nm thick shell,
with a bare AgNP included for comparison. The choice of the composition of the
various shells was made for a variety of reasons: Ag2S, AgCl, and Ag2O are the
most commonly cited corrosion compounds of Ag [211–213]; amorphous C stems from
experimental observations of a build up of carbon over the structures examined under
an electron beam; finally, the poly(methyl methacrylate) (PMMA) was modelled as
a potential passivation layer to protect the nanoparticles from corrosion. Ag2S and
AgCl data were taken from [211], Ag2O data were taken from [214], amorphous C
optical properties are from [215], and PMMA data comes from [216]. As commented
in section 3.4, the literature contains research on many different passivation layers,
with success in maintaining the desirable plasmonic properties of Ag for up to 30
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days. In this work, PMMA was chosen as it is inexpensive, it is easy to form thin
films of it on structures, and is already used extensively in nanofabrication.

The data shown in Figure 3.9 is original, novel, and key to achieving the aims set
out at the start of the project. All of the following work in this chapter concerning
dielectric Ag-compound shells, and the hybrid particles to be discussed shortly, and
their effects on the surface plasmon response of Ag nanoparticles is previously unseen
in the literature. Analysing the spectra in Figure 3.9, large variations in response
can be seen. The standard, ‘bare’ Ag is simulated in the bottom spectrum, as de-
scribed in earlier sections. In comparison to pure Ag, the Ag-Ag2S core-shell particle
response is quenched. Ag2S will be shown, in research presented in chapter 4, to
be the dominant compound formed in Ag corrosion, explaining why the plasmonic
response of Ag degrades under atmospheric exposure. Most modern analyses of Ag
nanoparticle corrosion show that Ag2S build-up is dominant; this, in addition to the
long-observed quenching of the plasmonic response, meant that Ag2S was expected
to be the compound seen in the EELS corrosion analysis in chapter 4, as will be
discussed.

As discussed in section 3.4, the major factor in determining the plasmonic prop-
erties of a substance is its complex dielectric function. This has been seen here to be
the same for the dielectric shell: the refractive indices and complex permittivities for
each of the Ag compounds are shown in Figure 3.10.

For Ag2S, the imaginary refractive index is much higher than for the other two
Ag compounds, and this drives the imaginary part of the dielectric function at these
energies to higher levels. The imaginary part of the dielectric function represents the
resistance to polarisation in a dielectric, acting to oppose oscillating charges resonating
from the surface of the Ag core. The ε′′ values for Ag2S are even higher than the ε′
values, leading to high extinction of any resonant modes, quenching the plasmonic
response of the Ag core. This is why atmospheric exposure, and the subsequent build
up of sulphide, leads to the degradation of Ag surface plasmonic properties. A hugely
important observation here is that on 1.5nm of Ag2S is enough to almost completely
quench the plasmonic response. This means that even a tiny amount of sulphide
build-up, over a short period of time, is enough to destroy any plasmonic capabilities
one would hope to utilise with Ag structures. Avoiding sulphidation is a difficult, but
now evidently important, task; one could hope to remove all the sulphur from the
atmosphere, a near impossibility for standard laboratories, unless a vacuum is used.
Or, as many groups have attempted, Ag could be passivated and protected directly
from the sulphur in the atmosphere.

Amorphous carbon is another potential issue when it comes to analysing the plas-
monic response of AgNPs in this work, as it readily forms a thin layer on contaminated
AgNPs, under the influence of an electron beam. Unfortunately, as seen in the spec-
trum in Figure 3.9, the plasmonic properties quenched, almost to the same extent as
sulphided NPs. There is a slight red-shift in the available mode, but, again, this mode
becomes very broad and weak when compared to pure Ag.

PMMA is used in many applications, from strengthening glass panes to e-beam
lithography. It was investigated here as it was hoped that the effect on the optical



Figure 3.9: Simulated EELS spectra from a pure AgNP with no shell, and 5 individual
AgNPs, each with a different 1.5 nm dielectric shell. The surface of each Ag sphere is
discretised into ≈ 400 boundary elements, as is the slightly larger sphere surrounding it
representing the shell. The bare AgNP is at the bottom. Above this is the AgNP with a
Ag2S shell, followed by an amorphous carbon coated AgNP, for both of which the plasmon
resonances are broadened and damped almost to the point of non-existence. Following this
is a AgNP coated in poly(methyl methacrylate) (PMMA), which shows a slight red-shift
and slight enhancement in the resonances of a bare AgNP. Above this is the AgCl-shelled
NP, which has a similar, but more pronounced, response. Finally, the top spectrum comes
from an AgNP coated in Ag2O. This shell causes the largest red-shift seen here, and only a
slight weakening of the dipole mode. The optical bright modes are simply the dipole mode
for each particle and are labelled B, with an arrow representing either x- or y-polarisation.
The dipole mode is labelled D and quadrupole labelled Q for the bare nanoparticle. The
dipole mode is the clear peak in each spectrum, while the quadrupole mode is only partly
visible in the bare particle and PMMA-shelled particle. The first Ag bulk mode is labelled
BM, and is the same for each structure at 3.75 eV.
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Figure 3.10: Real, n, and imaginary, κ, components of the complex refractive indices (left),
and corresponding real, ε′, and imaginary, ε′′, components of the complex dielectric functions
(right) for (from top to bottom): Ag2O [214], AgCl [211], and Ag2S [211], with their sources
added here.

properties of Ag would be minimal at these energies, based on its dielectric function.
What is seen is not just a preservation of the plasmon modes, but a slight increase in
the strength of the dipole mode. This, aligned with a small red-shift in mode energies,
opens up the potential for PMMA as a passivation and tuning tool for Ag plasmonics.
The dielectric function of PMMA is generally considered to have no or negligible
extinction factor, imaginary component of the complex dielectric function, at these
energies, making it a prime candidate for maintaining plasmonic properties. [216,217]
As stated, PMMA is cheap and readily available in many nanofabrication labs, so
could resolve many of the issues surrounding current lossy plasmonic devices.

There is still some debate in the literature as to the dominant corrosion mechanism
for AgNPs in the atmosphere. This is discussed in detail in Chapter 4. Here, the effect
on Ag plasmonics can be seen and interpreted. AgCl has a similar effect to that of
PMMA, with a further red-shift of the plasmon mode added to a slight enhancement
of the dipole peak. Ag2O provides the largest red-shift of all the compounds, while
inciting only a marginal weakening of the dipole strength. The differences in responses
here opens up the possibility for chemically tuning the resonance of AgNPs: an en-
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ticing prospect for the development of plasmonic devices, and the central aim of the
work herein. Again, the differences in response can be understood and predicted from
looking at the optical properties of the compounds involved. AgCl and Ag2O have
different real components of their dielectric functions, but the key aspect in retaining
the plasmonic response of Ag is the near zero imaginary component. The results here
show that as long as ε′ is positive and non-zero, even considering the large difference
between AgCl and Ag2O in Figure 3.10, plasmonic modes can still be supported on
the structure provided ε′′ is negligible.

Core-shell nanoparticles for plasmonics have attracted a reasonable amount of in-
terest in the literature, with the majority of this appearing to focus on metallic shells
with either dielectric/ semimetal cores [218–222] or metallic cores [223–225]. This is
perhaps down to the ease of fabricating such structures, particularly the facile depo-
sition of a thin film (shell) of metal, possible for many years. They have shown great
promise for simply gaining a greater understanding of underlying physical phenom-
ena, as in [218], or, more generally, for tuning the plasmonic response. Metal core -
dielectric shell nanoparticles have also been covered in the literature. These usually
utilise an Ag or Au core, but with a variety of different shells seen. [226–229] The work
by Liaw shows that a dielectric shell (ZrO2 or SiO2) on either a Ag or Au core will in-
duce a redshift in the dipole mode, due to the increased permittivity of the immediate
environment of the plasmonic core [226], as detailed here in section 3.5, and as seen
by Ziashahabi et al. for Al nanoparticles with Al oxide shells. [230] Recent work by
Susarrey-Arce et al., which includes an excellent overview of their technique to pro-
duce a huge variety of core-shell compositions, shows that a dielectric shell (Al2O3) on
an Ag core will also elicit a redshift in the dipole mode, with a corresponding enhance-
ment of dipole strength, which increases with an increase in shell thickness. [229] Most
usefully, research directly comparable here is presented by Santillan et al., whereby
they aimed to introduce a method of using optical extinction measurements to de-
termine the size of Ag-Ag2O core-shell nanoparticles. They clearly see that even
for a thin Ag2O shell, the dipole resonance is red-shifted, with a slight reduction in
the FWHM and strength of the mode; these are effects that increase with increasing
shell thickness. The red-shift is again attributed to the increased permittivity of the
immediate environment of the metallic core, while the slight degradation of the reso-
nance peak is due to the non-negligible imaginary part of the dielectric function for
Ag2O. [231] These results are exactly as seen here: the addition of a dielectric shell
will induce a redshift of the dipole mode, the extent of which depends on the dielectric
properties of the shell material. Again, it appears that it is primarily a negligible or
very low imaginary component of the dielectric function is required to maintain the
strong plasmonic response associated with a Ag or Au core. It is also important to
note that in an investigation from Lerem et al., which will be discussed further in
3.8.3, they state that while a dielectric material cannot sustain plasmonic excitations,
the polarisation charges on the surface of a dielectric close to a plasmonic particle
can couple to plasmon resonances, through simple Coulomb interactions, giving rise
to energy shifts and mode hybridisation. [232] This will be particularly important for
the following sections.
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The investigation presented here, into the effect of different dielectric shells com-
posed of Ag corrosion products on Ag cores, has not been found in a search of the
literature. Combined with the general lack of research into metallic core - dielectric
shell nanoparticles and the ever improving capabilities of fabrication techniques, this
suggests much progress is still to be made in this field of plasmonic tuning.

3.8.2 Coupled core-shell particles

Following the work on isolated core-shell particles, we return to examining the effects
of plasmonic coupling between chemically altered nanoparticles. Fused particles, just
as described for the fused cross in Figure 3.8, were simulated with a 1.5 nm dielectric
shell. The Ag itself is not in contact, the bridge between them is made solely of dielec-
tric material, as suggested from TEM studies. The results are shown in Figure 3.11.

The response from coupled NPs with the Ag2S and amorphous C shells is very
similar to the isolated NP case. There is a quenching of the plasmonic modes, meaning
the structures have low potential as plasmonic elements. There is no evidence of
coupling between the particles; optical investigations showed that the broad peak is
dipole in character, but exhibits very weak coupling to incident light. For the three
remaining cases, the observations are much more interesting and promising.

The spheres coated in PMMA, AgCl, and Ag2O all continue the trends shown in
their single sphere counterparts. There is an increasing red-shift for each of the three
compounds respectively, with the strength of the modes remaining relatively consis-
tent. The key differences between these and the bare nanoparticles are the spread in
modes across a larger energy range, and the appearance of additional optically bright
modes. For the bare nanoparticle case, all of the surface modes of the system exist in
a small energy range between 3.1 eV and 3.5 eV.

As highlighted in Figure 3.7, there are nominally three optically bright modes for
a coupled Ag dimer. This number increases for the PMMA, AgCl, and Ag2O covered
particles. The creation of more optical modes is of huge benefit for the vast majority
of plasmonic applications, as they usually utilise optical stimulation and this creates
further opportunities for increasing access to optical coupling.

The additional modes observed are evidently a direct result of the dielectric shell.
For the Ag-Ag2O case, for example, there is an increase in optical activity for the
structure compared to the bare nanoparticles. There are three x-polarised bright
modes and a y-polarised bright mode now available for excitation. These are spread
out over a much larger energy range: from 2.2 eV to 2.9 eV. There is a large red-
shift associated with the Ag2O, in fact the highest energy surface plasmon mode for
Ag2O-covered particles exists at a lower energy than the low-energy dipole mode of
the bare particles. This shifts the energy of the lowest accessible mode comfortably
into the visible region of the electromagnetic spectrum (≈ 564 nm), which makes it
very accessible through common laser technology, while the highest energy mode is
at ≈ 430 nm. This means that all the modes exist in a very promising range, similar
to that of AuNPs, but with the superior plasmonic resonances associated with Ag.
If Figure 3.2 is recalled and considered, the energy of the single optical mode on an
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Figure 3.11: Simulated EELS spectra for Ag dimer coated in a variety of dielectric shells.
Each sphere is discretised into≈ 400 boundary elements, while the shell is made up of≈ 1000.
Whilst carbon and sulphide shells quench the plasmonic response, silver oxide, chloride, and
PMMA shells maintain strong, though red-shifted, resonances, when compared to the bare
Ag dimer. The optical bright modes are labelled B, with an arrow representing either x- or
y-polarisation. The first Ag bulk mode is labelled BM, and is the same for each structure at
3.75 eV.
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Ag sphere can be tuned to a minimum energy of ≈ 3.05 eV, or 405 nm, before the
mode becomes too weak to be of use, as the diameter of the particle approaches 100
nm. Figure 3.3 shows that morphing a 20 nm sphere into a cube of similar size can
shift the minimum energy to 2.93 eV/ 423 nm, while Figure 3.7 shows an even greater
red-shift with the introduction of a coupling nanoparticle, leading to low a low energy
mode at 2.75 eV/ 451 nm. These are the most common methods of plasmonic tuning,
and, in reality, combining these and chemical tuning is the most promising avenue
for not just eliciting a red-shift in the lowest energy mode, but creating a broadband
response with optical modes across the spectrum.

The environment of the system has been seen to play an important role in de-
termining plasmonic resonances, however, here we see an increase in the number of
modes seen with the addition of some dielectric shells. Prodan et al. presented an
array of seminal research into the hybridisation of plasmonic modes, and, in particu-
lar, their work in [35] outlines a model of coupling and hybridisation between modes
on inner and outer surfaces of nanoparticle shells; this effect is discussed in the work
by Zhang et al.. [233] However, this model and subsequent work is based on metallic
shells around dielectric or metallic cores, not the metal-dielectric core-shell particles
investigated here. An exact description of core to shell coupling for these particles has
not been found in the literature; though, there have been limited investigations into
integrating dielectric structures into plasmonic systems. For example, Yang et al. ob-
served hybrid dielectric-metal resonances for Si nanoparticles on a Ag substrate, [234],
Sadeghi et al. looked at an array of noble metal spheres sandwiched between dielectric
layers in terms of an effective dielectric function for the system, [235] and Gutiérrez
et al. recently investigated the use of both metal and dielectric materials to support
plasmonic resonances in the ultraviolet range, finding a number of potential candi-
dates. [236] Colom et al. discussed an extension of the quasi-static approximation
for polarisation, discussed at length in this chapter, to dipolar resonances for par-
ticles with either positive or negative ε′, finding a strong agreement with observed
phenomena. [237]

In the case of core-shell particles presented here, it is probable that the red-shift
of the dipole mode and higher order modes by different amounts creates a mode
spreading effect, and allows more modes to be distinguishable in the spectrum: modes
that were always present but too close in energy to be excited individually. This
will be discussed in the following section, particularly in terms of inhomogeneous
field distributions due to the change in dielectric environment. While this area of
research remains open for some interpretation, for now, this effect does allow ample
opportunity to finely tune the plasmon resonances of a structure through chemical
alteration. The next step of experimental investigation is key here. As many of the
modes exist close together in energy, they will be difficult to distinguish. To aid
this, a monochromated STEM could be used to improve the spectral resolution of
the obtained data. Unfortunately for this work, time limitations meant structures
could not be fabricated and a monochromated STEM could not be used for analysis.
To resolve as many features as possible, Richardson-Lucy deconvolution, as described
in section 2.5.3, was used in the EELS analysis of fabricated structures discussed in
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chapter 5. Here, the experimental resolution achieved was ≈ 0.4 eV, meaning the
two strongest peaks for each of the spectra in Figure 3.11 should be observable, apart
from the Ag2S and amorphous C shelled particles for which only one peak is seen.
The minor peaks will be difficult to resolve as they are considerably weaker, and lie
very close to larger peaks. For the Au structures discussed in section 5.8, some peaks
lie at energies that were too close to the ZLP to be resolved. This is primarily due to
the dielectric properties of the material within the structures, but for the Ag particles
described here, this won’t be an issue on even non-monochromated STEMs.

3.8.3 Janus nanoparticles

An important refinement to the modelling is to consider the inhomogeneous nature
of nanoparticle corrosion, as TEM experiments have shown that the corrosion of a
Ag nanoparticle does not occur uniformly. The details of this are covered in chapter
4, but, essentially, when an Ag nanoparticle undergoes corrosion from atmospheric
sulphur, the build up of Ag2S occurs at lattice defects, which are generally present at
unpredictable positions across the nanoparticle surface. To this end, janus nanoparti-
cles were simulated to assess the effect of only the top half of the particle undergoing
chemical change, as seen in Figure 3.12. Here, the three Ag compounds discussed
previously are used, and the results are similar to the core-shell case, with a few small
nuances. The Ag2S affected particle shows the now expected quenching of plasmonic
modes. The AgCl-Ag and Ag2O-Ag particles continue the trend of a red-shifted dipole
mode, though this shift is even more pronounced, particularly for the AgCl-Ag case.

An interesting and novel result is the emergence of additional modes in the spectra
for AgCl-Ag and Ag2O-Ag particles. Not only the dipole and bunched higher order
modes, typical of the Ag sphere, can be seen here, there are also peaks of varying
strength scattered across the energy range. Importantly, instead of the single optically
bright mode seen in the spectrum of a pure Ag particle, there are two present for each
of the janus nanoparticles. For the Ag2O-Ag particle, the bright modes exist at 2.77
eV and 3.19 eV. This suggests that, potentially, as with the interactions due to the
dielectric shells in 3.11, the different regions of the particle are possibly interacting
and forming a coupled system with hybrid modes.

While there is a reasonable amount of literature on the subject of janus nanopar-
ticles, [238–242] the majority doesn’t concern plasmonic nanoparticles, and, of the
research that does, much is focused on bi-metallic [243–245] or magnetic-plasmonic
[246,247] configurations. For the work on metal-dielectric janus nanoparticles, no in-
depth discussion on the nanoscale emergence dipole red-shifts and additional modes
was found. There are some investigations into hemispherical nanoparticles [152,248],
but they broadly fell into the category of substrate-affected plasmonic systems. With
this in mind, perhaps the most analogous and detailed research currently in the liter-
ature is in the form of substrate-effect investigations. It has long been acknowledged
that plasmonic coupling between nanoparticles and metallic substrates can occur,
affecting the plasmonic spectra; [249–251] while dielectric substrates have also been
analysed and discussed, [252–254] and are generally understood to elicit a red-shift
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Figure 3.12: (EELS spectra from a pure 20 nm AgNP (bottom) and then from three different
janus nanoparticles, split horizontally at the equator. The particles are each discretised into
≈ 300 boundary elements. The janus NPs are composed of an Ag-compound dielectric on
the top half, and pure Ag on the bottom. They are (in ascending order): Ag2S-Ag, AgCl-
Ag, and Ag2O-Ag. The Ag2S causes a quenching of the plasmonic resonances; the AgCl
causes a large red-shift; and the Ag2O causes a large red-shift, and the creation of several
other modes, presumably through some coupling between the different hemispheres of the
structure. The optical bright modes are highlighted.
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in the dipole mode of metallic nanoparticles. It is work by Kadkhodazadeh et al.,
considering 20 nm Ag nanospheres on a range of dielectric substrates, that is most
useful here. They find that a dielectric substrate leads to a red-shift in surface plasmon
modes and an increase in the number and prominence of higher-order plasmon modes,
both of which are dependent on the composition and thickness of the substrate. [255]
This can be understood using the model of a spherical Drude nanoparticle, of per-
mittivity ε1 on a substrate of permittivity εsub, within an environment ε2, using a
quasistatic resonance condition:

ε2 + L‖,⊥(ε1 − ε2) = 0, (3.12)

where

L‖,⊥ =
1

3

{
1−

η‖,⊥
8

εsub − ε2

εsub + ε2

}
,

and η‖,⊥ expresses the degeneracy split of the in-plane, η‖, and out-of-plane, η⊥, dipole
moments, as the symmetry of the system is broken by the substrate. This is similar to
the janus nature of the nanoparticles presented in this thesis. The substrate, therefore,
induces a red-shift in the dipole mode as the resonance frequency shifts from ωp/

√
3

for a Drude particle in a vacuum, to ωp
√
L‖,⊥, where L‖,⊥ < 1/3 for εsub > 1. The

splitting of the in-plane and out-of-plane dipole modes is often only experimentally
observable as a broadening of the dipole peak. [255]

The increased probability of higher-order mode excitation, and larger range of
plasmonic activity is discussed in excellent depth by Lerme et al.. For their inves-
tigation into plasmonic resonances on Ag nanoparticles at different heights above
a dielectric substrate, they describe the dipole red-shift and subsequent increase in
higher order modes and broadband response in terms of the reflected scattered electric
field from the substrate giving rise to large local intensity inhomogeneities. [232] An
increase in εsub, leads to spectral broadening due to: the sequential emergence and
red-shift of additional higher-order excitations, which stem from an increase of the
spatial inhomogeneity of the local near-field intensity; the increase of the substrate
induced energy splitting of degenerate modes; the redistribution of oscillator strength,
between bright modes and modes that were previously dark, for example the higher-
order modes, which cannot be excited in a homogeneous field intensity distribution.
This explains not only the appearance of additional modes in the janus NP spectra
for Ag-Ag2O particles, for example, but also the increase in optically accessible bright
modes. These effects are amplified with decreasing distance between the particle and
the substrate, also based on the fact that the polarisation charges on the surface of a
dielectric coupling to plasmon resonances, which follows a simple Coulomb interaction
depending on the charge separations.

Overall, compared to the core-shell modelled nanoparticles, the janus nature of
these simulations has a relatively minor effect. For understanding large scale assem-
blies, which is the final goal of this work, using the fused core-shell building-blocks
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model, and using the information from these to scale up to larger structures will still
provide the most useful information.

3.9 Conclusion

This chapter introduced many of the essential components for modelling the plas-
monic response of a large multi-particle structure. The importance of nanoparticle
size, shape, composition, and environment were covered and compared to the litera-
ture, followed by a view towards interacting particle systems, including the fusion of
nanoparticles with small contact points, which is oft ignored in the literature, despite
its interesting effect on the plasmonic response. These insights highlight not only the
sensitivity of nanoparticles for plasmonic applications, but also why the manipulation
of these properties to tune plasmonic response is such an active research field.

However, it was the insights into the chemical tuning of real-world assemblies
of plasmonic Ag nanoparticles that were the key novel results here. The potential
to protect Ag nanoparticles from atmospheric corrosion has been a subject of much
interest for many years, as the potential advantages are obvious: lasting access to the
intense plasmonic resonances of Ag. Yet, the much lossier element Au is still dominant
in plasmonic applications and research. A different approach could be necessary, and
was described here. One could embrace the fact that Ag is reactive - the details of
these reactions will be discussed at length in the following chapter - and use this to
tune the plasmonic response. In this work, red-shifts further into visible wavelengths
were observed for even the simplest structures with thin tarnish shells, and this shift
is determined by the chemical properties of the shell. This was understood in terms of
the complex refractive indices and corresponding dielectric functions of the dielectric
shells, whereby a negligible extinction coefficient κ, and thus negligible ε′′, is most
important factor for maintaining or enhancing the plasmonic response of a metallic
nanoparticle. The core-shell structures have been seen to provide an avenue to a high
level of resonance tuning, and access to additional wavelengths applicable to modern
photonic technologies, a key aspect of the research presented here, particularly with
a view to the nanoparticle fabrication discussed in chapter 5.



4 | Electron Energy Loss
Spectroscopy of Ag
and Ag Compounds

4.1 Introduction

The work presented in this chapter initially focuses on the use of EELS to identify and
analyse the corrosion products of Ag nanoparticles exposed to standard atmospheric
conditions. The exact chemical products of Ag corrosion are key to this project,
as they will determine the plasmonic properties of real Ag structures. A second
aim was to determine whether or not the bonding state of Ag could be assigned
using EELS data, specifically ELNES, as the electronic structure of the Ag or Ag-
compounds will ultimately determine the dielectric properties of the sample, and
thus the plasmonic response. There is much debate in the literature as to the exact
products of Ag corrosion, and results here provide an explanation. Finally, an example
of experimental plasmon EELS data is presented to confirm some of the assumptions
used in the plasmonic model in chapter 3.

4.2 Ag nanoparticle corrosion

There have been long-held discrepancies in the literature between groups claiming
different Ag compounds are formed under atmospheric conditions. The primary com-
pounds identified are Ag oxide (AgO and Ag2O), Ag sulphide (Ag2S), and Ag chloride
(AgCl). [211, 256–260] The initial aim here was to therefore determine conclusively
which of the three compounds dominates the corrosion of AgNPs under standard
atmospheric conditions.

Figure 4.1 shows an example TEM image of the Ag nanoparticles typically used
throughout the work here. The nanoparticles were purchased as 20 nm AgNPs from
Sigma-Aldrich, and deposited directly onto a holey carbon TEM grid, at a concentra-
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Figure 4.1: TEM images of Ag nanoparticles drop-cast onto a holey carbon support, from a
citrate stabiliser. The Ag nanoparticles were purchased from Sigma-Aldrich and are typical
of the nanoparticles used throughout this work.

tion 0.02 mg/ml, from a sodium citrate stabiliser solution. Figure 4.1 indicates that
the size distribution was quite large, with a range of ≈ ± 15 nm fairly typical of most
of the clusters observed in each deposition. Having accurately sized particles was
not important for the work presented in this chapter, in fact a range of sizes makes
for a fuller discussion on nanoparticle corrosion; but, moving forward, the size of the
nanoparticle must be well known and controlled if accurate and reliable plasmonic
devices are to be made.

Figure 4.2 shows EELS data from a nanoparticle sample, deposited from a citrate
solution onto a holey carbon support, and aged in the laboratory for 6 months under
atmospheric conditions. Figure 4.2 shows the EELS spectrum containing the S L2,3

peak, the Ag M4,5 peak, but, importantly, no O peaks (typically around 532 eV for K
peak) or Cl peaks (typically around 200 eV for L2 and L3 peaks). This highlights the
fact that there was no O or Cl present on any of the AgNP samples when analysed
here. Apart from a large C signal from the support, only two elements were found
to dominate the spectra: Ag and S. This shows conclusively that S is the dominant
corrosion compound for AgNPs exposed to atmospheric conditions. Even with the
nanoscale resolution used here, the results showed there was no discernible presence of
O or Cl, anywhere on the AgNPs. This is very important for a number of reasons. The
focus of this work is the plasmonic properties of noble metal structures, and, as seen
in Chapter 3, nanoparticles influenced by Ag sulphide have very different properties
to those corroded by O. As AgNPs containing Ag oxide or Ag chloride were shown in



4.2: Ag nanoparticle corrosion 83

Figure 4.2: A core loss EELS spectrum for an aged AgNP sample on a carbon support film
(inset). Highlighted are the peaks from atomic transitions in S, C, Ag, and also where the O
K peak would be, were there any O present in the sample. In the inset is an EELS map of
elemental distributions, highlighting regions of Ag (green) and regions containing S (blue).
The inset also contains a HAADF image of the nanoparticle. Experimental parameters:
Dual EELS; 2cm camera length, 40 µm condenser aperture, 36 mrad collection angle. 165
eV offset, 0.025 eV / channel. Acquisition times: 0.0001s / 0.02s.

simulation to maintain much of their plasmonic character, it was predicted that the
dominant corrosion element must be S, as AgNPs are well known to cease all plasmonic
activity after a short exposure to the atmosphere. In the case of the NP in Figure 4.2,
the atomic composition was calculated to be 22.3% S, 77.7% Ag, using the Hartree-
Slater model, indicating it is not quite a fully sulphided NP. It is again important to
note here that there are potentially significant errors associated with M-edge absolute
quantification using the Hartree-Slater model, as discussed in section 2.5.3. This
means that the absolute quantification may not be a perfectly accurate representation
of NP composition here; however, the important results throughout this chapter are
the general trends and novel observations for EELS data, with absolute values being
useful, but less relevant. The inset of Figure 4.2 shows elemental distributions within
the ≈15 nm diameter particle, indicating the compositions to be largely uniform and
without, for example, a core-shell structure.

A coloured EELS map was created from the EELS spectra at each pixel in the scan
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Figure 4.3: EELS spectrum images for four AgNP samples, aged for six months. Regions
in green represent Ag atoms, while S atoms are shown in blue. The only corrosion product
here is Ag sulphide; there is no O present on any of the aged samples. The corrosion is in-
homogeneous. Experimental parameters: Dual EELS; 2cm camera length, 40 µm condenser
aperture, 36 mrad collection angle. 165 eV offset, 0.025 eV / channel. Acquisition times:
0.0001s / 0.02s.

to highlight regions containing different atoms: this is shown in the inset of Figure 4.2,
with Ag coloured green, and S coloured blue. For this nanoparticle there is a relatively
even distribution of Ag2S across the nanoparticle, however, this is not always the case,
as seen in EELS maps for other nanoparticles in Figure 4.3. Importantly, Figure 4.3
shows that some nanoparticles do not corrode uniformly. As seen in Figure 4.3 (d) the
3 NPs arranged in a line have a very thin sulphide shell which appears consistent on
all three particles; the average atomic composition for the three NPs is 19% S and 81%
Ag, indicating just a thin layer of sulphide around a pure Ag core. In contrast, the
small NP attached to the side of the bottom of the trimer has been totally corroded
to become a Ag sulphide NP. The atomic percentage composition for this NP was
found to be ≈ 45% S, 55% Ag, suggesting that, when considering for the errors is
quantification, the entirety of the NP is now Ag2S.

Figure 4.3 (c) details another notable case, where the corrosion is not uniform
even across a single NP. The top portion has been heavily corroded by the sulphur,
while the bottom portion remains relatively unaffected. It is also useful to consider
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the corresponding HAADF images in the insets of each SI in Figure 4.3. As discussed
in section 2.4.2, HAADF images provide contrast based on the atomic number of
the atoms in the sample; this Z-contrast can be seen in the bright HAADF signal
from regions that contain higher amounts of pure Ag, compared the the lighter Ag2S
regions. Inhomgeneity in AgNP corrosion has been seen elsewhere to stem from
grain boundaries and lattice defects on the surface of AgNPs, which are sites of
preferential Ag2S nucleation. [176] This suggests that unless the structures are grown
to be monocrystalline, the Ag2S build-up is inherently inhomogeneous.

4.3 Energy Loss Near Edge Structure

4.3.1 Ag compounds

EELS edge fine structure can provide useful information on the local environment of
an excited atom, including interatomic distances and symmetries. [261] Of particular
interest here is the information that can be gained about the electronic structures
of a sample and, importantly, the oxidation state of atoms. This can, for example,
distinguish chemically bonded species from physisorbed species, which is essential
in determining the dielectric properties, and therefore plasmonic properties, of the
sample. Chemical bonding would modify the profile of the density of states for the
final states of the electronic transitions, in line with equation 2.4. This will affect the
detected signal, and alter the structure of the EELS edge. This is the basis of energy
loss near edge structure (ELNES) investigations; an in-depth review of the theory and
practice of ELNES can be found in reference [262], while some of the modelling of
edge features are covered in references [263–265]. ELNES of the Ag M edge, extending
tens of eV above the ionisation edge onset, is the focus of the work here.

Figure 4.4 shows the EELS spectra arising from two different Ag nanoparticle
samples which were freshly deposited from a citrate stabilising solution onto a holey
carbon film. Also included are the EELS spectrum images where Ag is coloured
green and O atoms are coloured red. It is immediately noticeable that there is a
significant amount of O present in a shell around NPs on the samples, and an O K
peak present in the EELS spectrum of each one. Importantly, there is no S present in
the EELS spectra for these samples. This is in complete contrast to Figures 4.2 and
4.3, where there is no O peak in the spectra, or O rich regions in the images. The
difference in the samples is the time between deposition and analysis, with the data
in Figure 4.3 being taken several months after deposition, and the data in Figure 4.4
taken within a few hours of deposition. It could be thus be supposed that the corrosion
characteristics are time dependent. An obvious source of O rich contamination is the
citrate stabiliser. This stabiliser is used to stop the AgNPs corroding, and preserves
their size and shape by stopping them aggregating. An example of a plasmonic
analysis of citrate affected AgNPs was found in the literature. It was seen that altering
the ratio of Ag0 to citrate3- in the system shifted the plasmonic resonances to higher
or lower energies depending on the exact ratio. [266] It must be noted here that the
corona observed in Figure 4.4 is almost certainly not representative of perfect citrate
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Figure 4.4: A core loss EELS spectrum for a freshly deposited AgNP sample (inset). High-
lighted are the peaks from atomic transitions in C, Ag, O, and also where the S L2 and
L3 peaks would be, were there any S present in the sample. Experimental parameters: 2
cm camera length, 36 mrad collection angle. Dual EELS 165 eV offset, 0.25 eV / channel.
Acquisition times: 0.005s / 0.5s.

molecules surrounding the AgNP, but most likely an aggregation of organic material
from the breakdown of the citrate molecules under the influence of the electron beam.
There is a large C signal in Figure 4.4, which derives from both the stabiliser and
support, and is not analysed here.

An investigation of the Ag M4,5 edge, assessing the effects of chemical bonding on
the edge structure, was then undertaken. The M4,5 EELS edge stems from atomic
transitions from the 3d electronic subshell. Quantum selection rules indicate that
only transitions from d to p or f states are possible. The ground state electronic
configuration of Ag is assumed to be [Kr] 4d10 5s1, incorporating the more stable
filling of the 4d subshell, at the expense of a half full 5s shell. This leads to the
unoccupied state directly above the Fermi level being the unfilled portion of the 5s
subshell, representing a state which is inaccessible to transitions originating in the 3d
shell. Thus, the Ag M4,5 edge arises from transitions from a 3d state to a state which
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must exist significantly above the fermi energy, manifesting in the EELS spectrum as
a peak with a delayed onset. The density of states for the final state of the excited
atom contains a prohibited region just above the fermi energy, meaning there is no
immediate, sharp peak, as is the case with L edges, for example. These conditions
imply a low chemical sensitivity for the M4,5 edge, and explains why the majority of
literature concerns the L edge excitations to s and d states near the Fermi energy.
However, even though those edges are sharp and contain much chemical information,
they have lower cross sections and lie at significantly higher energies, so require greater
electron dose to obtain a strong signal, leading to potential issues with sample beam
damage. The M2 and M3 edges, which can be seen at slightly higher energies, just
under 600 eV in Figure 4.4, can include transitions to the s or d states near the Fermi
energy, though these have lower cross sections and contain significantly less signal,
making them extremely difficult to use for ELNES. The M4,5 edge has a large cross
section and, in contrast to the M2 and M3 edges nearby, dominates the spectral region.
This makes it a suitable candidate for ELNES, because, as will be shown here, the
peak is, in fact, sufficiently sensitive to the atomic environment of the Ag atoms for
useful information to be obtained.

EELS data was acquired for multiple samples of four Ag compounds: AgCl, AgO,
Ag2O, and Ag2S. Standard samples of each compound were purchased from Alfa
Aesar in powdered form. The powder was deposited onto Cu TEM grids, and analysed
immediately in the microscope. The spectral region surrounding the M edges is shown
for several data sets of each compound in Figure 4.5. It was seen that the exact
stoichiometry was quite variable, with different regions of the same samples having
different compositions. It is worth noting that many of the AgO datasets appeared to
tend towards Ag2O, in some cases this transition was seen to potentially be accelerated
by exposure to the electron beam. This can be seen in the similarities between the
spectra for low O percentage AgO samples and all of the Ag2O samples. Specifically,
a slight blue-shift in energy can be seen for the Ag2O - O K peak; this peak will be
discussed in detail in section 4.3.3.

For each of the spectra in Figure 4.5, the Ag M4,5 edge actually begins at about
360 eV, but shows the characteristic delayed onset to around 390 eV. The spectra have
all been normalised with respect to their own maximum values, to aid comparison,
given the differences in signal from samples of various thicknesses. There is a trend
towards the appearance of the pure Ag signal, as the sample is chemically reduced.
The pure Ag sample has a distinct peak and trough at the point of highest intensity
for the M4,5 edge. The peak and dip at 440 eV is a useful spectral fingerprint for Ag0:
it could be used to quickly assess the oxidation state of Ag atoms in a sample. The Ag
M4,5 edge becomes more rounded and loses the characteristic bump at 440 eV if the
oxidation state increases, as a result of an alteration of density of states of the allowed
empty orbitals, due to interactions with the ‘new’ bonded atoms. For example, in the
lowest spectral line of the AgO spectrum in Figure 4.5, the Ag M4,5 edge is round and
relatively featureless; this is the spectral line representing the sample with the highest
level of O. As the metal is reduced, the spectral lines tend, in appearance, towards that
of the pure Ag signal at the top of the spectrum. This represents a gradual chemical



Figure 4.5: EELS spectra collected from (top to bottom): Ag2S, AgCl, Ag2O, and AgO
standard samples, focusing on the region of the Ag M4,5 edge. Despite the data coming
from standard samples purchased from Alfa Aesar, there was slight variation in composition
from different regions of the sample. This was due to the reduction of unstable compounds,
beam damage, low quality samples, or a combination of these. The sample pertaining to the
lowest percentage of Ag is at the bottom, and the data tends towards higher Ag compositions
as it moves up the figure. Pure Ag data is included above each group for comparison.
Experimental parameters: Dual EELS, 2 cm camera length, 40 µm condenser aperture, 36
mrad collection angle. 180 eV offset, 0.25 eV / channel. Acquisition times: 0.0002s / 0.1s.
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reduction in Ag oxidation state from 2+ to zero. This trend is repeated for all four
compounds, and can thus be used as a tool to determine whether Ag is chemically
interacting with other elements present in a sample.

There is remarkably little data on Ag EELS edges in the literature, and the M
edges have proved unpopular even within that limited field. One useful source of
pure Ag EELS data comes from the EELS Atlas provided by Digital Micrograph. In
this, the example spectrum for pure Ag is identical to that presented here. Some brief
work with EELS was carried out in the early 1990s by Paolucci et al., in which similar
features can be identified from their limited data on Ag, Pd, and Rh. [267] Their data
for Ag is not particularly clear, though they discuss the trends that should be seen
in both Ag and Pd spectra, with the Pd spectra in particular displaying exactly the
characteristic double peak noted here. Thus, for comparisons with previous work,
the field of x-ray absorption spectroscopy (XAS) is the most useful option. X-ray
absorption near edge structure (XANES) works in a similar same way to ELNES, but
with x-rays used as probes instead of electrons. The ionisation edges of EELS spectra
are analogous to the absorption edges in XAS. The reader is directed to reference [268]
for a view of XANES theory, and [269] for a very detailed XAS based examination
of, among others, transition metal oxides, which contains a lot of useful information,
relevant to the work throughout this chapter. Looking to XANES data, there is,
again, not a great deal of attention given to this region of the Ag spectrum. The
oxidation state of Ag has been analysed using XANES, but this has generally focused
on the L edges [270, 271]. Paolucci et al. do, however, present XAS results for M
edges, showing exactly the features described here for pure Ag, suggesting the peak
and valley feature stems from the separate peaks for the spin-split M5 edge (3d5/2

initial state) and the M4 edge (3d3/2 initial state) at a slightly higher energy. [272]
The allowed final states, from the ∆j = 0,±1 selection rule, for the M5 transitions are
of p3/2 character. For the M4 transition, the allowed states can be either p1/2 or p3/2,
though the ∆j = 0 transitions are predicted to be very weak in comparison. This
means the M4 edge shape is dominated by the form of the LDOS from p1/2 states,
while the M5 peak is governed by p3/2 final states. Similar features were observed in
the literature in spectra collected from a MgO-Ag film at different points, where the
edge rounding is attributed to the presence of Ag2O. [273]

Using the AgNP samples shown in Figure 4.3, the EELS fine structure can be
assessed to see if the discussed observations for the Ag M4,5 are present in corroded
nanoparticle samples. Figure 4.6 shows the spectra arising from EELS data from
specific regions of AgNP samples. The top spectral line is a reference for pure Ag,
in green; the middle spectral line is for a corroded region with a large S signal, in
blue, below this; and at the bottom, data from a region showing negligible S signal,
also in green. The SI is shown in the inset, with the regions highlighted in the colour
corresponding to their spectral lines. The characteristic bump in the Ag M4,5 edge
can be seen for the EELS data from the uncorroded AgNP, however, the Ag M4,5

edge for the NP with high S content shows the peak rounding now associated with
chemically bonded Ag. This confirms that the oxidation state of the Ag atoms has
changed, and that the S is chemically bonded to the Ag here.
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Figure 4.6: EELS spectra from a (bottom) uncorroded region of an aged AgNP (EELS
image in inset); (middle) data from the corroded region from an aged AgNP; (top) a pure Ag
spectral line. Specifically the Ag M4,5 edge, beginning at ≈365 eV is shown. The uncorroded
region displays a peak and trough within the Ag M4,5 edge, typical of pure Ag atoms. The
corroded region of the same AgNP has an Ag M4,5 edge that shows the smoother, round
structure associated with chemically bonded Ag atoms. Experimental parameters: Pure Ag:
2 cm camera length, 40 µm condenser aperture, 36 mrad collection angle. Dual EELS 165
eV offset, 0.25 eV / channel. Acquisition times: 0.005s / 0.5s. Corroded NP: Dual EELS;
2cm camera length, 40 µm condenser aperture, 36 mrad collection angle. 165 eV offset, 0.025
eV / channel. Acquisition times: 0.0001s / 0.02s.

4.3.2 Physisorbed O

Looking towards samples that do contain O signals, the aim was to identify whether
the O was chemically bonded to the AgNPs, or merely present on the surface of the
sample. The EELS spectra from the AgNP sample in Figure 4.7 shows that the Ag
M4,5 edge is that of pure, unbonded Ag, very different to the rounded edges of the
AgO and Ag2O standards. This proves that the O is not chemically bonded to the
Ag, so the electronic and plasmonic properties of the sample will not be that of Ag
oxide, but of pure Ag, in an O rich environment.

If one was to characterise this sample using a technique which does not account
for these subtle electronic changes in the Ag, but merely identified the presence of
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Figure 4.7: EELS spectrum data in the region of the Ag M4,5 edge, from two freshly prepared
AgNP samples (bottom two spectral lines, EELS images included in inset); also from an
Ag2O and AgO standard sample. The shape of the Ag M4,5 edge shows that the AgNPs
comprise pure Ag0. Experimental parameters: Ag2O / AgO: Dual EELS, 2 cm camera
length, 40 µm condenser aperture, 36 mrad collection angle. 180 eV offset, 0.25 eV / channel.
Acquisition times: 0.0002s / 0.1s. AgNPs: 2 cm camera length, 40 µm condenser aperture.
Dual EELS 165 eV offset, 0.25 eV / channel. Acquisition times: 0.005s / 0.5s.

Ag and O on the sample, then, along with the knowledge that Ag corrodes almost
immediately in air, it is clear that an erroneous identification of Ag oxide may be
made. Even using high resolution EELS images, as in Figure 4.4, it could be assumed
that a shell of Ag oxide had formed. This is perhaps the reason that oxide structures
are so often identified in the literature, when high resolution EELS has conclusively
shown that oxides do not form on AgNPs under standard conditions.

It is reasonable to assume that the shell derives from the citrate stabiliser, and
that it provides some protection to atmospheric effects. In fact, shells such as this
have been seen in the literature, and the plasmonic properties of AgNPs within similar
encasing materials, as discussed in chapter 3, have been analysed, showing promising
results for maintaining, or even improving on, the attractive qualities of Ag. [266,274]
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However, in this work, the instability of the organic layer under the electron beam
made plasmonic data collection extremely difficult. A film of amorphous carbon
was seen to have formed over the AgNPs, which has major effects on the plasmonic
response, as seen in sections 3.8.1 and 3.8.2, and as will be discussed in section 4.4.

4.3.3 O K edges

In analysing whether a sample comprises Ag oxide, or merely contains O atoms that
aren’t bonded to the metallic nanoparticles, the O K peak can be used. The O K peak
stems from inner shell 1s transitions to p shells, and exists between 520 eV and 540
eV, just above the Ag M4,5 edge. It contains much less signal than the Ag M4,5 edge,
but is still very distinct, with no delayed onset. Just as the bonding state of the Ag
atoms altered the final density of states for the electron transitions, the bonding state
of the O atoms alters the overall energy of the peak. Changes in the O K peak have
been used for many years to quantify and measure subtle modifications in materials,
as this edge is known to be sensitive to chemical changes. [275–277].

The EELS data in Figure 4.8 shows a shift of ≈ -9 eV for the O K peak, to 522 eV,
when the O is bonded in AgO and Ag2O samples. For the AgNP case in Figure 4.8,
where O is also present in the spectrum, the O K peak sits at the usual energy of
just over 530 eV. This reinforces the assertion that the O on these samples does not
form an Ag oxide at any stage. The O containing shell is present on the AgNPs for
some time after deposition, but will almost immediately begin to degrade, allowing
atmospheric S to bond to lattice defects, creating Ag2S sites. An example of the data
sets from Ag oxides and AgNPs + O shell is shown in Figure 4.8.

It is clear from Figure 4.8 that the AgNP samples contain an Ag M4,5 edge identical
to that of pure Ag, unlike that of the oxide samples, and that the O K peaks are
unshifted. To confirm this observation, some ethanol (C2H5OH) was added to an
Ag oxide sample to see if both an Ag oxide peak and an isolated O peak would be
observed in the spectrum. While the ethanol is expected to evaporate, it will leave
behind some organic material, similar to the organic shell seen on fresh NPs deposited
from citrate stabilisers. In Figure 4.8 the two K peaks from bonded O and unbonded
O can clearly be seen at their expected energies. This new Ag oxide sample registered
a very large O % composition, however, it can now be seen that a significant part of
this must come from the organic molecule present on the sample. In addition, the
appearance of the Ag M4,5 edge is tending towards the pure Ag edge seen in the AgNP
samples, and away from the smooth, rounded edge of the Ag oxide standards, despite
the oxide and ethanol mixture registering a similar O composition.

There is an abundance of research into O K peaks in both EELS and XANES, and
an excellent, and recent, review of O K peak analysis using XANES can be found in
reference [278]. Bukhtiyarov et al. examined the O K peak of Ag2O using XANES,
and presented very similar energy shifts to those seen here. [279] The -9 eV shift for
the Ag oxide O K peak is due to transitions into molecular Ag-O π∗ and σ∗ orbitals.
The higher energy O K peak on the AgNP samples must then stem from O in the
Na3C6H5O7 (citrate stabiliser) molecule. The presence of a small peak on the low-
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Figure 4.8: Ag M and O K EELS edges for (from bottom to top), AgNP samples ×2, Ag2O,
AgO, and a mixture of Ag2O and an oxygen rich organic compound. The shape of the Ag
M4,5 edge shows that the AgNP samples are composed of pure Ag0 atoms. All the samples
have an O K peak, but the peak energy indicates whether or not the O is bonded to Ag. In
the case of the AgNP samples, the O K peak is at its usual energy, i.e. without a chemical
shift. For the Ag oxide samples, the O K peak is shifted by -9 eV, due to the effects of
bonding with Ag atoms. For the Ag2O and organic solution sample, both O K peaks are
seen: the lower energy peak stemming from O bonded to Ag, and the higher energy peak
from the organic molecules. Experimental parameters: AgO / Ag2O / Ag2O & Organic:
Dual EELS, 2 cm camera length, 40 µm condenser aperture, 36 mrad collection angle. 180
eV offset, 0.25 eV / channel. Acquisition times: 0.0002s / 0.1s. AgNPs: 2 cm camera length,
40 µm condenser aperture. Dual EELS 165 eV offset, 0.25 eV / channel. Acquisition times:
0.005s / 0.5s.

energy shoulder of the O K peak could be indicative of the behaviour of molecular
O on the sample, which will be discussed further, though it is very unlikely that this
is chemically bonded to the Ag given its weak signal, and the appearance of the Ag
M4,5 edge, as discussed.

It is known that as the oxidation state of a transition metal increases, the energy
of the O K peak decreases, [280] consistent with Figure 4.8, and as seen throughout
the experiment, where a very subtle shift to lower energies was seen for the O K peak
in AgO, compared to Ag2O; this shift is significantly smaller and more difficult to
distinguish than the large, 9 eV, shift discussed previously.
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There are also a couple of interesting points to note on the structure of the region
surrounding the O K edge. The first is the different shapes of the O K edges between
AgO and Ag2O. The AgO samples with considerable O content consistently showed an
extremely steep initial O K edge, with a very low gradient decline on the high energy
side. Examples of this can be seen in Figure 4.5, for the AgO standard samples. In
contrast, Ag2O O K peaks were well defined but the low energy side of the peak was
not as abrupt and steep as that of AgO, and they had a similar peak gradient on
both sides for all samples. As the percentage composition of Ag increases in the AgO
samples, the spectra tend towards the appearance of Ag2O, as would be expected.
This could be a useful initial tool in analysing which oxidation state an Ag oxide
sample is in.

For many of the AgNP samples, there is a small pre-peak just before the O K peak,
at ≈ 528 eV. This can be seen particularly in the top AgNP spectral line in Figure 4.8.
It was claimed in 1997 by Wirth, that the existence of this peak prior to the O K edge
was present only in minerals containing OH– groups or molecular water. [281], and
that it could be used as a method to determine the OH– or water content of materials,
particularly by analysis of the ratio of this peak to the O K peak. This would be a
useful addition to the claim that the O in the spectra came from a sodium citrate
compound (Na3C6H5O7), which contains one OH– group. Subsequently, however,
independent experimental work by Jiang and Garvie [282,283], backed up by density
functional theory (DFT) calculations from Winkler et al. [284], has shown that the
likely cause of this pre edge peak is the presence of molecular O2, liberated from the
sample due to electron beam damage. This would fit the explanation given previously,
for the presence of lower energy transitions into (anti-bonding) π∗ and σ∗ molecular
orbitals. It is notable that this smaller peak is never seen in the Ag oxide samples,
even though the experimental approach was identical so the beam exposure is the
same. As discussed, the sample composition did tend towards that of pure Ag if the
beam was allowed to rest on the sample for a period of time, however, as the O K
peak for the oxide samples is shifted to lower energies, it would fall right on top of
the liberated O2 peak; so the molecular peak for O2 and Ag oxide may be present,
but unresolvable for these samples.

Finally, for the AgO samples, a very subtle shift in the O peak energy and ap-
pearance is seen in Figure 4.5, as the percentage composition of Ag increases. The O
K peak onset becomes less steep and shift by ≈ +2 eV, meaning the spectra become
indistinguishable to those for Ag2O. This is presumably due to a move towards a
dominant Ag2O composition, and as the oxidation states of the molecules change,
so comes the slight energy shift and ELNES changes. AgO is the less stable version
of Ag oxide, so is expected degrade significantly quicker than Ag2O, explaining why
these changes occur.

4.4 Plasmon EELS

While the core-loss data was taken for AgNP samples to assess their composition,
low-loss data was also obtained in order to analyse the plasmonic response. The aim
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of this portion of the project was to compare the experimental EELS data with that
of the modelled structures detailed in Chapter 3. The AgNP samples were prepared
as before. Considering the presence of the organic shell, of particular interest was
the effect this has on the plasmonic properties of Ag. It has been long established
that the natural corrosion of Ag quenches the plasmonic response completely, but the
corona was seen to act as a passivation layer, for at least a day, to protect Ag from
the effects of what was determined to be atmospheric S.

Simulated structures were created to closely match the size and arrangement of
the randomly aggregated AgNPs. The comparison between the experimental data
and simulated data is shown in Figure 4.9.

The experimental EELS spectrum is shown above the simulated spectrum for an
AgNP trimer on a holey C substrate. The experimental data shows peak broadening
of the plasmon modes. As this data was analysed within a few hours of deposition,
it can be assumed that the issue was not to do with Ag2S mediated degradation of
the Ag. Instead, this issue is attributed to the organic corona that surrounds the
newly deposited NPs. As with many organic molecules, the citrate is seen to ‘crack’
under the influence of the electron beam, creating a shell of amorphous carbon. The
broadening and quenching of plasmonic modes in this region fits exactly with the
model for a thin shell of amorphous C covering the AgNPs, as shown in Figure 3.9.

The broadened experimental peak is in exactly the right energy region, matching
the simulated peaks. While the experimental EELS spectrum shows no discernible
difference between different plasmonic modes of the trimer, the EELS images do
illuminate the changes in electric fields on the structure at different energies. In the
inset of Figure 4.9, some EELS maps for different energies are included from both
the experimental and simulated EELS data. The main change that can be seen is
the shift in electric field position from the extremities of the structures (the bonding
dipole mode) to the interparticle gaps (anti-bonding dipole mode) at higher energies.
This fits expectations set out in chapter 3 for particles in close proximity.

Research into plasmonic nanoparticle trimers can be found in the literature [285,
286]; particularly useful for the discussion here are references [287] and [288]. In
the work presented by Scholl et al. [288] into Ag trimers, the lower energy mode
highlighted at ≈ 3.05 eV in Figure 4.9 is analogous to what they identify as the electric
bonding mode, which exhibits strong dipole coupling, with electric field distribution
geometry similar to the bonding dipole resonance seen for dimers, as discussed as part
of the hybridisation model in Figure 1.4. Barrow et al. assign this to an E’ mode
representation within the D3h symmetry group, for which the trimer in Figure 4.9 can
be approximated. The higher energy peak highlighted at ≈ 3.35 eV actually comprises
a number of higher order modes, but is particularly dominated by an in-plane, radially
symmetric dark mode in which all induced dipoles are directed toward the centre, as
also seen in references [287] and [288], and which is similarly assigned an E’ mode
representation.

Overall, the results here mean that the amorphous C shell has broadly the same
negative effect on the plasmonic properties of Ag as atmospheric corrosion. A balance
must be struck between ridding the AgNPs of the organic corona, but not allowing



96 Chapter 4: Electron Energy Loss Spectroscopy of Ag and Ag Compounds

Figure 4.9: Experimental (red) and simulated (black) low loss EELS data, showing the
plasmonic response of an AgNP trimer. The broadening of the experimental data suggests
the AgNPs are coated in a layer of amorphous carbon. However, in the EELS images included
in the inset for two spectral peaks, the plasmonic activity can be seen to mirror simulated
behaviour for a low-energy bonding dipole mode, and a higher-energy anti-bonding dipole
mode. Experimental parameters: 2 cm camera length, 40 µm condenser aperture, 36 mrad
collection angle, 0.025 eV/ channel. 100 × 100 pixels for 5 Å2 pixels. 0.01s acquisition time,
5 acquisitions per pixel. Simulation parameters: Each nanoparticle was made up of ≈ 600
boundary elements. A mesh grid of electron beam impact positions was used, with a beam
impact every 1 nm across the entirety of the 50 nm2 area.
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atmospheric degradation to take effect, before in-depth EELS analysis of pure AgNPs
can occur. While graphene has been shown to have promise as a passivation layer to
preserve plasmonic properties [174, 289], unfortunately amorphous C does not share
the same potential. The dielectric function of amorphous C has a high imaginary
component at these wavelengths [290], damping the plasmonic response on the surface
of the Ag. These results verify the predictions made using simulated models in chapter
3.

4.5 Conclusion

The work in this chapter uses experimental techniques to expand on the theory and
simulations presented in chapter 3. Core-loss EELS data show that Ag2S is the
compound which forms on AgNPs exposed to standard atmospheric conditions. There
are no Ag oxides or chlorides present on aged AgNP samples, up to 6 months of
ageing. The growth of Ag2S is seen to be inhomogeneous, presumably mediated by
lattice defects on the surface of Ag structures, and is predicted to continue until, given
enough time under atmospheric conditions, the entirety of the Ag has reacted. As seen
in chapter 3, even a small amount of Ag2S is enough to kill the plasmonic response,
meaning that even quick or low exposure to S will be detrimental to Ag plasmonic
devices. Many of the particles observed after 6 months have become completely
sulphided, meaning they are now dielectric nanoparticles, and will have no plasmonic
properties whatsoever; this is expected to eventually be the case for all AgNPs given
a long enough exposure to S.

The literature has many instances of claims of Ag oxides being the dominant
compounds formed in atmospheric Ag corrosion. A potential reason for this was
identified as coming from an O containing corona which surround AgNPs deposited
from a common citrate stabilising solution. ELNES analysis of the Ag M4,5 EELS
edge was used to create a method to determine whether an oxidation state change
had occurred, elucidating whether Ag atoms are atomically bonded to other elements,
important for determining dielectric properties of a sample. It showed that the O
seen in these samples was not in fact forming an Ag oxide; it was merely present, but
chemically isolated from the Ag, on the surface of Ag structures. Furthermore, a large
energy shift of 9 eV was found for the O K peak when O was present on the surface of
the sample, compared to when it was bonded to Ag atoms. This adds further weight
to the assertion that Ag oxide is never present on any of the AgNP samples analysed
at any time. Subtle differences in the O K peak appearance between Ago and Ag2O
were identified, which could be used as a rudimentary check to assess the oxidation
state of an Ag oxide compound.

The work here builds on the work in chapter 3, using experimental evidence to
validate the simulation models and use novel insights to addressing some long-standing
issues in the literature. It highlights the importance of understanding the chemical
properties of a sample, and presents new ways to determine these. As ever, it leads
to many new questions, particularly concerning the chemical doping and plasmonic
analysis of AgNPs, which presents opportunities for future research.



5 | Focused Electron Beam
Induced Deposition

5.1 Introduction

The constant drive for smaller components in the microelectronic and data storage in-
dustries has led to a boom in the field of nanofabrication over the last few decades. Of
the many nanofabrication techniques, focused electron (/ion) beam induced deposi-
tion (FEBID) has been shown to have potential for accurately creating nanostructures
without the technical or financial overheads of traditional electron beam lithography
techniques. Simply, a gas-phase organometallic precursor material is injected into a
SEM chamber, where it dissociates under the influence of the electron beam, leaving
a localised, 3D metallic deposit on a sample’s surface. An in-depth review of the fun-
damentals underpinning much of the field can be found in references [291] and [101],
of which an overview of the key components specific to this work will be provided in
this chapter.

The aim of this portion of the project was to fabricate 3D nanostructures with
strong plasmonic responses. FEBID was chosen as it allows for the accurate fabrica-
tion of nanoscale structures in both two- and three-dimensions, useful for analysing
fundamental properties and interactions across plasmonic structures. FEBID is fast
and facile compared with more common lithography techniques, making it useful for
prototyping complex plasmonic systems. There have been extensive investigations
into two-dimensional plasmonic structures, from regular nanoparticle arrays to frac-
tal structures. [70, 292–294], but investigations branching into three-dimensions have
been limited, largely due to the difficulties in fabricating complex 3D geometries. 3D
structures have, however, recently been fabricated and analysed utilising a number of
different methods [151,295,296], and have been seen to exhibit enhanced light confine-
ment and field enhancement for use in applications such as SERS. [89, 293,297,298]

The initial work presented in this chapter concerns the characterisation of Pt
and Au structures deposited via a newly installed FEBID system. Electron beam
parameters were investigated and analysed with respect to deposited structures, to
determine the optimum conditions for accurate fabrication. While FEBID offers high

98
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performance concerning the resolution and design control of nanostructures, a major
limitation is the purity of the material deposited. Common precursors used for Pt
or Au depositions will generally lead to structures comprising ≈ 10 to 40% of the
desired metal, with the remaining volume made up of by-products of the precursor
decomposition, mainly carbon. As discussed at length throughout this thesis, the
dielectric function of a material is a key determinant of its plasmonic properties, so
integrating a large amount of carbon into a metallic nanostructure distorts its overall
dielectric function, and hugely diminishes its plasmonic, and electronic, capabilities.
With this in mind, an important aim of this work was to add a purification method to
the fabrication process to increase the purity of the metallic samples. The second part
of the chapter concerns the introduction of an H2O injection system, to inject H2O into
the vacuum system during deposition, in order to remove some of the excess carbon,
leaving purer samples, based on the work in [299], for Au FEBID depositions. Finally,
an analysis of the composition and plasmonic response of the deposited structures,
using EELS, is presented, followed by a discussion on the results of post-deposition
annealing as a nanostructure purification method, with a particular view to structural
changes.

5.2 Nanostructure growth

During FEBID, an organometallic molecule injected into the vacuum chamber will
decompose into many potential products under the electron beam. Of these, a lone
metallic atom is the most desirable for the deposition, but many by-products may
also be present in the fabricated structure. There are also a large number of potential
interactions that may occur during the deposition process, such as surface sputtering,
stimulated desorption, and polymerisation, in addition to the interaction this work is
based upon: precursor dissociation. Each of these interactions is defined by an energy
dependent cross section. It is important to note that it is not usually the primary
electron-beam electrons which dominate the molecular dissociation process; in fact,
the cross sections for dissociation events are extremely low at the keV beam-energies
normally used in FEBID, so it is the lower-energy secondary electrons (SEs) emitted
from the sample that have the greatest effect on growth. [300, 301] For this reason,
the resolution of the depositions depends not only on the incident electron beam and
precursor molecules, but also on the substrate, and, for 3D structures, the material
previously deposited. [302]

The primary electron interaction volume, the region of secondary electron emis-
sion, as shown in Figure 5.1, strongly influences the dynamics of the deposition,
and can extend over tens of nanometres. At low incident beam energies, there is a
much higher rate of SE generation within the volume of the substrate, as shown in
Figure 5.1 for 100 nm of Si, leading to a higher precursor dissociation rate and an
increased area of deposition on the surface. Nevertheless, extremely high patterning
resolutions have been achieved using appropriate substrates and beam energies: for
SEM-based FEBID, a resolution of 3 nm was achieved for a Pt deposit on a thin
carbon substrate using a 30 kV beam energy, while for STEM a sub-nanometer (0.72
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Figure 5.1: Schematic of electrons incident upon 100 nm of Si, based on the simulation of
100,000 electron interactions using the CASINO [303] software package. The colours repre-
sent the energies of the electrons, with green corresponding to electrons with incident energy,
i.e., primary electrons, or those which have passed through the Si without interacting or hav-
ing been elastically scattered, and red corresponding to lower energy secondary electrons.
Three electron energies were simulated: at 5 kV the vast majority of the electrons are scat-
tered within the Si, generating lower energy secondary electrons. For a 15 kV beam there
are fewer secondary electron generation events, and for 30 kV there is very little secondary
electron generation for this sample configuration.

nm) W deposit on a Si3N4 membrane has been created. [304,305]
Models of deposition growth are in relative infancy, with much scope to improve

the understanding of growth dynamics within a FEBID system. Generally, a contin-
uum model based on Langmuir adsorption has been used to describe the build up of
monolayers of deposited material. A very detailed overview of this type of model can
be found in reference [306], and further work on multilayer systems by Sanz-Hernández
and Fernández-Pacheco [307], following the original approach presented by Kusunoki
in 1974, [308] can be used to better understand the process. Details of these models
won’t be covered here, but it is useful to discuss the behaviour of the FEBID system
in terms of key parameters, often referred to as characteristic frequencies, which have
been developed alongside these models. In this case, the evolution of the system is
governed by:

(i) the frequency of gas adsorption:

νgas =
sF

N0

, (5.1)
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(ii) the frequency of of gas desorption for the first monolayer:

νd1 = ν0 exp

(
−Es
kBT

)
, (5.2)

(iii) the frequency of gas desorption for subsequent monolayers (i ≥ 2):

νdi = ν0 exp

(
−Ei
kBT

)
, (5.3)

(iv) the frequency of electron induced dissociation of previously adsorbed molecules:

νe = σJ, (5.4)

where s is the surface sticking coefficient, F the precursor flux, N0 is the number of
available sites, ν0 is the thermal desorption attempt frequency, E is the desorption en-
ergy, T is the temperature, kB is Boltzmann’s constant, σ is the molecule dissociation
cross section, and J is the electron flux density.

These parameters make it easier to describe the evolution of the system, and
determine the growth conditions. A schematic of the competing processes is shown in
Figure 5.2. The growth conditions are of paramount importance in determining what
kind of structures may be fabricated; in particular, the growth rate of a structure, i.e.
the rate of molecular deposition at a point directly under the electron beam, is the
key parameter around which most of the fabrication is based, and this is determined
by the rates of the competing processes in the system.

The growth rate will clearly be one of the most important considerations when
fabricating structures using FEBID. Considering the steady-state solution, still within
the Langmuir model and under the condition of no diffusion, the evolution of frac-
tional surface molecule coverage, θ, can be described by:

∂θ

∂t
= νgas(1− θ)− νd1θ − νeθ. (5.5)

The corresponding growth rate (GR) can be defined as h(t, r), a deposit height at
a time t and distance r from the centre of the electron beam, and is proportional to
the amount of precursor and the frequency of electron induced dissociation:

GR =
∂h(t, r)

∂t
∝ θνe. (5.6)

Depending on which rate dominates the deposition process, there are three primary
growth regimes. In the mass-transport limited (MTL) or precursor-limited regime,
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Figure 5.2: Competing FEBID processes. Precursor molecules adsorb on the substrate
surface, where desorption or surface diffusion can occur. Under the influence of the fo-
cused electron beam, adsorbed precursor molecules are dissociated, with some amount of
the volatile organic material being desorbed, and then removed by the vacuum system.

the gas is depleted much faster than it is replenished; electron induced dissociation
is the dominant mechanism: νe >> νd + νgas. This regime is characterised by an
initial period of rapid growth, preceding a slowing growth rate as the gas is depleted.
The growth rate will then be very sensitive to the gas flux, and can be described
approximately as the rate of precursor injection: νGR ≈ νgas. In contrast, the des-
orption dominated (DD) regime is dominated by thermal desorption; the growth rate
is therefore very sensitive to thermal fluctuations in the system. The final regime is
reaction-rate limited (RRL). In this regime the gas flux is kept high, to keep the gas
depletion low, νe, νd << νgas. This regime is attractive from a fabrication standpoint,
as it is easy to control the growth rate, which depends on the electron flux: νGR ≈ νe.
The RRL regime is the optimum regime for accurate fabrication control, so, as will
be discussed alongside the results, was the regime strived for in this work.

Diffusion of molecules across the substrate is not considered in the DD and RRL
regimes, as there is not a considerable adsorbate concentration gradient, so the growth
rate can be considered constant. This means the fabrication growth can be consid-
ered linear with time. It is in this way, through knowledge of the substrate, beam,
environment, and precursor, that deposition rates can be predicted, and input into
an electron microscope as coordinated beam dwell times, so accurate structures can
be built up. The latter part of the discussion here was also based on recent work in
reference [88] on building complex 3D structures using FEBID, which the reader is
directed towards for greater detail on the topic.
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5.3 Precursors

The work contained within this chapter focuses on the deposition of Pt and
Au; the precursor molecules used for these are the organometallics MeCpPt(Me)3,
trimethyl(methyl cyclopentadienyl)platinum(IV), and Me2Au, dimethylacetylaceto-
nategold - (CH3)2Au(C5H7O2), respectively. They are commonly known for their
very low purity of deposition product in FEBID, and large carbon content. Typi-
cally, the composition of FEBID deposits using MeCpPt(Me)3 will be in the region
of 15-20% Pt. [309–311]

Me2Au comes from a class of precursors known as acetylacetonates or, occasion-
ally, β-diketonates. They are characterised by very stable ligands, which form a six-
membered flat, aromatic ring complex. The structure leads to charge delocalisation
across the molecule, and this serves to increase stability. This stability is not necessar-
ily conducive to a good precursor material, so the volatility can be increased by fluori-
nation to form the more reactive trifluoroacetylacetonate (tfac), CF3CH3Au(C5H7O2),
or even hexafluoroacetylacetonate (hfac). A more in-depth discussion of the chem-
istry of these, and many other precursor, molecules can be found in a recent paper
by Barth et al. [312] FEBID of these molecules leads to slightly better purities than
for the Pt structures, anywhere from 25 to 60% Au, depending on the exact condi-
tions. [309, 311, 313, 314] However, the altered molecules are more toxic, which must
must be taken into consideration when determining which molecules to use. In this
work, the Me2Au(acac) was used throughout, and one aim of the study was to deter-
mine if an intra-deposition purification method could be used to bring the deposition
purity in line with, or above, that of the more reactive precursors.

In general, a precursor should have a high probability of sticking to the surface, and
then remain there long enough to be dissociated. However, decomposition products
other than the metal should desorb quickly and easily, to be cleared out by the vacuum
system. These are often conflicting requirements, so a balance must be reached.
The precursor should be volatile, so it will dissociate easily and as completely as
possible. This necessitates that the precursor complex be uncharged and not easily
polarisable, since a strong dipole moment will hinder the dissociation dynamics. [291]
The deposition of neutral, or low charged, central atoms in a complex will, in general,
lead to higher purity metal deposits. [291] Having a high sticking probability, however,
calls for exactly the opposite properties, as polarised molecules will be more likely to
stick to the substrate as stable deposition products.

Interacting electrons can fragment the molecules at a number of different molecu-
lar bond sites, creating multiple by-products. The volatile molecules that are ideally
left after this fragmentation process are easily desorbed from the substrate/structure
surface; however, there is a chance that elements which are stable at the deposition
temperature, such as carbon or most metals, will have a much lower desorption proba-
bility, and will stick. Purer materials can thus be obtained when the electrons initiate
a chemical reaction, releasing the desired atom, but then do not fragment the volatile
by-products before they are completely desorbed. Low electron densities should, in
theory, allow for better control of this process and produce purer structures. In this



104 Chapter 5: Focused Electron Beam Induced Deposition

way, not only are the initial precursor properties vital, but so too are the properties
of the remaining compounds; the manipulation of these via control of the number and
energy of interacting electrons, and the presence of any additional reactive agents in
the system, is an important consideration for the FEBID process.

5.4 Purification techniques

A number of methods to increase the metallic content, and reduce the carbon content,
have been discussed in the literature. High quality cleaning, and the use of an ultra-
high vacuum system have long been shown to increases the purity of depositions,
by simply reducing the amount of contamination in the system. [315] However, the
choice of precursor is the most significant factor in sample purity. In particular, the
use of inorganic molecules can remove the presence of many polymerisable ligand
atoms, such as C, associated with impurities in final depositions. For example, using
Pt(PF3)4 as the precursor for Pt deposition has been reported to produce Pt purities
of over 80%. [316] Such options for precursors are almost always difficult to stabilise
and handle, and are less common for many desirable deposition products. A promising
alternative is to purify FEBID depositions. For an overview of pre-, intra- and post-
deposition purification methods, broken down into in and ex situ techniques, the
reader is directed towards reference [317].

Post-deposition purification is often the most straightforward, as no changes need
to be made to the deposition system. The most common purification method is to heat
the fabricated structures post-deposition. [318] Annealing in an oxygen environment
removes carbon content as CO2 that can be pumped away; success with this technique
has been demonstrated both with the use of a heating filament and by using the
electron beam itself to anneal structures. [319–321] Botman et al. present a useful
discussion on the post-deposition purification of both Pt and Au FEBID structures
in reference [322]. Other techniques include pulsed-laser driven oxidation reactions,
and oxygen-plasma treatment. [323–326] The key aspects of these techniques are an
element of heating, initiating the breakdown and desorption of the C matrix within the
structure, the presence of a reactive substance to draw out the C from the structure,
or, most beneficially, a combination of both. There are, however, drawbacks to post-
deposition purification. Any ex situ processes can expose the sample to atmospheric
contamination, complicating the purification process. In situ techniques are therefore
preferred, though there is still the major drawback of huge deformation associated
with post-treated samples. Winkler et al. published results which are relevant to
the discussion here: they transfer Au FEBID depositions to an environmental SEM,
and anneal the pre-deposited structures under an electron beam in the presence of
H2O, at 0.1 mbar pressure. They see massive increases in the Au composition of the
material, but their method does require the transfer of samples, additional equipment,
and there is deformation of the structures as the C is removed. [297] Removal of large
amounts of C can shrink structures drastically, possibly even causing them to collapse
altogether. If a structure does hold its size and shape to some extent, then there will
be large voids left within its volume. These have varying effects on the properties of
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the depositions, but will almost certainly have a negative effect on the electrical, and
thus plasmonic, properties, when compared to bulk material. [317,320,322,327–329]

Intra-deposition purification methods can thus be seen as preferable, as the purity
of the structure will be determined directly during the growth process, leaving no
voids or matrix defects. There are three main intra-deposition purification methods
to discuss here. The first, and easiest, parameter to control is the electron beam,
and it has been shown that higher beam currents will lead to purer depositions.
[311, 319, 330, 331] Interestingly, the exact reason for this increase in purity is not
immediately clear in the literature. One of the major issues is the need to know the
growth regime within which the deposition was made, and this is very rarely made
clear in published works; often groups will identify the fact that the beam current
has affected the sample composition, but not address the underlying reasons. Koops
et al. report that there is an enhanced build up of metallic crystallites at high beam
currents, hypothesising simply that the close packing of these crystallites makes for
purer structures, with less room for by-product deposition with the structures. [311]
Botman et al. provide a couple of reasonable explanations for the effect, however.
They first identify that higher precursor fluxes tend to lead to larger nanocrystals
or grains being formed. With this in mind, as the beam current is increased, the
total electron dose is kept constant, so the total time of exposure is reduced, always
shifting the system into the MTL or precursor-limited regime. This would lead to
larger metal crystallites forming, presumably at the expense of C, in the structure
matrix. Along with this, the higher beam current breaks the precursor molecule into
more, smaller fragments, which would be less stable and thus desorb more easily. The
second potential effect relates back to much of the discussion in the previous section:
the increased beam current heats the system. Just as in a post annealing step, the
heating will help to overcome the energy barrier required for the less stable by-product
desorption, as opposed to pure metal desorption, resulting in structures with higher
metal content. [317]

Though increasing the electron flux has great potential for increasing the purity
of the structures in this work, it must be considered with respect to the achievable
resolution. If the flux increase is driven by a reduction in the primary beam energy,
the resolution will drop considerably. If the flux increase is driven by increasing the
beam current, and the MTL regime is dominant, then the resolution will drop, due
to preferential deposition at the edges of the beam.

Intra-depositional heating has also been commonly identified in the literature as a
method for increasing the purity of the sample. [309,332] It follows exactly the same
theory and mechanisms outlined previously, so will not be repeated here. It does
however lead to a lower yield of metal, as the potential for metal desorption is also
increased. In addition, diffusion effects become important, meaning the fabricated
structure may be less well defined, and can be less stably bonded to the substrate.
Interestingly, for some molecules, including MeCpPt(Me)3, there is an element of
disagreement in the literature, as heating the substrate during deposition has been
reported to have no effect on final composition. [317,333]

The most pertinent purification method for the work in this thesis is the use of
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Figure 5.3: FEBID structure growth, with intra-deposition purification induced by adding
a reactive gas, in this case H2O. The H2O reacts with the organic products of precursor
dissociation, allowing them to be removed more effectively by the vacuum system. This
leads to lower deposition of C, and higher purity Au depositions. Inset left: structure of the
dimethylacetylacetonategold molecule. Inset right: examples of structures fabricated during
this project, using this method.

a reactive gas in the deposition chamber. A reactive gas, usually O2, H, or H2O, is
pumped into the vacuum chamber during the deposition to react with the unwanted
by-products, to form molecules more likely to be desorbed. The technique used here
is based on recent work from Shawrav et al. [299] They describe a method whereby
H2O is pumped into the system during the deposition of Me2Au(tfac), increasing the
purity of deposited samples from ≈ 20% Au to 90% Au, leading to high-purity Au
structures, with strong plasmonic properties. Figure 5.3 shows the FEBID process
with the added purification step. This method was identified as the most useful given
it allows for a single-step deposition of very pure structures, suitable for the plasmonic
applications considered in this work. It allows for an avoidance of the structural
deformation common in post-deposition purification techniques. It also allows for
the optimisation of the beam parameters with deposition rate and resolution as the
key concerns, knowing a high purity sample should be attainable for the majority of
configurations.

5.5 Optimisation of beam parameters

An important part of FEBID is optimisation of the electron-beam parameters that
will be used to create structures. These parameters are, in general, independent of
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the precursor material used; that is to say the optimal conditions for the deposition
of Pt structures will be the same for the Au, and vice-versa. This extends to the
introduction of the H2O as a secondary injected gas. The beam will be a major
factor in determining many of the limitations of the deposition. In particular for this
work, the lateral resolution of the deposition, the deposition rate, and the quality of
the deposition were analysed as a function of the beam energy and current. Beam
energies of 5kV, 10kV, 20kV, and 30kV were selected, with 3-5 pre-set beam currents
analysed for each, across multiple investigations.

5.5.1 Deposition resolution

The resolution of patterning the deposited material can be thought of in two ways: the
in-plane and out-of-plane. In-plane resolution refers to the footprint of the deposition
on the substrate, while the ability to determine the exact height of the deposition is
the out-of-plane resolution. The height can, in theory, be determined down to ap-
proximately a monolayer of material, depending on the growth parameters described
in section 5.2. The lateral resolution, however, will be determined by the size of the
beam probe at the surface of the substrate, and of the 2D projection of the secondary
electron interaction volume, at the point of deposition. A low beam voltage will lead
to a larger probe, and a larger secondary electron volume above the substrate, so
leads to a decrease in the resolution of the depositions. Simply, the minimum size
of deposited material increases, as the beam energy decreases; this is shown in the
investigation presented in Figure 5.4.

Figure 5.4 (a) shows a number of Pt point-depositions made at different beam
currents and energies, by holding the electron beam at one position for 60 seconds.
Three beam energies were used, with 5 kV at the top, 10 kV in the middle, and the
bottom row of depositions occurring at 30 kV. From left to right for each deposi-
tion, the current is decreased. It can be seen that low voltage, high current is the
combination leading to the largest deposition footprint, it leads to a greater amount
of material being deposited in the same amount of time. Investigations normalised
for electron exposure confirm this. The irregularities seen in the depositions, par-
ticularly for the 5kV beam, are essentially just an outline of the electron probe. At
low energies, aberrations in the beam, as discussed in section 2.4 become much more
substantial, leading to a distorted beam. [105,334] The substrate in Figure 5.4 (a) is
a thin film of ≈ 30 nm Si3N4, meaning the interaction volume of the beam within the
substrate doesn’t change substantially depending on the beam energy, unlike using
a bulk substrate. At these low energies a relatively large, irregular probe was used,
which determines the shape of the deposition, as outlined here.

The beam current has a smaller effect on the in-plane resolution; the current can
affect this, but it is generally dependent on the growth regime, as discussed in 5.2. If
the current is high enough, even for a deposition normalised for total electron dose,
the rate of precursor replenishment may lag behind the deposition rate, leading to a
shift to a precursor-limited regime and resolution degradation. This is seen for both
the Au and Pt precursors.
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Figure 5.4: (a) Au FEBID point-depositions, for 60 seconds, on a Si3N4 membrane, at a range
of beam energies and currents. The most reliable, highest resolution deposition comes from
the high energy-low current regime (30 kV - 21 pA). At low beam energies, the probe, and the
interaction volume for secondary electrons generated in the substrate are largest, resulting in
the largest deposition footprint. (b) A selection of FEBID depositions, 500 nm2 by design,
at a range of beam energies and currents. As with (a), the highest fidelity depositions
occur at 30 kV, 21 pA beam parameters. For high currents, the structures are extremely
irregular, as the electron flux is much higher than the rate of precursor replenishment in
the region of the deposition. (c) AFM data for a range of FEBID depositions, and (d)
the corresponding height measurements. The growth rate depends on numerous factors,
particularly the beam parameters and substrate, and then is dependent on the growth regime.
In this case the regime was expected to be electron-limited for depositions 2, 3, and 4, while
the non-uniformity of deposition 1 at the edges stems from a shift to the precursor-limited
regime.
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5.5.2 Deposition rate

Understanding the growth rate of a structure, under various conditions, is essential for
accurate fabrication. The growth rates for different beam parameters were studied, as
detailed in Figure 5.4 (b), (c), and (d). There are two important factors to consider
here: a lower beam energy will lead to a greater number of secondary electrons being
produced in the substrate, and thus a higher deposition rate, and a higher current
will lead to a greater electron dose: both increasing νe in equation 5.5, and leading to
a higher growth rate. It was found, and can be seen in Figure 5.4, that the increase
in beam current is the dominant effect here. The 30 kV-high current combination will
produce a higher deposition rate than that for 5kV and the respective highest current.
This is mainly due to the fact that the currents are set for each energy, and each of
the corresponding seven ‘spot sizes’ increase slightly as the beam energy increases.
An additional effect in Figure 5.4 (b) is the substrate being a thin film of Si3N4, so
the interaction volume, and thus secondary electron creation as described in 5.1, is
not playing as variable a role compared to deposition on a bulk substrate. The effects
of changing substrate will be discussed in section 5.6. For now, it is important to
appreciate that νe represents the secondary electron flux in the system, so depends
directly on the substrate properties; for a thin film there is less secondary electron
generation, so νe is lower than for a bulk substrate.

An interesting outcome here was the appearance of higher edges around the sides
of depositions undertaken for a longer time, such as the largest deposition and AFM
trace in Figure 5.4 (c) and (d). This can be explained by the shift to the precursor
limited regime due to the precursor being depleted for long depositions: the precursor
accumulated during the initial stage of running the precursor with no electron beam,
in order to build up as much precursor at the deposition site as possible, has been
exhausted, and the MTL regime commences as the electron flux continues regardless.
It is also due to the larger secondary electron generation from the growing structure,
as opposed to just the thin membrane, also adding to the rapid depletion of the
precursor. This effect can also be seen in Figure 5.4 (b), where the structures built
under currents 3 and 4 have strong edge features. As discussed in section 5.2, this
regime leads to uneven growth, particularly around the edges of the structure as
the precursor is exhausted across the scan range. The deposition rate was seen to
have varying levels of dependence on a number of additional factors such as chamber
vacuum quality, levels of substrate charging, and focus of the electron probe. In
general, the growth rate, equation 5.5, for Au on Si3N4, the key consideration for
developing and analysing plasmonic structures in this work, was determined to be ≈
8×10−2 nm3s-1.

5.5.3 Deposition accuracy

The final deposition property to be assessed was the overall quality of the growth
product. This was a more qualitative analysis, based on the appearance, accuracy, and
uniformity of the structures, when compared to the input design. All the parameters
were standardised for each deposition. It can be seen from Figure 5.4 (b) that there is
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a significant difference in the structures, depending on the energy and current of the
electron beam. At low beam energies there is a larger footprint for the depositions, and
they stray further from the idealised size and shape, i.e. a simple square, but with some
3D height determined by the specific beam parameters used. There are other effects
that become more apparent at lower beam energies, particularly sample charging. As
more SEs are being emitted at lower beam energies, the sample can quickly become
positively charged; this can lead to instabilities in the beam position, leading to
inaccurate depositions. It could also lead to charged precursor fragments moving
unexpectedly on the substrate, increasing their diffusion or causing by-products to
adhere to the surface, for example, and thus affecting the deposition. As the current
increases, the structures become less uniform; this is as a consequence of the regime
shift towards MTL, as discussed in section 5.2, and the inhomogeneity in the precursor
pressure across the volume of the deposition, as the precursor is depleted faster than
it can be replaced under the high electron flux. This is particularly noticeable for all
the depositions at the highest current for each beam energy; the products are lumpy
and uneven, as can particularly be seen from the ‘stripes’ that stem from the raster
pattern of the beam, compared to the much smaller and more uniform squares seen for
low currents. The trends identified here can be seen in the literature; in particular,
reference [335] presents a thorough discussion on the fundamentals and difficulties
associated with growing accurate and reproducible structures using FEBID.

Overall, the important result and consideration from this portion of the investi-
gation was the understanding that the greatest reliability and accuracy in fabrication
comes from using the highest beam energy and lowest current possible. This brings
its own issues as running the microscope at these extremes can make general opera-
tion and imaging more challenging, primarily due to the extremely low signal in these
conditions. The low signal makes imaging and therefore accurate focusing difficult,
which will determine the resolution, but, if carried out correctly, it is clear that the
fabrication is much improved at 30 kV and 21 pA. Examples of structures fabricated
on Si3N4 under these conditions, are shown in Figure 5.3.

As a final note, it is useful to discuss the effects of beam instabilities in the de-
position process. Hysteretic effects in the lens system of an SEM make it vitally
important that the probe is set up and focused, then allowed to settle, then refocused
and allowed to settle again, before deposition. For the equipment used in this work,
it was necessary to take at least 30 minutes for the optics to settle, or the depositions
could be very erratic as the beam wanders across the substrate. Stage drift is regu-
larly mentioned in the literature, though lens stability is less-often discussed; but, it
was seen to be a key contributor to deposition accuracy throughout this work.

5.6 Substrate effects

Though the theory of why the deposition varies with substrate is well understood,
documentation of the exact differences between substrates appears to be limited. In
general, a denser or thicker substrate will cause more secondary electrons to be gener-
ated, over a larger dissociation interaction volume, which will increase the deposition
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rate provided there is enough precursor available. A simple test was therefore under-
taken, whereby a series of depositions were made across the boundary from a thin
Si3N4 film, to a bulk Si substrate; point depositions were chosen to analyse the change
in resolution due to substrate changes, as in section 5.5.1, and a 500 nm square was
selected to analyse the changes in growth rate of a larger deposition. The results are
shown in Figure 5.5.

Figure 5.5: (a) SEM images of Pt FEBID depositions on both a thin (≈ 30 nm) Si3N4
membrane and a bulk Si substrate. The beam parameters for the depositions were at either
30 kV - 21 pA, or 10 kV - 7.5 pA, and were all normalised for electron dose. (b) Height
data for the depositions, from AFM analysis, corresponding to the similar lines on the SEM
image. For the 30 kV - 21 pA depositions, there is a significant increase in deposition volume
for the Si substrate depositions, as there is a greater volume of secondary electron generation,
leading to more precursor dissociation and deposition events. This is not the case for the 10
kV - 7.5 pA beam, due to the fact that the deposition is already precursor limited, regardless
of substrate.

Figure 5.5 shows depositions at 30 kV - 21 pA and 10 kV - 7.5 pA on either a 30
nm Si3N4 membrane or a bulk Si substrate. The electron dose has been normalised
for each deposition, to allow the effect of each substrate to be assessed as a function
of beam energy. For a 30 kV, 21 pA beam, the deposition volume increases as the



112 Chapter 5: Focused Electron Beam Induced Deposition

deposition position is changed from Si3N4 membrane to the bulk Si substrate. This
is just as expected for an increased interaction volume leading to an increase in sec-
ondary electron generation, thus a higher deposition rate, as outlined in 5.1; similar
simulations undertaken for the Si and Si3N4 substrates used here confirm the subtle
difference in secondary electron generation between the two. It is interesting to note
that the higher deposition rate only appears to be relevant for the 30 kV electron
beam, as opposed to the 10 kV electron beam also analysed. This is probably due to
the fact that the deposition was already precursor limited for the 10 kV case, so the
additional secondary electrons generated in the Si substrate don’t lead to an increase
in precursor dissociation events. With an increase in precursor flux, it can be assumed
that the same effect would be seen for the 5 kV case as well. From Figure 5.5, it can
also be seen that the footprint of the point depositions increases significantly, for both
beam parameters, when the deposition is on the Si substrate compared to the Si3N4

membrane. This is for the same reason, an increased secondary electron interaction
volume, and is an important consideration where high resolution is required.

5.7 Purification in practice

In this work H2O was used as a reactive agent during the deposition, to remove un-
wanted by-products from precursor dissociation. The water injection system utilised
a Kleindiek injector mounted on a nanomanipulator. It was pre-filled with deionised
H2O, and the valve opened incrementally according to the desired water pressure re-
quired; the amount of water in the system was measured using the changes in vacuum
pressure in the SEM chamber. The nanomanipulator moved the position of the nee-
dle with nanometer precision to the desired region of the substrate, while the water
valve was operated with angström level precision, giving high levels of control over
the water pressure; chamber pressure changes of ≈ 1×10−6 mbar could be induced
by the addition of H2O using this system. An example set-up of the injection system
layout is shown in Figure 5.6, showing the Au-GIS needle entering from the top-left,
the Kleindiek H2O GIS needle entering the image from the bottom, and an array of
depositions at a point between them.

The position of the metal GIS above the sample, if too distant, has a large effect on
the precursor flux at the position of the probe, so will impact the growth regime. For
this work, a position ≈ 30 µm from the substrate surface was used for all depositions.
It is worth noting that the actual precursor flux at the point of deposition is not known
exactly, and depends on a number of factors including the amount of precursor in the
crucible and the base vacuum pressure. Similarly, the position of the H2O GIS is
important, as it needs to be as close to the deposition point as possible to ensure
the greatest flux of H2O; in reality this flux at the point of deposition is not known
exactly, but is roughly estimated and tracked using the overall chamber pressure, as
seen in the literature. [299] As can be seen in Figure 5.6 there is a hole in the Kleindiek
injector that, by design, the electron beam should pass through to the deposition area
beneath. In this work, the need to have the substrate close to the metal GIS, which
has a set injection angle, and at a reasonable working distance from the pole piece
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meant that it wasn’t feasible to use the system in this way. As the exact flux of
H2O is undefined, this doesn’t affect the purification technique, because the injector
is brought to a position close to the deposition point and floods the area with varying
amounts of H2O, with a relatively high tolerance for minor changes in position.

Figure 5.6: Overview of the metal-GIS and water-GIS system for intra-deposition FEBID
purification, with a range of depositions shown in the magnified section.

5.7.1 Intra-deposition water injection

The effect of varying the water pressure on the composition of the deposits was in-
vestigated. Initially, an array of 1 µm long lines, were deposited onto a Si substrate
at either 5 kV or 30 kV; the deposition time and beam parameters were kept con-
stant for each energy. The base pressure of the chamber was 1.16×10−6 mbar, and
the water was injected to create chamber pressures from 2×10−6 to 6×10−5 mbar. A
cross section was made using a Xe plasma FIB and standard protocols [336,337], and
EELS was then performed on the sample to ascertain the composition. The results
are presented in Figure 5.7.

As discussed, results from the literature, particularly reference [299], suggest that
an increase in water pressure can lead to an increase in Au content, as more by-
products can be removed from the system. However, this is for the more volatile
tfac molecule. The investigation here was to determine whether the same process
could lead to a significant increase in the purity of Au deposits using the standard
acac molecule. The results in Figure 5.7 show that this is not the case. The EELS
quantification was carried out as described in section 2.5.3, but fitting for Au, Pt, and
C to calculate their relative contributions to the EELS spectra. The same margins of
error associated with this method and the Hartree-Slater model apply as discussed,
but, again, they give a good estimation of sample purity. There is no strong correlation
between the water pressure and the purity of the deposited structures; this is apparent
regardless of the beam energy used. The water pressure here was limited to lower
maximum values than the 2.2×10−4 mbar achieved by Shawrav et al. by the trip
levels of the instrument; but even at levels for which they saw significant increases in
Au purity, 20% increase in Au content at 7×10−5 mbar, there was no such correlation
seen in this work. The reason behind this is presumably the lower reactivity of



Figure 5.7: (a) Au composition data for a FEBID structures deposited on an Si substrate,
with a range of H2O pressures. (b), (d) SEM image of some of the depositions analysed at 5
kV and 30 kV, respectively. (c), (e) higher magnification TEM image of a cross section for
depositions at each energy, with the typical EELS scan area highlighted in red. Also included
are corresponding false coloured EELS maps, comprising overlaid maps of Au highlighted
in green, Pt in red, and C in blue. Experimental parameters: Each spectrum was acquired
twice, to account for the huge difference between the positions of the Au and Pt M peaks,
and the C K peak, to allow all the elements to be mapped in the same spectrum image;
both were Dual EELS acquisitions, both with a collection angle of 36 mrad and 2 cm camera
length, at 1 eV / channel. SI 1: 900 V offset; acquisitions: 0.0005s / 0.5s. SI 2: 300 V offset;
acquisitions: 0.0005s / 0.02s.



5.7: Purification in practice 115

the precursor molecule, and particularly the by-products of molecular dissociation.
Clearly, they are not reacting with the water molecules in the same way as the tfac
molecule used in the literature, and are thus not being removed to the same extent.

It is useful to briefly note the differences between the depositions at 5 kV and 30 kV,
here. The depositions were designed to be 1 µm long and 100 nm wide. As discussed
in section 5.5 and seen in Figure 5.1, the greater secondary electron generation and
interaction volume leads to much larger depositions for the 5 kV beam in Figure 5.7,
and they are also non-uniform in shape, as expected from previous discussions on 5
kV depositions. Importantly, there is a layer of deposited material in between each 5
kV structure, seen explicitly in Figure 5.7 (c). This is, again, due to the large area of
SE-precursor interaction, combined with the presence of precursor molecules adhered
across the substrate surface, but isn’t immediately clear from SEM imaging alone. It
is a particularly important consideration for plasmonic systems, as this layer leads to
each structure being physically connected, which will significantly alter the plasmonic
response. This layer will be discussed further in section 5.7.3. Finally, a very thin
layer, comprising high C content, can be seen in the TEM images and EELS maps
in Figure 5.7. This is simply a thin layer of contamination on the surface of the
substrate, present from before the deposition process, despite the cleaning techniques
used.

5.7.2 In-situ e-beam annealing

Similar to the samples discussed in the previous section, simple Au line structures 1
µm long, 200 nm wide, and ≈ 100 nm high were deposited onto a Si substrate. The
electron beam was then scanned over the structures, post-deposition, for varying time
periods from 120 - 560 seconds, in the presence of H2O at 6×10−5 mbar chamber
pressure. The base pressure of the system was, again, 2×10−6. Despite annealing
under the electron beam being identified as a potential purification pathway [317],
particularly in the presence of a reactive agent to draw out and remove unwanted by-
products [321], there was no discernible change in the purity of the deposits, analysed
using the same methods as previously. As this treatment was undertaken using the
deposition beam conditions of 30kV and 21 pA, perhaps a more aggressive treatment
with higher currents and lower beam energies would lead to changes in purity, however
this can lead to issues of sample damage, and the general issues with post-deposition
removal of C, as discussed in section 5.4, and as seen in 5.7.3.

5.7.3 Post-deposition annealing

Ex-situ annealing under an O rich environment was investigated as a method of pu-
rification, and illustrated in Figure 5.8, where structures were deposited onto a Si
substrate, with a 4 nm Ti layer, using beam energies of 30 kV and a current of
21pA. Following a vacuum break, the structures were annealed under a constant flow
of O at three different temperatures to assess the effects of the treatment on sample
structure, in addition to making relative purity measurements using energy-dispersive
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X-ray spectroscopy (EDS). It can be seen that there is a clear move towards large
crystals forming as the temperature increases, and this is at the expense of the fidelity
of the cuboid structures that were initially deposited.

EDS was used to analyse relative composition; it was determined to be inaccurate
for absolute quantification in this instance, due to the influence of signal from the
substrate. For example, approximately 70% of the EDS signal was stemmed from
characteristic Si X-rays, skewing any attempts at absolute quantification of the FEBID
structures. However, as it was the same structures annealed and analysed at each
stage of the investigation, the relative composition of Au can be used to assess the
effects of annealing. This did suggest that the relative purity of the Au structures
was increasing, with increased annealing temperature, as expected. The formation
of larger grains indicates the grouping of pure Au atoms, dewetting, as the C matrix
breaks down and C is removed from the structure. This can be seen particularly in the
images for the structures treated at 500°C, where there is also a severe degradation
in the uniformity of the structure.

The substrate in the immediate vicinity of the structures is interesting to note. As
the annealing temperature increases, there is a clear change in the substrate around
the deposits. This is attributed to Au dewetting, of Au arising from overspray during
the deposition process. This overspray is well documented in FEBID literature, and
has even recently been seen to migrate and increase the crystallinity of Co FEBID
nanostructures when annealed at 400°C. [338] However, these depositions are gener-
ally undertaken at lower beam energies, 5-15 kV in the case of [338], so a larger area
of deposition would be expected. For the parameters used for the deposits investi-
gated here, giving very high resolution electron probes, deposition of Au, extending
several microns beyond the deposited structure, is unexpected, even despite the fact a
bulk substrate was used meaning a larger secondary electron interaction volume will
be observed. Graells et al. investigated the Au-acac molecule and observed a simi-
lar effect around their deposited structure, and attributed the patterns to a reaction
between the precursor and the oxidised layer of the substrate. [319] This is impor-
tant to note for plasmonic applications, as having significant amounts of Au near a
plasmonic structure will alter its plasmonic response, in line with the discussions on
hybridisation and environmental changes throughout chapter 3.

An adhesion layer has been seen to provide stability to annealed Au deposits, using
the acac precursor molecule investigated here. In work by Riazanova et al., a Ta and
Cr layer was used, with Ta seen to be the better material for maintaining the fidelity
of deposited Au structures; while purity increases from 8-12% Au to 92% Au, using
EDS, were reported for annealing up to 600°C in air. [327] The images provided in
reference [327] are very similar to those seen here, with large Au grains forming as C
is ejected from the structure at higher temperatures. The structures analysed in this
thesis have maintained their approximate footprint, but the removal of large amounts
of C inevitably leads to some measure of structural collapse, as seen particularly in
Figure 5.8 (c), for the 500°C treated sample.

Graells et al. carried out a similar experiment, finding that there was no discernible
plasmonic response from the unannealed FEBID structures, but annealing for 30
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Figure 5.8: Annealing investigation for an array of identical Au-FEBID structures on Si,
in an O rich environment. (a) Images for entire array at room temperature, then annealed
to temperatures from 250°C to 500°C in an O rich environment. (b) 350,000× magnified
images of individual structures for each annealing temperature. (c) Tilted (45°) images of
the array before treatment, and post-500°C annealing. While significant deformation can
be seen for each structure as the temperature is increased, the material left has a higher
percentage composition of Au.

minutes at 400°C led to Au purities of up to 82%, and the appearance of a strong
surface plasmon mode. [319] Again, as here, huge deformity was seen for the annealed
structures, with a ≈ 55% reduction in the height of the depositions. Using images
taken at an angle, such as those in Figure 5.8 (c), one can estimate that the reduction
in volume is at least ≈ 50%, in line with the results from Graells et al..

Overall, while this is, strictly speaking, a method which may greatly purify Au
FEBID structures, the drastic changes to the geometry of the deposits means the
plasmonic properties will vary greatly, as discussed throughout chapter 3; it is, there-
fore, on its own not appropriate for a purification step in the fabricating of accurate
plasmonic structures. The problem of removing vast amounts of C and the structural
damage this will do means that an intra-deposition annealing step would potentially
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be a more viable option, and this has in fact been seen to increase purity for Au FEBID
deposits in the literature [332], as discussed in section 5.4. Further research into adhe-
sion layers to maintain even greater levels of control over the geometry could also be
useful, though removing such large amounts of C will always make this a challenge. In
general, a combination of techniques would almost certainly be best, whereby intra-
deposition purification was used to increase the purity as much as possible, meaning
much less C is present for removal by a post-deposition annealing procedure, and
structural integrity is easier to maintain.

5.8 Plasmonic analysis

A range of structures were deposited on an Si3N4 membrane for plasmonic analysis.
They were deposited using a 30 kV, 21pA beam, with a chamber pressure of 5×10−5

mbar, up from a base pressure of 2×10−6 due to the presence of H2O. Given the
purity of the structure was only ≈ 30% based on the composition analysis in section
5.7.1, and EELS data acquired directly for the structures, a number of predictions
could be made about the plasmonic response of such structures. Considering the
discussion of dielectric functions in chapter 3, a large amount of amorphous C is
expected to lead to a large increase in ε′′ for the structure, leading to a quenching
of the plasmonic resonance, and a broadening of the spectral peak. The presence
of a dielectric substrate, in this case the Si3N4 membrane, will increase the local
permittivity, leading to a red-shift of the modes, as discussed in section 3.8.3. This is
exactly as seen in the results presented in Figure 5.9.

The deconvolved experimental low-loss EELS data is shown in the bottom spec-
trum, with the simulated spectrum from a similar sized pure Au NP above that, and
a topmost spectrum from a Au nanocube with a 20 nm amorphous C shell, chosen to
facilely approximate the effects of a large amount of C in and around the Au, based
on discussions in chapter 3. Compared to the simulated response for pure Au, it can
be seen that the experimental peak is broadened significantly, and red-shifted slightly,
as expected, and very similarly to the Au-C simulated structure.

The EELS spectral image for the experimental mode is shown alongside the sim-
ulated EELS map for both the Au and Au-C structures, and the effects of the C in
dispersing and damping the electric field from the concentrated points around around
the vertices can be seen and compared. It is useful to note that the core-loss EELS
maps in Figure 5.9 (f), (g), and (h) show that there is a section of purer Au along
the top and left side of the structure, and very low C signal, and this is where the
strongest electric field is observed in the experimental EELS map. This is also to be
expected as the presence, or lack of, C is ultimately determining the ability of the
Au structure to support strong plasmonic modes. In the areas of the structure with
dominant C signals, and lower Au composition, such as the bottom and right side of
the structure, there is a much lower plasmonic response.

The lower energy dipole modes for the two simulated structures are labelled ‘D’.
These are not comparable to the experimental data, as they fall below the resolu-
tion of the spectrometer set-up used here, inside the zero-loss peak. These are the



Figure 5.9: EELS analysis of a 100 nm × 100 nm × 100 nm Au-FEBID deposition. (a)
Low loss experimental EELS data in blue, post Richardson-Lucy deconvolution, shows the
plasmonic response for the FEBID deposited nanocube. The simulated, idealised spectrum
from a pure Au nanocube of the same dimensions is shown in the gold spectra above the
experimental data. The slight peak seen in the spectrum stems from the localised surface
plasmon edge mode (E) for a nanocube, while the dipole mode (D) actually falls within
the range of zero-loss peak for the experimental data. The brown spectral line stems from
a simulated Au nanocube, surrounded by 10 nm of amorphous C, chosen to be a simple
approximation for the effective dielectric function for a FEBID deposition containing signif-
icant amounts of C. The plasmonic response for this structure is quenched and red-shifted
compared to the pure Au case, similar to the the experimental data. The vertical dashed
lines mark the position of the edge mode peak in each of the simulated spectra. Also seen
in the Au-C simulated spectrum is the first Au bulk plasmon mode (BP). (b) ADF image
of the FEBID nanocube. (c) Experimental plasmon map at 2.03 eV, showing the response
for the edge mode. (d) & (e) Simulated plasmon maps for the same edge mode, for the
pure Au and Au+C structure, respectively. (f) & (g) Experimental EELS maps showing C
and Au signal, respectively. (h) Compiled RGB image showing regions of C content in blue,
and Au content in green. The cube was found to comprise ≈ 20% Au. (i) Core-loss data
from the FEBID nanocube, with EELS edges for C, N, Si, and Au, stemming from both
the Si3N4 substrate and Au-C nanocube, highlighted. Experimental parameters: plasmon
EELS: 2 cm camera length, 40 µm condenser aperture, 36 mrad collection angle. 0.01 eV/
channel. 100 × 100 pixel scan, for 3.958 nm/ pixel. 0.02 seconds / pixel. Chemical mapping
SI 1: 2 cm camera length, 36 mrad collection angle, Dual EELS, 900 eV offset. Acquisition
times: 0.0002s/ 0.5s. SI 2: 2 cm camera length, 36 mrad collection angle, Dual EELS, 300
eV offset. Acquisition times: 0.0002s/ 0.02s. Simulation parameters: cube, comprising ≈
500 boundary elements for each cube. A mesh of electron impact positions was used, with
a beam impact position every 1 nm across the entire 250 nm2 area seen.
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strongest resonance modes for the structure, and the mode most suitable for strong
optical coupling, but their properties will follow the same trends as seen for the
higher energy edge modes, namely a red-shift and degradation in quality, as outlined
throughout chapter 3. In addition, the beginning of the bulk plasmon regime is seen in
Figure 5.9 (a), with the bulk plasmon labelled ’BP’ in the simulated Au-C cube spec-
trum. The edge mode ‘E’ is very close to this first bulk mode, causing a broadening
of the experimental peak which actually contains both surface and bulk losses.

Overall, this means the purity of the sample is going to severely limit the suitability
for plasmonic applications, as expected; the nanocube analysed here was found to
have Au composition of ≈ 20%. More complex structures were fabricated, as shown in
Figure 5.3, however, the results from this nanocube analysis showed that the plasmonic
response is not strong enough to allow complex geometrical and coupling effects, as
described in chapter 3, to be seen. The structures fabricated using this FEBID +
H2O technique can be seen to support surface resonances, but their strength and
accessibility are limited by the significant amount of C within the structure, similar
to the presence of C on the surface of the structures analysed in chapter 4, and the
subsequent alteration of the effective dielectric function.

5.9 Conclusion

There is significant room for development of the theory surrounding the chemistry
of precursors and their interactions, and the growth of FEBID structures during the
deposition process. Here, it has been shown that the highest resolution and fidelity
for nanostructure growth occurs for a high beam energy, minimising the secondary
electron interaction volume with the precursor, and a low current, ensuring the growth
regime is electron-limited. In the electron-limited regime, there is the greatest degree
of control over growth; outside of this regime the growth can become inhomogeneous,
and the accuracy of the deposition is degraded.

The substrate was discussed in terms of structure growth, and for high beam
energies a bulk substrate was seen to cause a higher growth rate compared to a thin
membrane, due to a greater number of secondary electrons being generated, leading
to a higher number of precursor dissociation and deposition events. This was less
important for low beam energies, as, under the conditions seen here, they were already
in the precursor-limited growth regime, so additional secondary electron generation
had no effect.

Metallic FEBID depositions are generally extremely low purity, so a purification
step must be included to make viable plasmonic structures. In this work, an intra-
deposition purification method was investigated: H2O was injected into the deposition
chamber as a reactive agent to aid the removal of volatile by-products of precursor
dissociation. This has been seen to be a successful method for the purification of a
number of precursors, however, for the precursor used here, AuMe2(acac), there was
no discernible change in purity with the addition of H2O. The purity of the structures
was consistently ≈ 30%. A post purification annealing step was also analysed here,
which showed an increase in the purity of the deposits, but the removal of large
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amounts of C predictably led to significant structural deformation.
A thin layer of precursor was seen to adsorb to the substrate surface, in a large

area around the depositions. If a low beam energy is used, and thus a large secondary
electron interaction volume, this can result in Au deposition across a much larger
area than desired. Even for high beam energies, the unwanted precursor can still
cause issues by gathering on, and contaminating, the surfaces in between deposited
structures. Looking forward, a focused ion beam could be used to perform a very
fast and facile etch to remove this thin layer, while the sample is in the deposition
chamber.

The final portion of this chapter concerned EELS analysis of the plasmonic prop-
erties of an Au FEBID structure. Based on discussions in chapter 3 concerning the
dependency of plasmonic properties on the dielectric function of the material, the
low Au and high C content quenches the plasmonic response of FEBID deposited
structures, when compared to the simulated response for pure Au.

There is plenty of scope for further investigations into purification techniques.
These need to be predominantly intra-deposition methods, as the geometry of the
final structure cannot be controlled precisely if large amounts of C are removed post-
deposition. If the purity can be enhanced sufficiently, as with recent research into other
precursor molecules, then this method will provide an excellent avenue to developing
and exploring complex plasmonic structures in both two- and three-dimensions.
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This thesis has presented concepts and results from a number of different fields of
materials science, but with an overall view to understanding, analysing, and tuning the
plasmonic properties of noble metal nanoparticles. The aim of the research described
in chapter 3 was to assess the possibilities of chemically doping Ag nanoparticles to
tune the energy of their surface plasmons. A theme throughout this work, plasmonic
tuning is an integral step for the next generation of plasmonic devices, as plasmonic
structures must be fit for purpose across the wide range of potential applications. For
example, the large and well-established photonics industry requires structures that
integrate readily with existing laser technologies, while plasmonic sensing applications
require accurate knowledge and control of the plasmon energy to allow for a range of
molecules to be detected across a given energy range.

While Ag exhibits the strongest plasmonic response of any material at visible and
ultraviolet frequencies, Au is instead the predominant element used throughout plas-
monic research and applications due to its chemical stability. This work aimed to
utilise the reactivity of Ag and assess the potential for tuning the plasmonic response
of Ag nanoparticle assemblies, through chemical alteration of their composition. By
simulating realistic isolated and coupled nanoparticles, the effects of different dielec-
tric shells were analysed and discussed, with the main discussion being on the complex
dielectric function conditions necessary to both retain and enhance Ag surface plas-
mon modes. The key consideration for the dielectric shell was seen to be the imaginary
component of the dielectric function. If the imaginary component was negligible at
the relevant frequencies, plasmonic modes were supported; if not, as in the case of
Ag2S, the plasmonic response was quenched, even for a shell of only 1.5 nm thick-
ness. This means that compounds such as AgCl and Ag2O could be used to retain
strong plasmon modes for photonic coupling, and were also seen to elicit red-shifts
in mode energy, opening up a promising avenue for resonance tuning, in line with
the objectives discussed. While Ag core-shell nanoparticles have been investigated at
length throughout the literature, investigating and comparing the plasmonic effects
of various Ag-compounds and passivation layers has not been seen until now.

Overall, chemically doping adds an extra dimension of tunability to plasmonic
structures, in addition to several other parameters as discussed in chapter 3. For
all plasmonic applications, from sensing to light-harvesting, there is a need to accu-
rately define the optical response of the nanostructures involved, to allow for ease of
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integration with existing technologies and high product specificity. To develop these
results and insights, future work is needed to physically fabricate and dope Ag nanos-
tructures, leading to their use in plasmonic applications. The fabrication of pure
Ag structures is commonplace in many laboratories around the world, and can be
purchased commercially, so that will not pose too great a barrier to progression. Re-
taining the purity of the Ag, either as a control sample or until the chemical alteration
can take place, will be the first issue to overcome. This could be achieved using some
of the passivation methods discussed in chapters 3 and 4, using an organic polymer or
graphene, for example; or, it could possibly be achieved by having a well-structured
methodology, in which the nanostructures are fabricated and chemically doped in-
situ, while not being exposed to the atmosphere: perhaps in a similar manner to the
FEBID depositions discussed in chapter 5, whereby fabrication and the introduction
of gaseous elements and compounds can be undertaken within an SEM under high
vacuum. FEBID precursors for Ag nanostructures are less common than many other
metals, but they have recently begun to be discussed in the literature [339,340], and
the H2O injection system built for this work could facilely be converted to introduce
oxygen or potentially even chlorine into the system. The need to increase the purity
of deposited FEBID structures is also relevant for Ag precursors, so all of the results
and discussion in chapter 5 will be useful in future work. While electron-based anal-
ysis methods were the focus of this thesis, there are much more accessible, quicker,
and more common optical experiments that could be carried out in almost any lab to
assess the plasmonic response of fabricated structures.

Chapter 4 focused on characterising the exact composition of Ag nanoparticles
using highly resolved EELS measurements and, in particular, analysis of the fine
structure (ELNES) of EELS spectra. The objectives here were to first ascertain the
exact nature of Ag nanoparticle corrosion in the atmosphere, and then develop a
method to determine whether Ag atoms in a sample were chemically bonded to other
elements present in the EELS spectra. Following from much of the discussion in
chapter 3, the exact composition of a sample, and thus its dielectric properties, is
the basis of any plasmonic properties, meaning these must be understood completely
and manipulated sufficiently if one wants to model and alter plasmonic properties.
Considering this, it is interesting to note that there has been much disagreement
throughout the literature on the exact mechanisms of Ag corrosion and composition
under atmospheric conditions. Many groups have claimed to have seen oxidation
of Ag, while others, with increasing frequency in the literature, are claiming that
sulphidation is the dominant process. The work here categorically shows that S
builds up on Ag nanoparticles, with no Ag-oxide compounds present at any stage.
The build up of Ag2S is shown to be inhomogeneous, and probably mediated by
lattice defects on the surface of the nanoparticles. It is important to distinguish
between Ag2O and Ag2S because, following the results presented in chapter 3, Ag2S
is seen to quench the plasmonic response of Ag nanostructures. The EELS analysis
led to an investigation into the reasons for the erroneous identification of Ag-oxides
on Ag structures; with a number of possible causes identified. Primarily, the issue
lies with the ubiquitous storage of Ag nanoparticles in citrate stabilising solutions;
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when deposited from these solutions, an oxygen containing corona is seen around the
nanoparticles when high resolution EELS is used. This organic corona degrades under
atmospheric conditions, but, critically, is never chemically bonded to the Ag atoms
on the surface of the nanoparticle. The presence of these oxygen-rich molecules are
presumably the cause of many of the mis-identifications of Ag-oxides in the literature.
Moving forward, it is important that appropriate nanoscale analytical methods, such
as shown here, are used to determine the composition of samples, to avoid incorrect
chemical identification.

Understanding whether the O, or any other element present in the spectra, was
chemically bonded to the Ag, was of course a major consideration here. To this end,
novel observations were made concerning the shape of the Ag M4,5 edge, and how
the edge structure is altered depending on the oxidation state of the Ag atoms in
the material, allowing the distinction between pure and bonded Ag to be made. In
addition, analysis of the O K peak showed a large, 9 eV, chemical shift, depending
on whether the O was bonded to Ag or not; this further supported the assertion that
Ag-oxides are not formed on Ag nanoparticles under atmospheric conditions. This
analysis for Ag has not been seen previously in the literature, but allows for accurate
determination of chemical, and thus plasmonic, properties. In the future, this method
can be used to aid in understanding the plasmonic and electrical response of an Ag
sample, and, in conjunction with the doping experiments discussed in chapter 3,
to determine whether an element has reacted sufficiently with Ag nanostructures to
cause a change in plasmonic response. Importantly, it highlights the need for careful
consideration in storing and handling Ag nanoparticles, and can be used as a method
to assess the purity of a sample; this is a key concern for many applications of Ag.

Future investigations in this area could be twofold: firstly a greater range of stan-
dard samples, perhaps using different suppliers and different Ag compounds, would
give a larger and more complete set of results on which to base future modelling of Ag
chemical bonding. Secondly, to tie in with the discussion in chapter 3, developing the
method of chemical doping will require highly accurate determination of Ag bonding,
for which the ELNES analysis here will be an excellent tool. So, developing a precise
method of creating Ag compounds will be a useful task in both developing standard
samples for comparison, and for developing plasmonic structures.

Finally, chapter 5 shifted focus to consider Au structures: commonly seen through-
out the field of plasmonics. In particular, the fabrication of Au structures using
FEBID was discussed at length. As with the majority of FEBID metallic depositions,
the purity of deposited Au structures is very low, with large amounts of amorphous C
being present throughout the volume of any deposits. Considering the high material
dependence of plasmonic resonances, particularly the free-electron density, this high
C content greatly diminishes any plasmonic modes seen for pure Au. The work in
chapter 5 focused on purifying Au FEBID structures, in order to enhance plasmonic
activity. Initially, an in-situ method of using H2O as a reactive agent in the chamber
during deposition was investigated. Previous studies in the literature had suggested
this was a successful purification method for some Au-precursor molecules; however,
in this case, using the Au-acac molecule and H2O did not lead to significant improve-
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ments in deposit purity. There were limitations to the deposition system, particularly
based on vacuum trip levels, that meant the amount of H2O injected was limited. The
plasmonic response of a deposited cube was investigated using EELS, and compared
to simulations for a pure Au structure and a structure with a large amorphous C
content. The plasmonic response of the deposited structure was, as expected, sig-
nificantly degraded compared to pure Au. At only ≈30% Au content, the plasmon
mode analysed was broadened and slightly red-shifted, in line with high C content
simulations.

Following this, FEBID Au structures were annealed under a flow of O. While
the relative purity of the structures was seen to improve with increased annealing
temperature, the removal of C from the structures caused significant deformation.
So, while this could be used as a purification method, the dependence of plasmon
modes on the geometry of the supporting structure makes it generally unsuitable for
accurate plasmonic tuning. It has, however, shown that annealing samples during
deposition, constantly removing C, is a promising avenue for fabricating pure and
accurate nanostructures. This would allow for high-fidelity structures to be grown,
comprising much higher metal atomic percentages, and would require relatively minor
alterations to standard FEBID systems.

There is much scope for future work in the area of FEBID purification; the field
is relatively young, and the exact chemical reactions that take place and mechanisms
of deposit growth are not fully understood or modelled at present. This leaves ample
opportunity for the investigation of new reactive agents during and after the deposi-
tion process, and optimisation of any number of parameters throughout. Specifically
following the work presented here, there are two major modifications that could be
made to the set-up to further assess the viability of purifying FEBID Au structures.
The first is to increase the amount of H2O that is injected into the deposition chamber.
This would require altering the trip levels of the vacuum system: probably feasible
for small adjustments but difficult to justify for major changes; or, by using a dedi-
cated instrument, an environmental SEM for example, to achieve much higher H2O
pressures. Following this, using a heated substrate during the deposition will help
flush out unwanted by-products throughout structural growth, resulting in much less
deformation. This will have an effect on the growth dynamics, as discussed in chapter
5, which would need to be investigated. As the substrate temperature is increased,
one could expect precursor diffusion on the substrate to become increasingly impor-
tant, however, ensuring an abundance of precursor material is available throughout
and keep deposition times as low as possible should mitigate this issue leading to
significant improvements in structure purity.

Looking then to the analysis of plasmonic structures, the major improvement
which could be made is to utilise a monochromator to acquire EELS data with a
much improved energy resolution. Energy resolutions of up to 4.2 meV have been
recorded [114], which would see a significant improvement on the 0.4 eV resolution
seen in this work. For example, this would immediately mean the dipole mode of the
Au FEBID structures discussed in section 5.8 would be resolvable in experimental
spectra, making comparisons with optical investigations and simulated models more
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useful. Monochromated EELS would also be a useful addition to any of the future
work on chemically doped Ag nanoparticles. As discussed throughout this thesis, and
seen in the simulations of chapter 3, there are many plasmonic modes that exist in
close spectral proximity, particularly for coupled nanoparticle systems, making them
difficult to resolve with standard EELS; a resolution in the meV range would mean
many of these become accessible. In order to successfully and accurately tune plas-
monic structures, it is necessary to gain a complete understanding of them and their
plasmonic properties. To gain a complete understanding of the effect of chemically
altering the surface of a nanoparticle of group of nanoparticles, the full energy loss
spectrum must be probed, with as many resonances as possible being observed and
analysed.
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