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FREE-ELECTRON-DRIVEN NANOSCALE LIGHT SOURCES: FROM HERTZIAN
ANTENNAS TO METAMATERIALS

by Giorgio Adamo

This thesis reports on the development of new types of nanoscale optical light sources
driven by free-electrons and on the investigation of the underpinning physical phenom-
ena. It is focused on three types of nanoscale light sources with increasing degree of
complexity: a nanoscale antenna, an undulator-based tuneable nanoscale light source
and a metamaterial-based spatially coherent light source.

I have demonstrated for the first time that a nanoscale Hertzian antenna can be
driven by free-electrons. The studied nano-antennas consisting of pair of gold nano-rods
spaced by a gap resemble conventional radio dipole antennas. Nanoantennas, driven by
electron beam produce emission in the visible part of the spectrum. I show that these
nanoantennas are most efficiently fed in the region of closest proximity between their
two elements, in particular, where the light density of states reaches a maximum.

I have developed for the first time a tuneable nanoscale light source driven by free-
electrons, the light-well. Alike a free-electron laser that exploits magnet-based undu-
lators, the light-well is based on a nanoscale undulator, a cylindrical channel through
alternating metal-dielectric nano-layers. A fast electron propagating through the chan-
nel emit light at the wavelength linked to the electron energy and the period of the
undulator, thus allowing for a continuous tuning of the output radiation. It has been
achieved a 200 nm tunability range in the vis-NIR range at wavelengths between 750
and 950 nm with light at the level of 200W /cm2. Furthermore, I have performed a com-
prehensive numerical analysis of the light-well by modeling a free electron propagating
in the undulator which has lead to a deeper understanding of its physical mechanisms.

I demonstrate for the first time an electron-beam driven metamaterial light source
that converts the kinetic energy of tree-electrons into spatially coherent optical radi-
ation. It is based on a fundamentally new radiation phenomenon: the injection of
free electrons into the metamaterial leads to a directed light emission that comes from
synchronized plasmonic oscillations of the ensemble of metamolecules, the individual
building blocks of the nanostructure. The effect results from the synchronizing interac-
tions between the metamolecules leading to the spectrum narrowing with the increasing
number of metamolecules involved. Depending on the type of metamaterial used I ob-
served emission of narrow-divergent radiation in the visible range from 640 to 760 nm.
These results - in principle - demonstrate an alternative to the laser, a threshold-free
way of generating spatially coherent and spectrally narrow electromagnetic radiation.






Contents

Table of Contents . . . . . . . . . . . . i
List of Figures . . . . . . . . . . e v
Declaration . . . . . . ..o ix
Acknowledgements . . . . ... xi
Introduction 1
1.1 Motivation . . . . . .. . L 1
1.2 Nano-antennas . . . . . . . . . . . .. L e 2
1.3 Nanoscale light and plasmon sources . . . . . . . ... ... ... .... 3
1.4 Metamaterials . . . . . . . ... 5
1.5 Free-electron light sources . . . . . . . . . . ... ... L. 7
1.6 Thesis Overview . . . . . . . . .. e 9
Optical emission induced by free-electrons/matter interaction 15
2.1 Introduction . . . . . . . . ... 16
2.2 Free electrons as evanescent source of light in matter . . . . . . . .. .. 19
2.3 Mechanisms of light emission . . . . . ... .. .. ... ... ...... 22

2.3.1 Transition radiation . . . . .. ... ... 22

2.3.2 Surface plasmons . . . . . ... 25

2.3.3 Cherenkov radiation . . . .. .. .. ... .. L L. 28

2.3.4  Smith-Purcell effect . . . .. .. .. ... ... ... .. 30
2.4 Experimental detection of electron induced radiation emission . . . . . . 32



ii

2.4.1 Experimental setup. . . . . . . . ... ...
2.4.2 Investigation of light emission from metal nanoparticles . . . . .
2.5 Numerical description: the boundary element method . . .. ... ...
2.6 Coherence of a light source . . . . . .. ... ... ... .. ... ....

2.7 Conclusions . . . . . . . ..

Nanoscale Hertzian antenna driven by free electrons

3.1 Imtroduction . . . . . . . . . L

3.2 Transmitting nanoscale hertzian antennas . . . . . . . .. ... ... ..
3.2.1 Fabrication and characterization of optical nano-antennae . . . .
3.2.2  Emission from single nanorod . . . . . . ... .00 L.
3.2.3 Coupled nanorods . . . . . ... ... oo
3.2.4 Receiving characteristics of the nanoantenna . . . . . . . . . ..

3.3 Conclusions . . . . . . . . .

The Light-well

4.1 Introduction . . . . . . . . . .

4.2 Experimental realisation of tuneable emission of light . . . . . . . .. ..

4.3 Modelling of the emission process and features . . .. .. .. ... ...
4.3.1 Analytical approximation . . . . . ... ... ... ... ...
4.3.2 Numerical simulation . .. ... ... ... ... ... ...

4.4 Conclusions . . . . . . . . e

Electron beam driven nanoscale metamaterial light sources

5.1 Imtroduction . . . . . . . . .. L
5.2 7"New” light emission from metamaterials . . . . .. ... .. ... ...
5.3 Sample fabrication and optical characterization . . . . .. .. ... ...
5.4 EIRE emission and tuneability by geometry . . . . . ... .. ... ...
5.5 Emission enhancement and linewidth narrowing by size effects . . . . . .
5.6 Directivity of the emitted light . . . .. ... .. ... ... ... ...
5.7 Numerical evaluation of induced fields distribution . . . . .. ... ...

5.8 Conclusions . . . . . . . ..

45
46
47
48
49
20
53
95

57
o8
29
61
62
67
75



iii

6 Conclusions

6.1 Summary . ........

6.2 Outlook . . ... .....

A Coherence of an electromagnetic wave

A.1 Degree of spatial and temporal coherence . . . . ... ... .......

A.2 Temporal coherence and linewidth . . . . ... .. ... .........

A.3 Statistical properties of laser light and thermal light . . . . .. ... ..

B Angle resolved EIRE

B.1 Parabolic mirror angles mapping onto CCD . . . . .. ... .. ... ..

B.2 CCD image recording . .

B.3 Emission directivity . . .

C Publications

C.1 Journal Publications . . .

C.2 In preparation . ... ..

C.3 Conference Contributions

References

95
95
96

99
99
101
102

103
103
103
105

111
111
111
112

115






1.1
1.2
1.3
1.4

2.1
2.2
2.3
2.4
2.5
2.6
2.7
2.8

2.9
2.10
2.11

3.1
3.2
3.3
3.4

List of Figures

Most common types of nano-antennas. . . . . . . . .. .. ... ... .. 11
Examples of diffraction limited micro- and nano-lasers. . . . . . .. . .. 12
Lasers beyond the diffraction limit. . . . . . ... ... .. ... ... .. 12
Metamaterials, some examples. . . . . . . . ... 13
Some of the processes initiated by free-electron/matter interaction. . . . 17
Evanescent nature of the fields of swift free electrons. . . . . . . . . . .. 22
Mechanism responsible for the transition radiation. . . . . . . . . . . .. 23
Probability of generating TR and SP by electron impact on metal. . . . 26
SPPs generation from electron impact on metal. . . . . ... ... ... 27
Cherenkov radiation emission condition . . . . .. .. .. ... .. ... 30
Smith-Purcell emission spectrum. . . . . . . ... ... ... ... 31

Dispersion relations and emission conditions for Cherenkov and Smith-

Purcell radiation. . . . . . .. .. Lo Lo 32
Schematic of the cathodoluminescence detection set-up. . . . . . . . .. 34
Cathodoluminescence emission of a single 50 nm gold nanodecahedron . 36
CL emission mapping of a 100 nm gold nanotriangle . . . . . .. .. .. 37
Artist impression of a transmitting nanoscale optical antenna. . . . . . . 47
Plasmonic modes on single gold nanorod probed by CL. . . . . . . . .. 49
Single nanorod vs coupled rods EIRE emission . . ... ... ... ... 51
EIRE emission of a nanoscale Hertzian nanoantenna . . . . . . . . . .. 53



vi

List of Figures

3.5

4.1

4.2
4.3
4.4
4.5
4.6
4.7

4.8

4.9

4.10
4.11
4.12
4.13
4.14
4.15

5.1
5.2
5.3
5.4
5.5
5.6
5.7
5.8
2.9
5.10
5.11
5.12

Optical nanoantenna in receiving mode . . . . . . . . . .. .. ... ... 54

Artist impression of a Light-Well and Secondary Electron Images of its

structure. . . . . ... L 60
Electron induced emission from the materials of the light-well. . . . . . 61
Experimental realisation of tuneable light emission. . . . . . . . . . . .. 62
Intensity of emitted light as function of electron beam current . . . . . . 63
Gaussian fit of the light emission peaks . . . . ... .. ... ... ... 64
Dipole model of electrons inside the light well . . . . . .. ... ... .. 65

Intensity of emitted light as function of electron beam distance from the

centre of the well . . . . . . . . ... 66
Dispersion diagram . . . . . . .. .. L Lo 67
Emission wavelength shift in a gold corrugated nanotube . . . . . . . .. 69
Effect of period and radius on light-well emission features . . .. . . .. 71
Angular emission in a gold corrugated nanotube . . . . .. ... ... 72
Field intensity inside a gold corrugated nanotube . . . . . . . . .. ... 73
Emission narrowing with well length . . . . . . ... .. ... ... ... 74
Effect of well length on the wavelength of the emitted light . . . . . .. 74
Emission intensity vs distance from well centre . . . . . ... ... ... 75
Modes of an ASR metamaterial . . . . . . . ... ... 80
Metamaterial’s unit cell . . . . . .. ... L 0oL 81
Effect of Rapid Thermal Annealing on resonances quality . . ... ... 82
Optical transmission and absorption of metamaterial . . . . . . . . ... 83
EIRE emission of ASRvs Au . . . ... ... ... ... ... ...... 84
Tuneable emission . . . . .. ... L L L 85
Position dependent emission . . . . . . . ... L. 86
Evaluation of the number of excited metamolecules . . . . . . . . . ... 87
Intensity and linewidth dependence . . . . . . . . ... ... ... .... 88
Gaussian fit of the emitted light . . . . .. ... ... ... ... ... .. 89
Directivity of the emitted light . . . ... ... ... ... ... .... 90

On and Off resonance response . . . . . . . . . . . .. ... ... 93



List of Figures vii

B.1 Parabolic mirror angles mapping onto CCD . . . . . ... ... ... .. 104
B.2 Emission from Au and metamaterial as measured on CCD . . . . . . .. 106
B.3 Polar maps of emission intensities . . . . . . ... ... ... ... ... 108

B.4 Average intensity over polar angle . . . . . ... ... ... ... ... 109






DECLARATION OF AUTHORSHIP

I, Giorgio Adamo, declare that the thesis entitled “Free-electron-driven nanoscale light
sources: from Hertzian antennas to metamaterials” and the work presented in the
thesis are both my own, and have been generated by me as the result of my own

original research. I confirm that:

e this work was done wholly or mainly while in candidature for a research degree

at this University;

e where any part of this thesis has previously been submitted for a degree or any
other qualification at this University or any other institution, this has been clearly

stated;

e where I have consulted the published work of others, this is always clearly at-

tributed;

e where I have quoted from the work of others, the source is always given. With

the exception of such quotations, this thesis is entirely my own work;
e [ have acknowledged all main sources of help;

e where the thesis is based on work done by myself jointly with others, I have made

clear exactly what was done by others and what I have contributed myself;

e parts of this work have been published as the journal papers and conference

contributions listed in Appendix C.

Signed:

Date:

X






Acknowledgements

I am very grateful to Prof. Nikolay Zheludev and Dr. Kevin MacDonald, my supervi-
sors, for providing inspiration and guidance for successful research, while allowing me
enough freedom to pursue my own ideas. I would like to thank Prof. Javier Garcia
de Abajo for the tight collaboration, inputs and help with BEM software. I would like
also to thank all the people that have helped with the experiments, Dr. Y. H. Fu, J.
Y. Ou, Dr. J.K. So and particularly Dr. A. I. Denisyuk, who has coached me with the
experimental setup during my first year, and Dr. N. Papasimakis, for the great help
with Comsol software and simulations. I would also like to thank all my collaborators,
Dr. F. De Angelis, Dr. S. D. Jenkins, Dr. J. Ruostekoski, Prof. E. Di Fabrizio, Dr.
C.-M. Wang and Prof. D. P. Tsai. A thanks goes also to the other members of the
group for the helpful discussion and the great time together. Finally I'm indebted to

my family and Chiara for their continuous support and patience.

xi






Introduction

1.1 Motivation

Photonics technologies are at the core of the broadband internet and modern mobile
technologies. Over the years, optical systems have progressively replaced inefficient and
bandwidth-limited electronic (i.e. copper wire) infrastructure but, to keep up with the
ever-increasing demand for capacity, this trend will have to continue to the inter- and
ultimately intra-chip level. Chip-scale light/plasmon sources will be fundamental to
this nano-photonic revolution and have attracted considerable research interest around
the world in recent years.

Various kinds of nanoscale light /plasmon sources have been demonstrated recently.
For obvious reasons, the first structures to be 'transposed’ to the nanoscale dimensions
have been the simplest and most widely spread sources of electromagnetic radiation
in the macro-world, antennas. Thanks to the recent advances in nano-fabrication ca-
pabilities, and the parallel explosions of the fields of Plasmonics and Metamaterials, a
wide range of sources have been demonstrated or suggested, such as nano-cavity lasers,
plasmon lasers, spaser and lasing spaser.

It is the aim of this work to demonstrate that the use of free electrons not only
can be introduced to this rapidly evolving research-field but, most importantly, bring
advantages that are peculiar to the nature of the free electrons thus opening the pos-
sibility of either accessing new regimes of operation for the nano devices or generating
completely new phenomena.

This Chapter constitutes a short historical overview of aspects and technologies rel-
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evant to the research presented in this thesis. Section 1.2 describes the rapidly evolving
field of optical nano-antennas, the research fields where they might find applications,
what has already been achieved and what is still left to do. In Section 1.3 the focus is
moved towards other nanoscale types of light and plasmon sources, with special atten-
tion on nano lasers. Section 1.4 provides a glance on the recently born research field
of metamaterials, how metamaterials have impacted on optics and photonics and what
role they might play in the development of light sources. Section 1.5 looks instead at
how electrons have been employed for the realization of light sources, what benefits
they bring and how they have been used so far with the view of nanoscale light sources.

Section 1.6 finally gives an overview of the structure of the thesis.

1.2 Nano-antennas

Antennas are the predominant mean for the manipulation of electromagnetic fields in
radio- and microwave technology; the manipulation of optical signals happens instead
through lenses, mirrors, fibres etc: the presence of antennas in optical modern tech-
nology is basically null. The main reason behind the lack of optical counterpart for
antennas is to be found in the small scale they need to be fabricated. The situation
has been changing in the last few years during which, the emerging of nanoscience and
nanotechnology, together with the research interest in nano-optics and plasmonics, has
suggested optical antennas as a potential opportunity for novel optoelectronic devices
and many photonic applications [1].

The goal of the design of optical antennas is analogous to that of classical ones:
to optimise the energy transfer between a localised source or receiver and free-space
radiation. However, whereas the invention of classical (radio) antennas was driven by
communication needs, that of optical antennas has its roots in microscopy. It was 1928
when Edward Singe suggested to use a gold particle to localise light on the surface of
a sample in the attempt to overcome the diffraction limit. Then, in 1985, John Wessel
introduced the idea that a gold particle could be used as an antenna [2] and in 1989
Fischer and Pohl provided the first experimental demonstration, using a polystyrene
particle coated with gold [3].

After that of Fischer and Pohl, numerous studies, both experimental and theoretical,
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have been carried out targeting the whole visible-infrared electromagnetic spectrum and
employing various antenna geometries, some of which are illustrated in Fig. 1.1. The
surface plasmon resonances associated with the optical antennas make them particularly
efficient at specific wavelengths, a promising aspect for biological and chemical sensing
and detection. The suggested applications for optical antennas span however a much
broader range: photodetection [4] due to the fact that an optical antenna increases
the absorption cross section and hence the light flux that impinges onto the detector;
photovoltaics [5] where the main emphasis is on reducing layer thickness while keeping
the optical absorption constant; nanoimaging [6] where the strong field localization can
help reducing the imaging resolution, and nonlinear signal conversion [7] where the
strong field enhancement provided by the antennas can be a route to use the strong
metal third-order nonlinearities, just to cite some.

Despite the large number of studies performed on optical antennas and the impor-
tant achievements obtained, still many challenges lay ahead before this can become a
viable and widely spread technology and can fully match its radiofrequency counterpart.
Two of the most significant steps undertaken along this direction have definitely been
the achievement of directional emission of antennas driven by emitting molecules [§]
and, more recently, the demonstration of conversion of free space light into surface plas-
mons onto the antenna and, in turn into 'hot-electrons’, meaning electrical current [9].
What these demonstration lack so far is the local excitation of the antenna feeding
point (the antenna is fully illuminated with laser light); this thesis’s contribution to
this field of research (see Chapter 3) is the demonstration of enhanced emission from

an optical Hertzian-antenna when locally fed with a beam of free electrons [10].

1.3 Nanoscale light and plasmon sources

In the previous section it was mentioned that optical fields are manipulated using
devices that are peculiar to this wavelength regime. This, obviously, applies also to the
sources of electromagnetic radiation. The most widespread optical sources are lasers
and light emitting diodes. Since its first demonstration in 1960, many kinds of lasers
have been introduced, using various geometries, configurations and materials and a

trend has been clear all along: scientists have been looking for ways of making lasers
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smaller and more convenient to use. Indeed the range of lasers available today goes
from table-top lasers to small semiconductor laser diodes present in many of current
electronic devices.

One question hence follows from what just said and is indeed of paramount interest
for the future development of photonic technologies and small scale, fully integrated
photonic circuits in particular: how small can a laser be? For many years the size of
a laser has been thought to be limited by the need of fitting an optical mode inside
a cavity. This implies that diffraction enters into play therefore limiting the size of
the laser cavity to about half of the wavelength of the emitted light. Indeed, many
interesting micro-lasers have been demonstrated in the past few years (see Fig. 1.2)
using numerous approaches such as nanowires [11] which can be optically and electri-
cally pumped and, thanks to their cylindrical geometry, offer strong two-dimensional
confinement of electrons, holes and photons; metal/semiconductor nanocavities [12,13]
which allow high modal compression, and photonic crystals [14], in whose nanocavities
a dramatic increase of the modulation speed can be achieved through enhancement of
the Purcell effect. All of them emit at wavelengths very close to the diffraction limit
but do not surpass it.

This has been the case until 2009, when two realizations of lasers with mode size far
beyond the diffraction limit have been demonstrated [15,16]. While the two approaches
were very different from each other, a plasmonic waveguide in one case and core-shell
nanoparticles in the other, they both made use of surface plasmons and their ability to
achieve very high modal compression, to reach their goal.

Due to their properties (shorter wavelength than corresponding free space waves,
high mode compressibility, etc,) and promises (e.g. bridging the gap between electron-
ics and photonics), surface plasmons in nanoscale devices have been subject of large
research effort in the last ten years. A number of investigations ranging from surface
plasmon polaritons (SPPs) propagation in waveguides [18, 19], plasmon localization
on extremely subwavelength spots [20] and surface plasmon modulation by external
fields [21,22] to, more recently, concurrence of SPPs high mode compression and long
range propagation [23,24] have been reported. More relevant to this thesis have been
the demonstrations/proposals of micro/nanoscale sources of surface plasmon polari-

tons [25,26] and the spaser [16,27], a device that combines metals and gain material
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and does for the surface plasmons what the laser does for the photons: it provides
amplification of surface plasmons by stimulated emission in a coherent fashion.

It is straightforward to see that all these devices, nanoscale lasers, plasmon sources
and spasers are of paramount importance for the field of nanophotonics for it to become
a viable alternative/support to electronics to boost the current technology. Many steps
are, however, still left as, e.g electrical pumping of lasers, coverage of a broad range
of wavelengths etc; the work reported here (see Chapter 4) shows that free electrons
can bring unique functionalities to these nanoscale devices, as e.g. broadband pumping

(Section 2.2), tunability (Section 4.2) and highly localised excitation.

1.4 Metamaterials

The word metamaterial, which indicates artificial media with properties not found
in the natural materials they are made of, was introduced not many years ago and
indicates nowadays a rapidly evolving research field that embraces a vast range of
artificial structures and electromagnetic properties. As a consequence, it is difficult
to agree on a rigorous definition of metamaterials that is universally accepted. A
definition that suits well many metamaterial structures, as the ones used in this thesis,
is the following: metamaterials are periodic arrays of artificial structures arranged with
a period smaller than the wavelength of excitation

The sub-wavelength periodicity makes metamaterials non diffracting media, hence
they can be described in therms of effective parameters (dielectric permittivity e and
magnetic permeability 1) controlled by the geometry of the unit cell (usually referred to
as meta-molecule) and the parameters of the constituent materials. The first structures
that can be considered metamaterials, according to the definition given above, were
arrays of metallic rods (two- and three-dimensional) behaving like dielectrics with an
index of refraction less than unity [28] or plasmas [29] and, later, frequency selective
surfaces, which can be regarded as planar metamaterials.

The field of metamaterials as known today however had its birth and explosion
only in 1999, when John Pendry and co-workers suggested to use split ring resonators
(already introduced by Hardy and Whitehead [30]) to realise artificial media with a -

even negative - magnetic response from nonmagnetic conductors [31]. Only half a year
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later David Smith and co-workers demonstrated a metamaterial made of a combination
of split rings and wires having simultaneously negative permittivity (due to the wires)
and negative permeability (due to the split rings) [32].

These works had a profound impact onto the research community because they
implied that it was perhaps possible to engineer a medium with negative index of
refraction, as predicted in 1968 in a theoretical paper by Veselago, where he argued
that media with simultaneously negative permittivity and permeability would have a
negative index of refraction [33]. A material exhibiting a frequency band where the
effective index of refraction was negative was experimentally manufactured in 2001 [34]
using concentric split ring resonators and wires (see Fig 1.4a). Another paper from
Pendry in 2000 [35], where he concluded that a layer of material with refractive index
of —1 would act as a perfect lens, not limited by diffraction and therefore able to focus
to an arbitrarily small spot, increased the interest in metamaterials even further.

The main drive of metamaterial research has been for a while the possibility of
realising a superlens, due to the huge potential it bears for imaging, lithography, data
storage etc. After the experiments on negative refraction and superlensing in the mi-
crowave regime, the next step was to move towards the optical frequencies. In the
optical spectral range the losses of metals, however, start playing a significant role
so that a big effort has been spent in investigating different geometries (e.g. fishnet
structures) and materials (e.g. dielectrics). An optical ’superlens’ (see Fig 1.4b) was
demonstrated, following the requirements (with the obvious experimental limitations),
in 2005 [36].

While the initial effort was completely dedicated to demonstration of negative re-
fractive index and superlensing, it was soon realised that metamaterials have much
wider potential and applications. For example, the capability of controlling material
parameters with high accuracy induced the emerging of transformation optics [37,38],
whose most known achievement is certainly the invisibility cloak (see Fig. 1.4c) [39,40].

More recently it has also been realised that metamaterials, and in particular planar
geometries, are ideal candidates for hybridization with conventional materials to en-
hance and extend the functionalities of the latter: good examples are the enhancement
of nonlinearities of carbon nanotubes [41] or contrast enhancement in phase change

materials [42,43], just to cite some. Moreover, a large research effort has been spent
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into combining gain media with metamaterials to either combat the inherent losses
(from the metals) [44] or, with a view towards light sources based on metamaterials,
enhance the luminescence of a medium [45,46].

A very interesting meta-molecule geometry for planar metamaterials is the asym-
metrically split ring (ASR), shown in Fig. 1.4d, which has high quality factor reso-
nances [47]. Due to its ability of trapping the electromagnetic radiation on the meta-
material plane, the ASR has been the meta-molecule of choice in the work introducing
the idea of a lasing spaser [48], a device which, by combining the spasing action with
a slight symmetry breaking in the meta-molecule geometry, generates coherent laser
radiation. Furthermore, it was shown that the ASR falls within a metamaterial family
indicated as ’'coherent’, due to the nature of its narrowband resonances which come
from a collective response of the meta-molecules rather than from the single meta-
molecule [49]. The experiment demonstrated that this class of metamaterial show a
spectral line collapse of their resonance when an increasing number of unit cell res-
onators is irradiated by a plane wave. The effect just described is crucial for achieving
a lasing spaser.

It is by making use of the ’coherent’ nature of the ASR that it was possible to
demonstrate an intriguing new phenomenon, described in detail in Chapter 5: ’coherent’
visible light has been generated, fuelled by coherent plasmonic oscillations in a large
number of metamolecules, by exciting a planar metamaterial array in a single point

through a beam of electrons

1.5 Free-electron light sources

The fact that free electrons can induce emission of radiation is known since many
years: some of the phenomena leading to it and the reasons behind them are treated
in Chapter 2, while here it is given only a very rapid outlook to some free-electron
radiation sources available nowadays.

The most known free-electron radiation source today is, probably, the free-electron
laser (FEL). The FEL is a light source where electromagnetic energy is extracted from
the kinetic energy of a relativistic electron beam. The beam of electrons is propagated

along the axis of an undulator, a ’tunnel’ with a periodic lattice of alternating dipolar
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magnetic fields. The beam is forced to undulate on the transverse plane, which causes
the electrons to emit radiation.

The solely undulation of the electrons under the action of the magnetic field is
however not enough to induce what is called the ’high-gain’ regime of a FEL. In order
to enter this regime, a density modulation of the electrons, called bunching, along the
direction of propagation must take place. This phenomenon happens in a positive
feedback fashion: the electrons emit radiation, which affects their position (phase) and
thus causes them to emit with greater coherence. This effect is a collective (also called
cooperative) process. In the high-gain regime, there is an exponential increase in the
radiated power as the beam of electrons and radiation co-propagate along the FEL
undulator, and an initially small signal, which may originally be simply noise, can be
amplified by many orders of magnitude before the process saturates [50].

Since a FEL functions, following what said above, as a single-pass amplifier (no need
for mirrors to form an oscillator cavity), the dimensions of a typical FEL are usually
in the order of tens or hundreds of meters. In order to achieve more compact FEL,
approaches making use of other radiation mechanisms (not magnetic fields) have been
suggested. The most popular ones are probably Cherenkov [51-53] and Smith-Purcell
FELs [54-56], which respectively engage the Cherenkov and Smith-Purcell emission:
the former takes place when electrons travel in a medium with a velocity higher than
the one of light in the same medium, while the latter happens when an beam of electrons
travels parallel to a metal grating (a more detailed description of these two processes
is given in Sections 2.3.3 and 2.3.4 respectively). Although significantly smaller in size
than undulator based FELs, Cherenkov and Smith-Purcell FELs suggested or realised
so far, are still (very) macroscopic devices and operate in mm-waves and THz regime.

Meanwhile, in the last ten years, an extremely precise spatial control on excitation
of nanoscale structures by electron beams has been achieved; this allowed to perform
investigations of the properties of nanoscale objects using the light they emit when free
electrons interact with them [57,58] (see Section 2.4.2 for some example). In all these
studies however, the emission of light stimulated by free electrons was seen as a tool
for the investigation of nano-object rather than the main goal. The work carried out
for this thesis bears this shift in perspective: the precise control over the electron beam

has been used to investigate the possibility of either feeding nanoscale light sources (as
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in Chapter 3) or bringing new functionalities into them (Chapter 4) or investigating

phenomena which could lead to new kind of light sources (Chapter 5).

1.6 Thesis Overview

Free electrons bring unique potential to the field of nanophotonics and this potential
can be summarised in the following characteristics: true nanoscale localization and
positioning, broadband transfer of energy (i.e. pumping), easy access to tunability.
This thesis represents a first study of the potential exploitation of these characteristics
for the pumping of various kind of nanoscale light sources by electron beams. The
research carried out has led to intriguing results, as the demonstration of nano-
scale Hertzian optical antenna fed by free electrons and the demonstration
of a tunable nanoscale light source driven by free electrons, but also to the
discovery of new phenomenon as the emission of spatially coherent light from a

metamaterial array locally excited by a beam of free electrons.

Chapter 2 provides a theoretical analysis of the interactions between free electrons
and matter and the most significant (for this thesis) mechanisms leading to emission of
radiation. A description of free electrons as broadband source of radiation is given first
and then it is shown, for each mechanism, how the energy transfer from the free elec-

trons gives rise to light emission and the characteristic of the emitted light are discussed.

In Chapter 3 the emission of an antenna fed by free electrons is investigated ex-
perimentally. In particular it is carried out a comparison between the emission from
a single branch (a nanorod) of an antenna and that of a coupled system (when two
nanorods are placed in close proximity). It is experimentally shown how a coupled
system, probed in the area of close proximity provides an enhanced emission at specific

wavelengths; furthermore experimental results are supported by numerical simulations.

In Chapter 4 it is reported the demonstration of a tunable nanoscale light source
driven by free electrons, built using materials compatible with current chip technologies

(8102 and Au). First, experimental evidence of light emission and tunability is pro-
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vided, then the observed phenomenon is investigated using both analytical description
and numerical simulations. The numerical investigation is also used to show that the

same approach can be used to build light sources able to span the UV-IR spectral range.

Chapter 5 reports on the experimental investigation of planar photonic metama-
terials as a template for novel light sources pumped by free electrons. Experimental
results suggest that a new phenomenon takes place: local excitation of an array of
meta-molecules leads to emission of spatially coherent light coming from collective re-
sponse mediated by intra-meta-molecular interactions. The experimental results are
supported by numerical analysis investigating the response of a metamaterial array

when probed with localised excitation.

Finally, the work covered in this thesis is summarized in Chapter 6, together with
an outlook of the potential routes of investigations for each of the three experimental

demonstrations reported here.
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(a) (b)

(c) (d)

Figure 1.1: Most common types of nano-antennas. (a) The ground dipole nano-
antenna is extensively used as a probe, typically at the end of an optical fibre tip; (b) the
dipole antenna is one of the most common structures used as optical antennas and, due to
the field enhancement in the gap, a good choice for biology/sensing and plasmonic tweezers
applications; (c) the Yagi-Uda configuration is the antenna of choice for the directivity it
provides to the emitted light; (d) the bow-tie antenna is another example of dimer antennas
and provides very high field enhancement within its gap.
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(b)

Figure 1.2: Exzamples of diffraction limited micro- and nano-lasers. (a) First
demonstration of a metallic-coated nanocavity laser with subwavelength cavity diameter and
operation at cryogenic temperature [12]; (b) room temperature metallo-dielectric laser with
subwavelength size in all three dimensions [13]; (¢) gallium nitride nanowire laser [11]; (d)
high speed photonic crystal laser [14].

Figure 1.3: Lasers beyond the diffraction limit. (a) First demonstration of plasmon
laser [15] based on CdSe nanowire placed on top of a metal surface and separated by a few
nm thick insulator layer; (b) first demonstration of a laser based on a core-shell nanoparticle
cavity of 44 nm diameter [16]; (c) plasmon laser with lateral dimensions of 500 nm making
use of total internal reflection to create a resonant cavity [17] .
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Figure 1.4: Metamaterials, some examples. (a) First demonstration of negative in-
dex material made of concentric split rings resonators and wires; (b) experimental demon-
stration of superlensing; (c) first demonstration of a cloak in the microwave part of the
spectrum; (d) asymmetric split ring geometry.






Optical emission induced by free-electrons/matter

interaction

In this chapter it is given an overview of the various mechanisms of light generation
caused by the interaction between free electrons and matter. The mechanisms and
effects that are of interest and relevance for the experimental results reported within
this thesis are presented along with brief theoretical formulations of the interaction
processes. Furthermore, a description of the experimental setup is provided. The last
part of the chapter introduces the boundary elements method, a numerical method

that has been chosen to model most of the experiments described in the next chapters.

15
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2.1 Introduction

A swift electron can interact with a specimen either elastically or inelastically. Inelastic
interactions (the only ones of interest here) involve exchange of energy between the two
sides, free electron and specimen, and therefore produce effects on both of them. Except
special cases, like Electron Energy Gain Spectroscopy, where a nanoparticle is optically
pumped and transfers energy to an electron passing nearby [59], the energy transfer
happens from the fast electron towards the specimen.

Free electrons have generally been used as nanoscale probes to investigates vari-
ous properties of the specimens: topological structure, material composition, atomic
structure etc. Lately the use of free electrons has been extended to the investigation
of photonic properties of materials and micro/nano objects. These study have mainly
retrieved photonic information about the samples through the investigation of either
the energy lost by the fast electrons or the energy released by the process in the form
of light.

The loss experienced by the electron can be quantified and used to retrieve infor-
mation about the sample and the kind of interaction process that has taken place: the
technique used to study this phenomenon is called Electron Energy Loss Spectroscopy
(EELS).

The energy transferred to the specimen is released via various mechanisms, among
which the most interesting are those giving rise to, electron emission (Auger and sec-
ondary electrons), cathodoluminescence (CL) light emission and, in the case of metals,
bulk or surface plasmons (SP). Figure 2.1 shows a simple (and incomplete) schematic
summarising the outcomes of the interaction between a beam of free electrons and a
specimen.

With the view of nanoscale light sources driven by free electrons, surface plasmons
generation and light emission are the processes of most interest in here and the mech-

anisms responsible for them the ones therefore treated in this chapter.

Cathodoluminescence Discovery of cathodoluminescence dates back to the mid-19th
century as light emitted when electrons (cathode rays) hit the glass of evacuated dis-

charge tubes; it has found wide application in the 20th century CRT television sets with
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Figure 2.1: Some of the processes initiated by free-electron/matter interaction.
A beam of swift free electrons hits a thin sample triggering the following processes: (a)
some of the electrons of the beam are diverted from the original path, as function of the
energy they have lost in favour of the sample (orange arrow), and can be detected and
analysed (EELS); (b) if the sample is a flat metal, the electrons can directly launch surface
plasmon polaritons (SPPs) while, if the sample is a metal nanoparticle, localized plasmon
will be generated on its surface; surface plasmons can be decoupled from the sample thus
contributing to CL light emission; (c) the free electrons can also transfer energy to the
bound electrons of the sample, which can radiatively decay either to the original energy
level (coherent CL) or to an intermediate one (incoherent CL); (d) the energy transferred
to the electrons of the sample can result in emission of electrons (Auger or secondary) from
the sample. All these effects take place a the same time, as represented in (d)

a recent renewed interest with the flat field emission and surface-conduction electron-
emitter display technologies (FED and SED). Due to its material specific nature, CL
is routinely used as a material characterization technique in diverse fields, as e.g. min-
eralogy and semiconductor physics.

The processes involved in CL emission can be divided into two classes: the pro-
cesses for which the emission is coherent with respect to the evanescent field of the
incoming electrons and those for which the emitted light is incoherent with respect to
the field of the electrons. The main processes contributing to coherent radiation are

transition radiation and Cherenkov radiation. The former arises when a moving charge
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crosses the interface between two media with different dielectric constant, whereas the
latter is emitted by charges that move through a medium with a higher speed than
the one of the light in the same medium. Another process producing coherent radi-
ation is the radiative recombination of electronic excited states (e.g. e-h pairs) that
decay to the initial state and dominates CL in semiconductors. Carriers recombination
is also a source of incoherent emission, when the decay does not happen towards the
initial state but towards a different excited state. In metals, however, radiative carrier
recombinations are slower channels than secondary electronic excitations, which are,

consequently, the dominant decay channels (Auger electrons).

Plasmons The electromagnetic field associated to a free electron in motion is evanes-
cent. This opens the possibility to access and excite electromagnetic oscillations with
wave-vector components lying outside the light cone. For example, when an electron
beam bombards a metal, the electrons of the beam couple to the free electrons of the
metal inducing the latter to oscillate collectively. These oscillations are called plasmons
because they are quasiparticles associated with oscillations of the electron gas plasma
of the metal and they can involve both the bulk and the surface electrons of the metal
and hence are known respectively as bulk and surface plasmons.

Surface plasmons can be found in two different configurations: they can be localised
on the surfaces of subwavelength metal particles and they can as well exist and prop-
agate on extended metal surfaces or 1D waveguides; in this last case they take the
name of surface plasmons polaritons (SPPs). Localised surface plasmon, differently
from SPPs, can undergo radiative decay and their contribution to light emission adds
up to the the other mechanisms of light emission that undergo the name of cathodo-
luminescence; they constitute an indirect emission process but, nonetheless, coherent
with the field of the swift electrons.

The first work suggesting the existence of both surface and bulk electron oscillations
was carried out by Ritchie and dates back to 1957 [60]. Their existence was later con-
firmed by Powell and Swan in 1959 [61]. The first observations of light emission from
SPPs produced by electron beams were instead made by Teng and Stern [62], while
their propagation and scattering from metal has been recently reported with nanome-

ter resolution [63,64]. Yamamoto and collaborators first reported light emission due
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to localised surface plasmon excitation by energetic electron beams in silver nanopar-
ticles, along with spatially-resolved distribution of the plasmons on the surface of the

particle [65].

Metals, thanks to their ability of supporting plasmons and currents, were the materials
of choice in the experiments reported in this thesis. Therefore in this chapter the
focus will be on those mechanism and processes that are most relevant in the light
emission generated by interaction of free electrons with metals, in particular transition
radiation, surface plasmons, Cherenkov radiation and the Smith-Purcell effect, with
the latter that can be regarded as a special case of the Cherenkov. The description of
these mechanisms will follow the ones reported in textbooks [66] and reviews on the
topic [67].

The rest of the Chapter is hence structured as follows: Section 2.2 sets the math-
ematical platform that allows to describe free electrons as evanescent sources of light;
Section 2.3 dwells into some mechanisms of electron induced emission of radiation,
specifically Transition Radiation, Surface Plasmons and Cherenkov Smith-Purcell Ra-
diations; Section 2.4 then considers the experimental set-up used to perform the ex-
periments reported in this thesis and provides two examples to asses its capabilities;
in Section 2.5 the Boundary Element Method, used to numerically describe many of
the experimental results, is introduced and its mathematical description is provided;
finally, since the thesis deals with experimental realisation of light sources, Section 2.6

deals with the definition of coherence of a light source.

2.2 Free electrons as evanescent source of light in matter

A point charge traveling at constant speed along a straight line in vacuum does not
emit radiation. It however bears an electromagnetic field that can be considered as an
evanescent source of radiation allowing to access regions of the frequency-momentum
space that lie outside the light cone.

Consider an electron, of charge —e, travelling on a straight trajectory with constant
velocity vector v along the z axis and crossing the origin at time ¢ = 0. The elec-

tromagnetic fields E(r,¢) and H(r,t) set by the electron in motion in the surrounding
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space must satisfy Maxwell’s equations:

V-B=0,
VD:[),
0B
E=-_22
V x 5
oD
H=-J+—
V x +8t’

where p and J are respectively the charge and the current density associated with

the moving electron, that are expressed by:

p(r,t) = —ed(r — vt), (2.1)

J(r,t) = vp(r,t). (2.2)

A convenient way to find solutions to the fields distributions is to operate in
frequency-momentum space. The Fourier transform connecting the two domains, [r,t] <>

[q,w], is given by:

F(r,t) = (271r)2 /d3q/dwF(q,w)eiq'ri‘“t, (2.3)

and when applied to the source distributions it returns:

pla.w) = 50w —q-v), (24)

J(q,w) = vp(w—q-V). (2.5)

The above conditions applied to Maxwell’s equations, give the following solution

for the fields in the real space:
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2te q/e —kve ;q.p
E(I’,w) = (27r)3/2 /dgqﬁeq (5(&) — qV) (26)

The dependence of the fields on the distance from electron trajectory and on electron
velocity can be more easily understood if, of the above equation, it is given the explicit
solution, showing the contribution of the individual components of the field. An electron
travelling along the z axis, as the one considered here, is described by electric field both
on axis (along the direction of propagation) and radial direction, and an azimuthal

magnetic field. They can be analytically expressed as:

E(r,w) = —— <3>1/2 glz/v [iKO (‘*’R> 2 — K, (‘*’R) R] .27

v29.€

77 Ve Ve Ve
92 1/2 ) R
H(r,w) = —— (-) eIV (“’ >¢, (2.8)
VY€ \T Ve

where, R is the distance from the electron’s trajectory, z, R and @ are respectively
the axial, radial and azimuthal unit vector components, v, = 1/ \/m is the
Lorentz contraction factor and Ky and K; are the modified Bessel functions of the
second kind. Two interesting features stem out from the expressions of the fields
reported in 2.7 and 2.8: first, they refer to each monochromatic component of the
electromagnetic field, and second, the fields decay away from the electron trajectory,
inversely proportionally with respect to the electron velocity v (see Fig. 2.2).

The just highlighted features suggest that an electron moving with a constant ve-
locity on a straight path can be regarded as a broadband, evanescent source of light
moving with velocity v along the electron trajectory. An interesting fact is that the
external field of the electron diverges at the position of the trajectory, resulting in a
theoretically infinite resolution. The actual resolution of the experiments is however
not such: it is limited by the finite size of the beam spot and the delocalized character
of the material response [68]. An upper limit to the resolution is set by the exponential

decay (K1) of the fields with the distance.
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Figure 2.2: Fvanescent nature of the fields of swift free electrons. Behaviour
of each component of the field associated to a free electron travelling at constant velocity,
as function of the distance from the electron trajectory, R for a wavelength of 600 nm.
The inverse proportionality dependence on the electron velocity v is exemplified showing
the behaviour of the field components for two different energies, 10 and 50 keV, of the free
electron.

2.3 Mechanisms of light emission

As introduced in Section 2.1, various mechanisms are responsible for the emission of
radiation following the interaction of free electrons with a specimen. In this Section
the most relevant ones for the work reported in this thesis are analyzed using the same
mathematical formalism adopted for the description of the fields associated with an

electron moving with constant velocity (Sec. 2.2)

2.3.1 Transition radiation

Transition radiation (TR) was first predicted by Ginzburg and Frank in 1946 [69] and
observed experimentally only in 1959 in the visible range by Goldsmith and Jelley [70].
The physical mechanism behind it is fairly simple (see Fig. 2.3): when an electron,
moving inside a first medium, is incident on the surface of a second medium, it creates
a perturbation in the electrons of the latter thus inducing a polarization charge. The

incoming electron and the induced charge act as an induced dipole. When the electron
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physically crosses the interface, the sudden cancellation of the dipole produces radiation
that can decay into two channels: direct emission in the far field (TR) and, in the case

of a metal, generation of surface plasmons (which will be discussed in the next section).

(a) (b) transition
. \% 5 radiation
€=

medium 1 l medium 1 \/l/l/!/ ‘QA\(
induced dipole
® charge

Figure 2.3: Mechanism responsible for the transition radiation. (a) A free
electron travelling from medium 1 towards the interface between the two media creates an
induced charge in the electrons of medium 2; (b) once the free electron crosses the interface,
the annihilation of the effective dipole made by the two charges generates emission in the
far field, which goes under the name of transition radiation (TR) .

Let’s consider, again, a free electron traveling with constant velocity v along the z
axis towards an interface between two media (at z = 0). The electric field set by the
swift electron in each medium j (with j = 1,2 indicating the medium above and below
the interface respectively) in the proximity of the interface is given by the sum of two
components, the field induced by the electron in an infinite bulk medium plus the field

reflected at the interface:

_ bulk ref
E=E!*" + B

the latter being the field generated by the induced surface charges and currents.

The bulk component of the field is obtained directly from Eq. 2.6 through integra-
tion of the z component of q:(qH,w/v). These fields evanescently decay away from
the electron trajectory, hence they do not contribute to TR emission (they however are
responsible for Cherenkov radiation under the appropriate conditions, as discussed in
2.3.3).

The reflected (or induced) component of the fields can be solved for the induced

polarization charges by applying the boundary conditions at the interface z = 0 (con-
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tinuity of the parallel components of the electric and magnetic fields). The expression

of the reflected magnetic field, after some algebraic manipulation, reduces to:

H (q), 2,w) = —2m i Dyj sen(2) g, (2.9)

where ¢.; = ,/k%¢; — qﬁ, g = 2Xqy|, the coeflicients /1; are determined by applying

the boundary conditions and can be written as:

1 fwes +vg06e1 wep + vqu0€7
_ 1 N 2.10
i [v] < g% — ke g% — k2ey (2.10)

—1 fwey —vg162  wer +vgz1€2
_ -1 _ 2.11
H2 ] < q? — k2¢; q? — k3¢ ( )

and D is given by:
2ieq/c

D= a/ (2.12)

 qu1€2 + uo€1

Given the geometry of the problem treated here, the fields are obviously azimuthally
symmetric; the induced field can then be obtained by inserting Eq. 2.9 into Eq. 2.6 (for
the corresponding magnetic field) and solving the integral over the azimuthal angle of

qy, which gives:

H;ef(r,w) =i sgnzc,b/o quqHD,ujeiqu'ZUl(qHR), (2.13)

where R and @ are, respectively, the distance from the electron trajectory and the
azimuthal unit vector (as previously indicated for Eq. 2.8), and J; is the first order
Bessel function of the first kind.

In all the experiments reported in the following, the CL signal is detected in the
far field. This allows two considerations: i) since the fields directly produced by the
moving electrons (indicated in this section as bulk) are evanescently decaying, the only

TR signal of interest is the one associated with the induced field, ii) as kr — oo in
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medium 1, "¢/ behaves as H;ef (r,w) — £ (0,w)e’* /r. Performing this asymptotic

analysis on Eq. 2.13, one gets

f(r,w) =tk cos(0)Dpu;p,

where 0 is the emission angle with respect to the surface normal (zenith angle).
This expression must be evaluated at ¢ = ksinf, where 0 is the emission angle with
respect the surface normal. The intensity of the emitted light is linked to the emission
probability as function of the frequency, I'(w), through I = fooo dwI(w) and is propor-
tional to the integral of the Poynting vector over the emission directions (in this case
the upper hemisphere in the vacuum). This leads to the following expression for the

probability of emission for the transition radiation

1

Prr(w) =5 o0

w/2
/ sin 0dO|f(0,w)|?, (2.14)
0

where the probability is expressed per incident electron and per unit of photon
frequency range. Eq. 2.14 will be used in the analytical and numerical modelling of
the experiments, when evaluating the contribution of TR in the CL signal, and its
behaviour, in the case of a 30keV free electron impinging onto a flat gold surface, is

reported in Fig. 2.4.

2.3.2 Surface plasmons

When a swift electron hits the surface of a flat metal sample it generates, along with
TR, surface plasmons polaritons (SPPs), as illustrated in Fig. 2.5a. The condition on
the wave vector that describes the generation of plasmons can be identified as the pole

of D in Eq. 2.9, which corresponds to the surface plasmon dispersion relation:

q-1€2 + qz261 = 0, (2.15)

which is equivalent to the more known form for the SPPs dispersion
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Figure 2.4: Probability of generating TR and SP by electron impact on metal.
Emission probabilities of transition radiation (blue) and surface plasmons (red) by a 30keV
free electron of a gold surface, calculated according to Eq. 2.14 and Eq 2.19 respectively.
[inset: zoom onto the transition radiation spectra to better highlight its behaviour] .

SP €1€2
= k/ 2.1
9 ot (2.16)

graphically illustrated in Fig 2.5b, where k = w/c.
By performing a Taylor expansion of g.1€2 + g.2€1 around the pole g = qﬁP [71], it

is possible to express

Dr~—— (2.17)
SP?’
q ~ 9

where

- 2ieq§1P €9

c &—6

C

which allows, after inserting these expression into Eq. 2.9 and integrating over g

(using the ¢ = qﬁp pole), to get the following expression for the field
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Figure 2.5: SPPs generation from electron impact on metal. (a) A fast free
electron crossing a boundary, where the medium 2 is a metal, generates surface plasmon
polaritons (SPPs) along with transition radiation; (b) SPPs dispersion line lies on the right
of the light cone thus not allowing direct plasmon generation by light without a matching
mechanism (e.g. a grating); with a free electron, on the contrary, the area on the right of
the light line can be easily accessed [inset: schematic illustration of the evanescent nature
of the surface plasmons, showing the exponential decay of their electric field away from the
interface where they exist and are bound] .

H'/ (r,w) = g sgn(2)Cpe’™ F B (7 R), (2.18)

where y1; is the parameter defined in equations. 2.10 and 2.11, qup =, /k%¢j — (qﬁp)2

and H fl) is a Hankel function decaying as ~ (R)'/? at large distance from the electron
trajectory. As in the previous case (TR) what is interesting here is to know what is the
probability of emission for SPs. This can be obtained by performing the integral of the
Poynting vector for the fields described by Eq. 2.18 over a cylindrical surface centered

around the electron trajectory, and gives

sp 2 sp
wqp' sgn(z)Cu, q
‘ I (2)Cpj e{ I }’ (2.19)

1
Lsp(w) = 5P SP
2m2hk2 j;:,Q Im{qzj ]qH l€j
where the probability is expressed per incident electron and per unit of plasmon
frequency range. The generation rate of SPs as function of free-space wavelength of
emission, calculated according to Eq. 2.19, is shown in Fig. 2.4.
Localized surface plasmons On metal-dielectric interfaces of arbitrary geometry

oscillations of the charge density, similarly to the SPPs case, can also be supported. In



28 2. Optical emission induced by free-electrons/matter interaction

this case they take the name of localized surface plasmons and some difference arises
with respect to the case of propagating plasmons. In the case of simple geometries
as, for example, spheres and disregarding retardation effects (good approximation in
the case of particles of small size with respect the wavelength of interest) an analytical
description of the localised plasmons is possible and can help to highlight the differences.

In the case of a sphere, the nonretarded (q,1 = q.2 = g with ¢ > w/c) planar

surface-plasmon condition, ¢; + €5 = 0 is replaced by

ler + (l + 1)62 =0, [=1,2,.., (220)

where [ is the orbital momentum number and accounts for multipolar plasmons
resonances. If a Drude model for the metal is applied to both case, the following

surface plasmon wavelengths are obtained

“p

wy = (2.21)

[

for propagating (ws) and localized (w;) surface plasmons, respectively. When excited
by an electron beam, the plasmons generated on the surface of a metal nanoparticle
will contribute to the CL emission through their di- or multi-polar oscillations at the
wavelengths dictated by Eq. 2.22. In the case of arbitrarily complex geometries numer-
ical methods, such as the boundary element method (BEM) described in Section 2.5,

have to be used to evaluate the localized surface plasmon wavelength and distribution.

2.3.3 Cherenkov radiation

In section 2.2 it was stated that, except in special cases, an electron travelling on a
straight trajectory at constant velocity, sets an electromagnetic field in the surrounding
space, but does not emit radiation. Cherenkov radiation (CR) is, probably, the most
known case in which the field generated by the free electron becomes oscillatory in the

far field, thus producing electromagnetic radiation. This kind of light emission was first
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observed by Cherenkov in 1934 [72] and found a successful explanation by Frank and
Tamm in 1937 [73,74]. The conditions under which such phenomenon occurs can be
retrieved by reconsidering Eq. 2.7.

If a charged particle travels in a medium with constant velocity v greater than the

one of light in the same medium, expressed by the condition

v > c/Ve, (2.23)

the argument of the Bessel functions in Eq. 2.7 becomes imaginary, thus inducing
an oscillatory behaviour of the fields in the far field region. This indicates that energy
is dragged away from the electron, hence inducing light emission.

The probability of CR emission per frequency of radiation is given by the following

expression:

c v2e

ron) = 55 (5 - ). (2.21)

where L is the length of the trajectory and e is the frequency dependent permittivity
of the homogeneous medium.

A characteristic feature of Cherenkov radiation is its non-uniform distribution in
frequency, being rather characterised by emission in frequency bands nearby regions of
anomalous dispersion, as schematically illustrated in Fig. 2.6a, and where ¢ > 1/32,
with 8 = v/c (condition coming from I'cr > 0 and equivalent to the one set in Eq. 2.23).

Another typical feature of CR is its angle of emission, which can be expressed as

cosOcr = (2.25)

1
v/cy/e

thus being dependent on both the velocity of the electron v and the frequency
w, through e. For this reasons Cherenkov radiation detector are widely employed in
high energy physics, for example as mass analyzers and for velocity measurements.

The angle 6 can be retrieved from considerations on the electron field components
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(tanfcr = —E./ER) but can also interpreted qualitatively using the analogy with

shock wavefronts (see Fig. 2.6b).
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Figure 2.6: Cherenkov radiation emission condition. (a) Graphical representation
of the condition to have CR, € > 1/3%; the shaded area indicates the frequency band, below
the region of anomalous dispersion, where CR takes place; (b) CR analog of shock waves:
when the electrons travel with velocity v < c¢/+/€ no emission takes place, when instead
the velocity increases to the level v > c/+/e, CR is emitted with a wavefront given by the
envelope of the wavefronts at specific positions. The angle 8¢ is equal to the angle formed
by the direction of motion of the electron with the direction of propagation of the generated
wave.

The classical Cherenkov radiation is not of particular interest for the experiments
reported in this thesis since the electrons employed in the experiment have energies not
sufficient to trigger the conditions stated above. Another kind of light emission mecha-
nism, connected to the Cherenkov one, is however relevant to some of the experimental

observations reported here: the Smith-Purcell emission.

2.3.4 Smith-Purcell effect

The Smith-Purcell effect was discovered by Smith and Purcell in 1953 [75], when they
recorded light emission from a beam of free electrons travelling with constant velocity,
v, above a metal grating (parallel to it, without contact). The Smith-Purcell radiation
is continuously emitted in a wide wavelength range, over a wide angular section cover-
ing the half hemisphere above the grating. Wavelength and direction of emission are

determined by various parameters and follow a very simple relation,

A= L(c/v —cosb) (2.26)
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where ) is the wavelength of emission, L is the period of the grating and 6 the angle
of emission. Eq. 2.26 comes from the condition of constructive interference of aligned

emitting sources, as schematically illustrated in Fig. 2.7

0 vacuum

Figure 2.7: Smith-Purcell emission spectrum. The grating/electron system can
be interpreted as an array of emitters periodically spaced at distance L from each other
and successively excited by the travelling electron. In this case, they will constructively
emit when the path difference between the period L (distance travelled by the electron at
a speed v in a time At) and the space (Lcosf) covered by the light during the same time
interval, cAt is a multiple of the wavelength X\. The emitted light will then be a continuous
of wavelengths each corresponding to a specific direction, 6.

Theoretical analyses of the effect have been produced that either describe it as
arising from the diffraction on the grating of the evanescent waves associated with
the moving electron [76,77], or considering the currents induced on the surface of the
grating by the electron [78]. The Smith-Purcell emission, along with other effects, can
be regarded as a cherenkovian effect, since it can be obtained as a generalization of the
Cherenkov effect. An analytical proof can be found in [76], while here it is given an
intuitive picture of the reason. In Fig. 2.8a and b are shown the dispersion diagrams
for, respectively, the ’classical’ Cherenkov radiation and Smith-Purcell emission.

The case of CR is illustrated by Fig. 2.8a, where it is shown the dispersion relation
of light moving in medium of dielectric constant e along with the line indicating the
dispersion of a wave associated with an electron moving with velocity v, w/v. Just
below the region of anomalous dispersion of the medium, at w = wy the velocity of the
electron exceeds the one of the light in the medium, v > ¢/+/€ (corresponding exactly
to the condition, derived from Eq. 2.24, ¢ > 1/32%), as highlighted in the inset of the
figure. The shaded region corresponds to CR emission, matching the one previously

illustrated in Fig. 2.6a. The Smith-Purcell emission condition is instead schematically
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Figure 2.8: Dispersion relations and emission conditions for Cherenkov and
Smith- Purcell radiation. (a) Dispersion relation diagram illustrating the condition lead-
ing to CR emission. The straight lines represent the dispersion curves for a lightwave mov-
ing in the vacuum (green line), a lightwave moving in a medium of constant permittivity
€xo (red line) and the electron fields (black line). The blue curve describes the dispersion
relation for a medium with permittivity €, frequency dependent. The region where the blue
and black lines cross is highlighted in the inset of the figure, where the CR emission range is
indicated by the shaded region, whose upper bound corresponds to the condition of anoma-
lous dispersion w = wy; (b) Dispersion relation diagram illustrating the condition leading
to Smith-Purcell emission. The electron moves in vacuum, thus the only dispersion lines
present are the electron line (black) and the light-in-vacuum line (green). The presence
of the grating provides a momentum qr,, which is reflected by the shift in the electron line
(orange line). The shaded region indicates the range of emitted wavelengths depending on
the emission angle 6

sketched in Fig. 2.8b. In this case the velocity of the electron does not exceed the speed
of the light in the medium (chosen to be in vacuum or air, for simplicity), v < ¢/+/¢,
and therefore, no crossing between the dispersion curves takes place. The picture is
modified by the presence of the metal grating which provides the additional momentum,
qr, to the ’electron wave’, thus fulfilling the emission condition described in Eq. 2.26.
The shaded region in this case covers the wavelength range dictated by the angle 6,
once all the other parameters (period of the grating L and velocity of the electron, v)

are fixed.

2.4 Experimental detection of electron induced radiation
emission
All the processes just described in Section 2.3 require an experimental setup capable

of collecting and analysing the emitted light in order to be assessed. In this section

the experimental setup used for all the experiments is sketched and two examples of
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its capabilities are reported.

2.4.1 Experimental setup

The setup used to perform the experiments of the thesis is divided into two main
parts: a scanning electron microscope (SEM), to produce the electrons responsible for
the excitation of the samples, and an optical system for the collection and analysis
of the electron induced radiation emission (EIRE). The electron beam is focused onto
the sample via a small hole in a parabolic mirror mounted directly above the sample.
The mirror collects the light emitted from the sample over approximately half of the
available hemispherical solid angle and directs it out of the SEM chamber to a spectrum
analyzer with a liquid nitrogen-cooled CCD detector (Fig. 2.9). It is also possible to
build up an ’hyperspectral’ image of the sample by scanning it point by point with the
focused electron beam and synchronously recording the light emission spectra at every
pixel as described in [79]. From the data hypercube it is possible to extract spectral
(e.g. emission peaks at specific wavelengths) and spatial information about the sample)

In order to asses the spectral and spatial capabilities of the system, two examples
are reported in Section 2.4.2. In both cases the samples are metal nano-particles and
the reason behind this choice is the ability of these object to support localised surface

plasmons.

2.4.2 Investigation of light emission from metal nanoparticles

Localised plasmon resonances are important features of metallic nanoparticles of sub-
wavelength dimension. They represent a way to localise light to dimension much smaller
than the wavelength of the light itself, while inducing an enhancement of the intensity of
the electromagnetic field in the same region. Many applications benefit from such fea-
tures, for example Surface Enhanced Raman Scattering, cancer therapy, nano-antenna
emitters, to cite some. For each and all of these applications the knowledge, with the
highest accuracy, of the plasmonic properties (spatial intensity and energy distribution,
lifetime, etc.) of the specific nanoparticle is a necessary requirement. A number of tech-
niques are available to serve this purpose, some of them use optical fields while other
employ free electrons (see [67]). All of them have both advantages and disadvantages,

nonetheless, in general, techniques using free electrons such as Electron Energy Loss
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Figure 2.9: Schematic of the set-up for EIRE detection. A beam of electron
is focused onto the sample: this will induce emission of radiation that is collected by a
parabolic mirror and diverted onto a liquid nitrogen-cooled CCD spectrometer.

Spectroscopy (EELS) and Cathodoluminescence (CL), give almost unrivalled spatial
and energy resolutions.

This section aims at showing how CL spectroscopy is not limited to specific nanopar-
ticles geometries but can rather help to retrieve information about plasmonic resonances
and distributions for arbitrary geometries within a wide wavelengths range and with
a spatial accuracy of about 20 nm. The particles used in the experiments were gold
pentagonal bipyramidal (decahedra) and triangular nanoprisms (obtained as fractions
of the nanodecahedra) prepared by the group of Prof. L. Marzan at Vigo Univer-
sity. The particles were synthesised following the method reported in [80], using N-
dimethylformamide (DMF) as both solvent and reducing agent. The optical properties
of the gold nanoparticles were probed at two scales: i) single particle level (nanodeca-

hedra) and ii) within a single particle (nanotriangles)
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Gold nanodecahedra

Gold pentagonal bipyramidal nanoprisms, or nano-decahedra, belong to a class of
nanoparticles, synthesized by colloidal chemistry techniques, whose importance and
attractive characteristic is represnted by their anisotropy and the presence of tips in
their shape. The tips, especially if sharp, are important, as said above, for applications
as, e.g. SERS, because of the field enhancement they create. The current best example
of such kind of metal nanoparticles are the so-called nanostars, that give a 10 orders of
magnitude enhanced SERS signal [81,82].

The nanodecahedra used in the experiments are shown in Fig. 2.10a and b. They
have a lateral size of about 50 nm. The size of the particles allowed to record spectra
from each single particle without, however, spatial information: the beam of free elec-
trons was directed roughly at the centre of each single nanodecaherdon and recorded.
Due to the decahedra minute dimensions, limited imaging resolution and, perhaps,
small drifts induced by charging, it was not possible to precisely define the impact
position, so that the particles were probably probed on slightly offset positions with
respect to the centre. From statistics over numerous nanoparticles, curves peaking
around 2.2 eV have been detected (Fig. 2.10c). From analogous studies performed us-
ing a transmission electron microscope (TEM) with the capability of perform electron
energy spectroscopy (EELS) and produce spatial maps with very high accuracy (sub-
nm), the three resonances could be assigned to specific surface modes associated to the
nanodecahedra. In particular, the resonance at 2.25 eV is associated to the particle
azimuthal mode, whereas the resonances at 2.05 eV and 2.15 3V are associated to polar
modes located at the corners of the decahedra. The peak spectral shift is probably due
to variations in the particle size.

The spectra reported in Fig. 2.10c are helpful to highlight the great energy resolu-
tions Cathodoluminesce, like other spectrography techniques using free electrons, can
achieve: in the case reported here, modes for nanoparticles with very small size vari-
ations and separated by only about 0.1 eV, have been clearly detected and associated

to geometric resonance of the structure.
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Figure 2.10: Cathodoluminescence emission of a single 50 nm gold nanodec-
ahedron TEM images of a single gold nanodecahedron from a top (a) and side (b) view
(images from [80]); (c¢) CL emission spectra of a single decahedron excited by a beam of
free electrons directed on its centre: resonances, centred around 2.2 eV (green) occur when
collecting spectra from many nanoparticles and they are associated to geometric resonances
of the decahedra.

Gold nanotriangles

Gold nanotriangles, obtained as fractions of the nanodecahedra during the fabrication
process, have the same positive characteristics of the decahedra (anisotropy, corners)
and hence the same advantages (e.g. field enhancement at the corners). The triangular
prisms analysed here have a slightly bigger size, 100 nm side length, than the decahe-
dra studied in the previous section, thus are a perfect candidate to test the mapping
capability of CL spectroscopy.

As shown in Fig. 2.11a the scanning electron microscope obviously has the capability
of resolving the features of an individual nanotriangle therefore opening the possibility
to scan the beam (point by point) over the particle surface, collect the full spectrum
at each point and then build a full intensity map for the CL signal. Since each xy
point contains the full spectral information, it is possible to build CL intensity maps at
each wavelength as the one shown in Fig. 2.11b, where the surface plasmon resonance
associated with the corner of the nanotriangle is clearly visible.

The advantage of mapping the emission on the nanoparticle, beside a direct visuali-
sation of the plasmon modes, is that a point in the map can be probed and the spectral
information carried by that point visualised, as shown in Fig. 2.11c, where two spectra,
one from a corner (blue line) and one from a side (red) are compared: it is easy two

see that they show resonances at different wavelengths.
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Figure 2.11: CL emission mapping of a 100 nm gold nanotriangle (a) Secondary
electron image of a gold triangle and (b) corresponding CL emission map at a wavelength
of 600 nm where emission mazima can be seen on the triangle corners; (¢) CL spectra
generated by an electron beam hitting the triangle surface onto two different points.

2.5 Numerical description: the boundary element method

Analytical calculation of the fields generated by the processes described above is pos-
sible only in a limited number of cases (e.g. infinite planar metal surfaces); when the
structures under investigation have complex geometries, then numerical solutions to
equations and integrals are required. In this thesis, the method of choice to calculate
the fields induced by an electron and its interaction with the experimental structures
has been the retarded boundary element method (BEM). In short, the BEM handles
the fields inside each homogeneous region by expressing them in terms of charges and
currents at the boundaries with other regions, calculated by imposing the boundary
conditions on the interfaces.

The retarded BEM has proved to be an accurate and powerful simulation method for
the analysis of the interaction of free electrons with photonic/plasmonic nanostructures
[83-85]. The specific BEM code used within this thesis to model some experiments has
been developed by Prof. F. J. Garcia de Abajo. In this section it will be shown the
derivation of BEM starting from Maxwell’s equations , following the one carried out
in [86,87].

The BEM operates in the frequency space, thus let us start by expressing Maxwell’s

equations in frequency domain, w as:
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V-B =0,
V x E—ikB =0,
V-D =4mnp,

4
VXH+¢J<D:§J,

where k = w/c and the media are described by dielectric permittivity and magnetic
permeability both dependent upon space r and frequency w, € = €(r,w) and p = p(r,w).
The first two equations can be rewritten by expressing electric and magnetic fields in

terms of scalar and vector potential ¢ and A

E = ikA — V¢, (2.27)
H-1vxA. (2.28)
W

Then, using the gauge (Lorentz)

V- A = ikeuo (2.29)

Maxwell’s equations can be rewritten as

(V2 + k2ep)p = —Am (g + 05> , (2.30)

47

(V2 + E*ep)A = — . (uJ + m) (2.31)

where o5 and m are proportional to the gradient of spatially-dependent e and pu.
In the case of homogeneous media separated by abrupt interfaces, then o and m will
take nonzero values only at the interfaces, so that they can be interpreted as additional
charges and currents having their origin in the discontinuity of ¢ and p. They, however,

do no represent physical quantities but are only related to real boundary charges and
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currents, so that, rather than using them, it is more convenient to introduce surface

charges o; and currents h; determined by the appropriate boundary conditions for the

electromagnetic fields at the interfaces.

The general solutions to equations 2.30 and 2.31 for the scalar and vector potentials,

vanishing at infinity in each medium j can be expressed as:

o) = = [ Gy (ir = x'Dole?) + [ dsGy(fx = sl)(s).

Ej g

A =2 [arGy(e— )36 + [ dsGy(le = shi(s)

J

where §; indicates the boundary of each medium and

is the Green function which solves the scalar wave equation

V2 + k3]Gj(r) = —4md(r),

in each medium j and k; = k+/(e;17).

(2.32)

(2.33)

(2.34)

(2.35)

The solutions found for the potentials (expressed in equations 2.32 and 2.33) can be

broken in two parts; the integrals over r’ (first integrals on the right side) are solutions

to equations 2.30 and 2.31 when o5 = m = 0, which means outside the interfaces; the

surface integrals are part of the solutions in order to include the effects of o5 and m

on the boundaries and to account for the discontinuity of the Green function G; at the

boundaries. Equations 2.32 and 2.33 are therefore solutions to, respectively, Eq. 2.30

and Eq. 2.31 if boundary charges o; and currents h; can be chosen so that the resulting

electromagnetic fields satisfy the boundary conditions.

The continuity of the tangential component of E and the normal component of B

at the boundary, together with the Lorentz gauge (Eq. 2.29), leads to the continuity of

the potentials ¢ and A, meaning that they must have the same value on both sides of
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the boundary, ¢1 = ¢2 and A} = Ay, so that from Eq. 2.32 and Eq. 2.33 one gets

G10'1 — G202 = QZ)S — qbf, (2.36)

Gihy — Gohy = AS — A€, (2.37)

where o5 and Af are derived from the first integrals of, respectively, Eq. 2.32 and
Eq. 2.33, evaluated at r = s. They are equivalent boundary sources, representing the
scalar and vector potentials corresponding to those created at the interface points by
external charges and currents in the case of the entire space being homogeneously filled
with medium j, and scale linearly with these external perturbations.

In the case of nonmagnetic materials, the continuity of the tangental magnetic field
and the vector potential implies that both the tangential derivatives of all components
of the vector potential and the normal component of the tangential vector potential
must be continuous. This, together with the Lorentz gauge, leads to the following

equation

H1h1 - H2h2 - ian(Glelulal - G2€2,U,20'2) =« (238)

where a = (ng - Vg)(A§ — Af) +ikng (110§ — eap2¢5), ng the surface normal and
H; the normal derivative of the Green function Gj.
When the continuity of the normal component of the electric displacement D is

taken into account then the following equation holds

H16101 — HQEQJQ — ’ik‘ng . (Glelhl — G262h2) = De, (2.39)

where D¢ = ng - [e1(1kA — Vg¢§) —ea(ikAS— Vgp§)] is the difference of the normal
displacements created at the interface points by external sources in the case of the entire
space being filled with a single homogeneous medium, either 1 or 2.

Equations 2.36 to 2.39 allow to self-consistently calculate the boundary charges and

currents o; and h; thus making Eqgs. 2.32 and 2.33 solutions to the Maxwell’s equations,



2.6. Coherence of a light source 41

that vanish at infinity and satisfy the boundary conditions at the interfaces. The trav-
elling free electron can be introduced as an external charge through the inhomogeneous

terms.

2.6 Coherence of a light source

When discussing about light sources, it is straightforward to refer to lasers as term of
comparison. There are differences between the ”incoherent” light emitted by a thermal
source and the ”coherent” light emitted by a laser. In particular laser emission is usually
distinguished by ordinary light sources by its spatial coherence and its temporal (or
spectral) coherence. In this section a definition of both kinds of coherence is provided,
while a mathematical formulation of first-order coherence is given in Appendix A. The
description of coherence will follow that presented in textbooks [88,89].

It is worth pointing out that the coherence properties are primarily connected to the
classical-resonant-cavity properties rather than to the quantum transition properties of

the atoms in the gain medium.

Temporal coherence

A signal is said to be temporally coherent if its amplitude and /or phase at one moment
in time are strongly correlated to the amplitude and/or phase at any earlier or later
time. The coherence time is inversely proportional to the bandwidth of the signal (see
Appendix A). In general, thermal light sources, as for example, flashlamps or filament
sources emit over a very broad spectrum, resembling that of a blackbody radiator; there
are light sources, as e.g. discharge lamps, that emit over much narrower wavelength
bands, but their spectral width is still limited by atomic transitions’ linewidths. Typ-
ical values for the linewidths of these light sources are in the order of few THz. Most
lasers, on the contrary, have a highly monochromatic emission whose bandwidth can
range from few tens of MHz to only a few Hz (in a very highly stabilised system). As
said just above, this spectral property of the laser mainly comes from the cavity and

not from the atomic transition.
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Spatial coherence

Spatial coherence of a light source is defined by the phase relation between two points
on the wavefront of an electromagnetic wave at a time ¢t > 0. The difference between
the phases at time ¢t = 0 is, by definition, zero; if the difference remains the same
at any t > 0, for any two points of the wavefront, then the the wave is said to have
emphperfect spatial coherence. In practical situations, the requirement of good phase
correlation between two points is extended only to a limited area, in which case the

wave is said to have partial spatial coherence.

It is important here to stress two points: i) the spatial and temporal coherence are
independent concepts (it is possible to have a wave with very high spatial coherence
but very poor temporal coherence, and viceversa); ii) spatial and temporal coherence
give just a first-order description of the coherence of a light source. Despite the fact that
through the investigation of spatial and temporal coherence of a practical light source
it is, generally, possible to say whether it is or not a laser, are indeed the differences
in higher-order coherence that make a laser source fundamentally different from an
ordinary light source. A slightly deeper explanation of this aspect can be found in

Appendix A.

2.7 Conclusions

The theoretical analysis of the interaction process between free electrons and specimens
presented in this chapter covers all the main mechanisms of light emission involved in
the experiments reported in this thesis.

The description of these effects in a sequential way, however, does not have to
induce to think that they are mutually exclusive, but on the contrary the resulting light
emission comes rather from their mutual interplay in the structure under investigation.

As already anticipated, the aim of this thesis is to show that electron beam pumping
is a viable route to the realisation of nanoscale light sources, which sometimes also have
characteristics that arise from the unique features typical of the free-electrons/matter
interaction. In the next three chapters, three experiments are reported where light

emission comes from nanoscale metallic structures excited by beams of free electrons.



2.7. Conclusions 43

For each of them, the process leading to emission of optical radiation is different, and
always depends on the particular geometry of the sample, which has been designed to
take advantage of some of the mechanisms of light emission previously described. A
very interesting aspect is the fact that in some cases the emission of light cannot be
directly related to a single process, but rather comes both from a modification of one or
more of the effects just described due to the geometry of the structure and the interplay
between few of them (e.g . Chapter 4). Even more interestingly, the excitation by free
electrons, mediated by generation of surface plasmons, has shown capable of triggering

spatially coherent emission from metal nanostructured materials (Chapter 5).






Nanoscale Hertzian antenna driven by free electrons

Dipole antennas are the simplest devices to transmit and receive an electromagnetic
signal. Such antennas are made of two arms; the gap between the arms is used to feed
the signal to the antenna which decouples it to the free space. Here it is demonstrated
a nanometer size equivalent of the dipole antenna where the feed is represented by a
beam of free electrons impinging in the area of closest proximity between the two arms

of the antenna.

45
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3.1 Introduction

Several studies have so far reported emission of radiation from metal nanoparticles
when excited by beams of energetic free electrons and mapping of the particles’ plasmon
modes [57,58]. The beam of free electrons acts as a nanoscale, localised, broadband
source of plasmons on a metal surface. In the case of a metal nanoparticle, the free
electrons generate standing surface plasmons on its surface which in turn scatter into
free-space propagating light and can thus be detected. Intensity maxima in the emitted
light happen when the electrons hit positions on the particles corresponding to nodes
of the plasmon modes. In general, the optical properties of metal nanoparticles depend
on particle shape and size and on the dielectric environment [90] and likewise do the
electron induced radiation emission (EIRE) intensity maxima.

In recent years a big research effort has been devoted to investigate the optical
behaviour of two or more closely spaced nanoparticles: when the particles are properly
arranged they show behaviours similar to their macroscopic counterparts, antennas,
as described in Section 1.2. Like in the case of radio or microwave antenna, optical
nanoantennae, when illuminated with an optical signal, show a manifold increase of the
local field around the region where usual antennas are usually fed; furthermore, it has
been suggested that their performance can be affected by acting on that area.

Taking advantage of this close analogy between nano- and macro-antennas and of
the capability of energetic free electrons to excite surface plasmons on metal nanopart-
cles, it is reported in this chapter the first demonstration of an optical nanoantenna
operating in the transmission regime, fed by free electrons. After the fabrication and
characterization methods are described in Section 3.2.1 and the emission from single
nanorods is analysed in Section 3.2.2, in Section 3.2.3 it is stressed how enhanced emis-
sion is obtained from the antenna when it is fed in the right position, meaning where it
is highest the local density of states (LDOS) for the specific arrangement of the metal
nanoelements. In the end of the chapter, Section 3.2.4, the reciprocal behaviour of the

nanoantenna in transmission and reflection is discussed.
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3.2 Transmitting nanoscale hertzian antennas

Structures akin to the dipole antenna introduced by Heinrich Rudolph Hertz around
1886, comprising an arrangement of two metallic rods with a center-fed driven element,
have recently attracted considerable attention as potential nanoscale ‘optical antennae’.
Such antennae would be able to efficiently couple the energy of free-space radiation to
a confined region of sub-wavelength size, or to modify the amount and direction of
electromagnetic energy emitted into the far-field from nanoscale optical or plasmonic
sources. [91,92] These components are expected to find applications in field-enhanced
single-molecule spectroscopy [6] and as elements of future nanophotonic circuits. [92,93]
Thus far, experimental studies of nano-antenna structures have largely been conducted
using a combination of optical far-field measurements and near-field scanning probe
microscopies to investigate the interplay between plasmonic excitations and light [94,

95].

Figure 3.1: Artist’s impression of a transmitting nanoscale optical antenna
driven by an electron beam at the junction between rods. A pair of coupled gold
nanorods efficiently transfers the energy of electrons focused on the junction into far-field
optical radiation.
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However, It has recently been shown that electron beams, which can of course be
focused to nanoscale spots, provide alternative highly localized means of generating
light [96] and surface plasmons on the nanoscale: indeed, spatially-resolved mapping of
plasmon modes in metallic nanostructures [58,79,97-101] has been facilitated by the
fact that an electron beam impacting on a metal surface acts as a mobile, broadband,
nanoscale surface plasmon source [63,64]. For example, in the case of single gold and
silver nanorods such techniques reveal standing wave plasmonic modes resulting from
interference between the excited SPPs and back-scattered SPPs reflected from the ends
of the rod. [58,98,99]. Here it is reported on the experimental realization of transmitting
optical antennae based on coupled gold nanorods and pumped by a free-electron beam.
Strongly enhanced antenna efficiency is observed for electron injection points in the

vicinity of the junction between rods (Fig. 3.1).

3.2.1 Fabrication and characterization of optical nano-antennae

The antennas were assembled from gold nanorods synthesized using the seed-mediated
growth method [102,103] where two solutions, the seed and the growth, are separately
prepared with the former being then added to the latter, then mixed and let rest. The
nanorods preparation was carried out by Dr. J. Edgar, Dr. M. D. Arnold and Prof.
M. J. Ford at the University of Technology in Sidney. The antennas were then dis-
persed from colloidal suspension by drop-casting and desiccation on a silicon substrate.
Among the randomly distributed nanoparticles, isolated single nanorods and coupled
nanorod pairs (of arbitrary mutual orientation) were identified for study. Imaging and
parallel analysis of electron-beam-induced radiation emission (EIRE) were performed
in a scanning electron microscope (SEM) equipped with a hyperspectral light collection
system [79], as described in section 2.4.1.

In the present study, data were recorded for wavelengths between 450 and 850 nm
with an electron acceleration voltage of 40 kV and a beam current of 4.5 nA. Separate
measurements of substrate (silicon) cathodoluminescent emission enabled background
subtraction from the experimental data. This technique relies on the fact that energy
is coupled from incident electrons to the plasmonic modes of the antenna structure
and subsequently to propagating light modes, which constitute a decay channel for the

plasmons. [67,98] It should be emphasized that EIRE mapping reveals the efficiency
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with which electron energy is coupled to far-field radiation as a function of electron
injection position and mot the distribution of light emission, i.e. while the electron-
beam excitation is confined to a nanoscale spot, the associated optical emission may

come from any part of the structure).

3.2.2 Emission from single nanorod

Hyperspectral EIRE mapping of a single, isolated gold nanorod (Fig 3.2) reveals the
kind of plasmonic standing wave modes recently reported by Vesseur et al., [58] with
emission resonance wavelengths dictated by the dimensions of the rod. The wavelength
of the emitted light can be easily related to the wavelength of the plasmon generated on
the nanorod at that specific wavelength: the distance between two neighbouring max-

ima corresponds to A, /2, where A, is the surface plasmon polariton (SPP) wavelength.

— A =560 nm A =720 nm
100 nm

2/2

Figure 3.2: EIRE maps of a single gold nanorod (a) Secondary electron image of
an Au nanorod and schematic of a plasmon standing wave on the rod; (b) EIRE map of
the rod in (a) at a wavelength of 560 nm; (¢) FIRE map of the rod in (a) at a wavelength
of 720 nm.

For example, in the case of the rod of Fig 3.2, at the wavelength of 560 nm the
EIRE map shows 4 peaks, meaning a 3/2)\, standing plasmon wave. These emission
characteristics are elegantly reproduced in numerical simulations employing a fully
three-dimensional implementation of the boundary element method (BEM-3D) for rig-
orously solving Maxwell’s equations (Fig 3.2 b and c). [67,84]. BEM simulations for
both single and coupled rods were performed by Dr. V. Myroshnychenko at the Insituto
de Optica in Madrid.
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3.2.3 Coupled nanorods

In coupled nanorod configurations light emission is found to be substantially stronger
for electron beam injection points in the vicinity of the rods’ junction than for any
other point on the structure (Figs. 3.3b and 3.4a,b). Consider for example the coupled
nanorod pair shown in Fig. 3.3b, where the horizontally aligned rod has dimensions very
similar to those of the isolated rod in Fig. 3.3a. The EIRE spectrum for the junction
region shows two maxima at 560 and 720 nm (Fig. 3.3c). EIRE intensity maps at these
wavelengths illustrate that light emission at 720 nm is particularly strongly enhanced:
The emission intensity is at least two times higher for electron beam injection points
in this region than for any other point on the nanorods, or indeed any point on the
corresponding isolated rod.

The behavior of coupled metallic nanorods as optical antennae can be related to
the spatial distribution of the electromagnetic ‘local density of states’ (LDOS) [104]
around the nanostructure. Indeed, while a direct reciprocal analogy cannot be drawn
between the transmitting antennae presently under consideration and more familiar
optically illuminated receiving antennae, the local field enhancements achieved at the
junctions of the latter are a reflection of the elevated LDOS in that region [93, 105].
The photonic LDOS, similarly to its electronic counterpart, can be defined as the
combined local intensity of all eigenmode of the system under consideration. It has been
recently suggested that the photonic LDOS of a sample can be probed with an electron
beam via electron energy loss (EELS) and cathodoluminescence spectroscopies [106,
107]. Indeed, a rigorous relation holds between EELS and LDOS for 2D systems;
for arbitrary 3D systems a simple rigorous relation has not been reported so far, but
some numerical results point out a qualitative relation between the two quantities in
certain geometries [106]. For seek of completeness it needs to be pointed out that it
has been recently argued that EELS and LDOS, although intimately related, provide
complementary information and, in general, differ (in particular near particle gaps,
where enhancement of electric field happens for directions roughly perpendicular to the
electron trajectory) because the electron and its stopping via the induced field have a
delocalized nature, compared to the fields of the point dipole in terms of which the 3D
LDOS is defined [108].
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Figure 3.3: Single nanorod vs coupled rods EIRE emission Scanning electron
microscope (secondary electron) images and corresponding electron-beam-induced radiation
emission (EIRE) excitation efficiency maps at 560 and 720 nm for (a) an isolated gold
nanorod, alongside corresponding numerically simulated EIRE maps for a free-standing
rod al these wavelengths; and (b) a pair of coupled gold nanorods including one rod with
dimensions similar to those of the isolated rod in (a). (c) EIRE spectra for electron beam
injection points 1 and 2 highlighted on the secondary electron image in (b).
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In the present case of coupled nanorods pair, enhanced light emission is observed
for electron beam injection points in the proximity of the junction between the rods, i.e.
the region of increased LDOS (such as point 1 in Fig. 3.3b). This increased LDOS gives
rise to enhanced electron energy loss leading to increased surface plasmon generation
and ultimately light emission. In contrast, when the electron beam targets the distal
end of a coupled rod (e.g. point 2 in Fig. 3.3b), the LDOS it encounters is lower
(essentially the same as that which it would find in an isolated rod), and light emission
is correspondingly weaker.

In the terminology of electrical engineering, the junction between the rods provides
an optimal feed point analogous to the ideal feed location at the center of the dipole for a
microwave antenna. Here, one should consider the beam of electrons not as a continuous
stream of current in free space, but rather as individual electrons electrons flying across
the junction one after another. Through the Coulomb interaction, which disturbs the
equilibrium of the electron distribution, the passing electrons induce oscillating currents
(plasmons) in the poles of the Hertzian antenna. The free-electron feed is coupled most
efficiently to the antenna when the current oscillations are resonant with the radiating
modes of the antenna, in this case in the optical part of the spectrum.

Figs. 3.4a and 3.4b show respectively an SEM image and an experimentally mea-
sured 570 nm EIRE map for a pair gold nanorods in a different geometric configura-
tion, illustrating once more the increased strength of emission for injection points in
the vicinity of the rods’ junction. (The EIRE spectrum for electron injection at the
junction is shown in Fig. 3.4d) It is apparent from the experimental examples presented
in Figs. 3.3 and 3.4, and confirmed in BEM simulations of touching and non-touching
antenna configurations similar to the experimental ones (such as shown in Fig. 3.4c),
that EIRE is maximized in these asymmetric antennae for electron injection points
offset slightly from the centre point of the junction (SEM resolutions was not enough
to locate the hot-spot with absolute certainty). This is to be expected in situations
where junctions are formed between arbitrarily oriented rods of different length and di-
ameter, and typically between the end of one rod and the side-wall of the other: Under
such circumstances the plasmonic modes of the two rods will have differing interactions
with the junction and the LDOS is unlikely to be distributed symmetrically about the

junction.
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Figure 3.4: FIRE emission of an optical Hertzian nanoantenna (a) Scanning
electron microscope image and (b) corresponding EIRE excitation efficiency map at 570 nm
for an L-shaped gold nanorod antenna; (c) Numerically simulated (BEM-3D) 570 nm EIRE
map for such a configuration; (¢) Normalized spectral dispersion of experimentally measured
EIRE [red line] for an electron injection point at the junction between the rods [point 1 in
part (a)] and numerically modelled EIRE [blue line] for the junction region [averaged over
injection points at the centre of the junction and 10 nm either side - zone 2 in part (d) -
to account for the real beam size in experiment].

3.2.4 Receiving characteristics of the nanoantenna

It was clearly stated in the previous chapter that a direct reciprocal analogy cannot be
drawn between the transmitting antennae presented so far and more familiar optically
illuminated receiving antennae. However it is worth looking at the fields distribution
of a receiving antenna of similar configuration and try to draw some analogy between
the two cases.

Fig. 3.5a shows the numerically simulated intensity map of |E,| (the component of
the electric field which describes the surface plasmons on the nanorods) on the surface

of the L—shaped antenna at the wavelength of 570 nm (EIRE experimental maximum)
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when this is illuminated by a plane wave incident perpendicularly to the plane of the
antenna. The numerical simulation has been carried out using the commercial software
Comsol Multiphysics, using experimental values (Johnson and Christy, 1972) for the
permittivity of gold, retrieving nanorods dimensions from secondary electron images
and assuming a 5 nm gap between them. The field intensity shown in the figure is
obtained as average of the field distribution generated by a x—polarized incident wave
(parallel to the long rod main axis) and a y—polarized incident wave (parallel to the
short rod main axis); the choice of accounting for both polarizations is made to have
a more fair comparison with electron excitation, which does not excite preferentially a
specific polarization in the rods. The map shows an electric field enhancement in the
gap of the nanoantenna that extends to the end caps of the two nanorods facing the

gap, very much alike the experimental and simulation EIRE maps presented in 3.2.3.
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Figure 3.5: Optical nanoantennas in receiving mode (a) Numerically simulated
(Comsol) |E,| intensity map at 570 nm for an L-shaped gold nanorod antenna illuminated
by plane wave (average of excitation by x—polarized and y—rpolarized waves); (b) Inte-
grated intensity, over the region around the gap between the two rods, of the simulated
z—component of the electric field (triangles and corresponding trend-line), compared with
the experimental and simulated (BEM3D) EIRE integrated over a corresponding area [wave-
lengths range around mazimum at 570 nm/ .

In order to extend further the comparison between reception and transmission mode
of the nanoantenna under investigation, in Fig.3.5s are plotted the intensity distribu-
tions integrated over a region across the gap, for both |E.| (reception mode) and EIRE
(transmission mode) on a wavelength range around the antenna experimental emission

maximum, ~ 570 nm. In red and blue continuous line are reported the EIRE emis-
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sion intensity of a transmitting antenna for experimental and numerically simulated
case respectively, while the green triangles and line indicate the numerically simulated
intensities of |E,|. The similarities between experimental, BEM3D and COMSOL sim-
ulations are not perfect, but there is indeed a correspondence between the increase
in the local field of the receiving antenna and the increase in emitted light intensity

around 570 nm.

3.3 Conclusions

In this chapter the first example of free-electron driven nanoscale optical Hertzian an-
tenna has been discussed. Experiments have demonstrated that a pair of arbitrarily
oriented coupled gold nanorods can act as a centre-fed resonant transmitting optical
antenna, converting energy from a focused electron beam excitation into far-field light.
Such free-electron pumped transmitting antennae are most efficiently fed in the vicinity
of the junction between rods where the local density of electromagnetic states is ele-
vated. Furthermore, at the end of the chapter an attempt to suggest a more complete
picture has been done through a quick discussion of the receiving performances of one
of the antenna configurations, and some hints on the possibility of reciprocal behaviour

have been sketched.






The Light-well

Fundamental components for nanophotonic circuits to become a reality are the (nano-
scale) light sources, ultimately lasers. A highly desirable characteristic for these sources
is tunability, which has not been achieved so far in nanoscale light sources and remains
a challenge for macroscopic devices. Taking inspiration from macroscale free-electron
radiation sources such as synchrotrons and free-electron lasers, that are among the
brightest and most widely tuneable light sources available today, it is here reported
about the first tuneable nanoscale light source driven by free electrons, the Light-Well.
In the first part of the chapter the experimental demonstration of the Light-Well is pre-

sented, while in the second its features are investigated through numerical simulations.

o7
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4.1 Introduction

It is widely recognized that the future advancement of technology will depend crit-
ically on whether the current trend for the miniaturization of sophisticated devices
can be sustained. Indeed, multi-billion dollar initiatives around the world, such as
the USA’s National Nanotechnology Initiative [109], currently give the highest priority
to research on fundamental nanoscale phenomena and nanomaterials. In particular,
with a view towards future highly-integrated nanophotonic devices, there is growing
interest in nanoscale light and surface plasmon-polariton sources [12,25,27,110, 111].
With this in mind, and with ongoing rapid developments in the technology of chip-scale
free-electron sources making highly-integrated chip-scale free-electron devices a realistic
possibility [112], there is growing interest in the opportunities presented by new phe-
nomena and functionalities found at the interface between nanophotonics (including
plasmonics) and electron-beam optics in nanostructured media.

In such applications, the primary attraction of free electrons is the fact that they
can be focused and positionally-controlled on the nanometer scale - far below the diff-
raction limit of light. An electron beam can, for example, act as a highly localized
source of surface plasmon-polaritons on unstructured metal surfaces [63,64] (enabling
high-resolution mapping of plasmonic modes in nanostructures [58,79,83]), or as an
excitation source for selective switching of phase-change memory elements (presenting
the possibility of terabit-per-square-inch data storage densities [113]).

In this chapter it is reported on the first demonstration of tuneable light emission
from a chip-scale free-electron-driven source - a ‘light-well’ - in which optical (visible
to near-infrared) photons are generated as an electron beam travels through a nano-
hole in a layered metal-dielectric structure. With a lateral size of just a few hundred
nanometres, and the notable advantage of wavelength tuneability, such structures may
find varied application, for example in nanophotonic circuits as on-chip light sources, or
in densely packed ensembles for optical memory and field emission or surface-conduction
electron-emitter displays [112].

The chapter is substantially divided into two parts: Section 4.2 is dedicated to
the description of the experiments demonstrating light emission from the investigated

nanostructures and its tuneability, while Section 4.3 dwells, both analytically and with
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the aid of numerical simulations based on the Boundary Element Method (BEM), into
the mechanisms responsible for light emission and how this is affected by the features

of the light-well.

4.2 Experimental realisation of tuneable emission of light

The light-well belongs to a broad family of free-electron-driven radiation sources wherein
emission occurs as electrons interact with a periodically structured environment. These
range from small Smith-Purcell sources [75], which emit a continuum of wavelengths
over a broad angular range as electrons pass over the surface of a metal grating (with
a period typically in the micro- to millimeter range), as described in Section 2.3.4, to
macroscopic free electron lasers that generate high levels of directed coherent radiation
as electron pulses traverse magnetic undulators [114]. In such sources the wavelength of
emitted light can be tuned by adjusting the energy of the electron beam or the structure
of the periodic surroundings. In the light-well a beam of free electrons experiences an
alternating environment as it travels through a tunnel in a periodically layered metal-
dielectric nanostructure and optical photons are emitted as a result. In keeping with
other free-electron sources, the wavelength of radiation emitted by the light-well can
be tuned by adjusting the energy of the incident electrons. It is reported here on inco-
herent near-infrared emission but it is anticipated that the light-well concept may be
developed to achieve coherent operating modes and scaled to cover a very broad range
of wavelengths extending to the terahertz and ultraviolet domains.

Experimental light-wells (see Fig. 4.1) were fabricated by Dr. C. M. Wang, Dr.
Y.H. Fu and Prof. D. P. Tsai!, at the National Taiwan University, in a stack of eleven
alternating silica and gold layers (six silica and five gold), each with a thickness of
200 nm, sputtered onto a thick gold base layer on a silicon substrate. Wells with
typical diameters of around 700 nm were milled through the stack into the base layer,
perpendicular to the plane of the layers, using a focused ion beam.

Characterization of the light-well as an optical source was performed using the ex-
perimental setup described in Section 2.4.1. The electron beam of the scanning electron

microscope (SEM), focused to a spot with a diameter of ~30 nm, was used to drive

'Dr. Fu also helped with the experimental characterization of the light-well samples
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Figure 4.1: Artist impression of a Light-Well and Secondary Electron Images
of its structure. (a) Schematic cut-away section of a light-well, which comprises a nano-
hole through a stack of alternating metal and dielectric layers, into which an electron beam
is launched. Light is generated as electrons travel down the well and encounter a periodic
material environment. (b) Scanning electron microscope image of a light-well fabricated in
a gold-silica multilayer. (¢) The alternating metal-dielectric layer structure as seen at an
exposed corner of the sample.

light-well optical emission. Emission spectra were recorded at different acceleration
voltages and beam currents (measured using a Faraday cup in the SEM column) for a
number of beam injection points along the diameter of the nano-hole, with reference
measurements also taken for beams impacting the top (silica) surface of the multilayer
outside the hole.

The following characteristic emission features have been observed:

1. When the electron beam hits the surface of the structure outside the hole,
light emission is observed with a broad spectrum centered at 640 nm (Fig. 4.2). Within
experimental accuracy this spectrum does not depend on the electron acceleration volt-
age and is attributed simply to cathodoluminescence and backward transition radiation
from the silica-gold multilayer structure [65,115,116].

2. When the electron beam is injected into the nano-hole the emission spectrum
contains two peaks (I and II) with spectral positions that depend on the electron
acceleration voltage, as shown in Fig. 4.3 and its inset. The emission intensity is found
to increase as the injection point approaches the wall of the light-well as illustrated for

peak [ in Fig. 4.7.
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Figure 4.2: Electron induced emission from the materials of the light-well.
Emission spectra for an electron beam impact point outside the light-well, i.e. on the top
surface of the gold-silica multilayer, for a range of electron acceleration voltages.

3. For a fixed injection point and electron acceleration voltage, the emission inten-
sity increases linearly with beam current (Fig. 4.4).

The efficiency of the emission process has been evaluated in terms of the number of
photons at the peak wavelengths generated per incident electron. The number of pho-
tons are derived from a multiple gaussian fit to the recorded spectra (Fig. 4.5), taking
into account the throughput efficiency of the light collection system; the corresponding
number of electrons being given by the beam current and sampling time. It is found to
reach 1.9 x 107> for peak I and 3.4 x 10° for peak IT at 40 keV, giving a light source
with an output power of the order of 0.1 nW in either case; an emission intensity of

~200 W/m?.

4.3 Modelling of the emission process and features

Here, it is considered the complex combination of material and geometry-dependent
mechanisms contributing to the light-well emission process, and it is both given an
approximate analytical description of the processes involved in the light generation and
emission measured in the experiments and employed the boundary-element to model

the emission characteristics.
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Figure 4.3: FEzxperimental realisation of tuneable light emission. Emission spectra
for a 750 nm diameter well for acceleration voltages of 20, 30, 35 and 40 kV with a beam
injection point ~100 nm inside the wall of the well. Inset shows the position of the two
emission peaks as function of the electrons energy.

4.3.1 Analytical approximation

Though structurally simple, the light-well’s emission characteristics are controlled by

a complex combination of material- and geometry-dependent processes that cannot

presently be described within a single analytical or numerical model. To a first ap-

proximation, one may consider that light emission originates from an oscillating dipole

source created as electrons experience a periodically modulated potential within the

well.

In this simplified picture, an electron passing through a metal section of the
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Figure 4.4: Intensity of emitted light as function of electron beam current.
Emission intensity for peaks I and I1 as a function of electron beam current for an accel-
eration voltage of 40 kV at an injection point ~100 nm inside the wall of the well.

well interacts with its ‘mirror image’, but this interaction is somewhat different in a
dielectric section, as exemplified in Fig. 4.6. This creates a monochromatic dipole of
frequency v = v/a, where v is the electron velocity and «a is the period of the structure,
moving at the electron velocity. The radiation efficiency depends on the strength of
the mirror interaction and on the density of photonic states available in the well, and
therefore on its geometry and material composition as well as the proximity of electrons
to the wall. In a well of finite length L, the spectral width of the emission line Av is
governed by the uncertainty relation L x Av ~ v. So for example, with 30 keV electrons
(v~ ¢/3) and a well length L = 2.2 um (eleven 200 nm layers) one may expect an emis-
sion line with a width of ~220 nm centered at ~1200 nm, not far from what is observed
in the experiment. In reality, this naive picture is complicated by relativistic correc-
tions, the excitation and scattering of surface plasmons on metal/dielectric interfaces
within the structure, the light-guiding properties of the silica layers, and ultimately the
guided-mode profile of the nano-tube (see Fig. 4.6). Nevertheless, the inverse propor-
tionality it describes between emission wavelength and electron velocity is clearly seen
in the blue-shifting of experimentally observed emission peaks with increasing electron

energy (Fig. 4.3).
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Figure 4.5: Gausstan fit of the light emission peaks. FEmitted light intensity at

40 keV, in number of photons per wavelength of emission (blue curve). The two emission
peaks are fitted using gaussian functions (green and red dashed lines for peak I and peak
11 respectively). The total fit is shown as a black dashed line..

For a well of ideal cylindrical symmetry the mirror interaction strength will be at a

minimum for electrons traveling along the axis of the well and will increase with prox-

imity to the wall, increasing the emission intensity as described above and illustrated

(from experiment) in Fig. 4.7. Also plotted here is an analytical estimate of the cor-

responding relative emission probability [67], which is proportional to (I, (vR/vY))?,

where I, is the modified Bessel function, + is the Lorentz correction factor (1—v?/c?)~!,

and R is the radial distance of the beam injection point from the axis of the well 2. The

offset zero level seen in the experimental data can related to the imperfect cylindrical

symmetry of the well: the real shape of the well will be slightly conical (typical of the

FIB fabrication processes), thus introducing a constant contribution due to the impact

of the free electrons with the well.

This basic emission process bears some similarity with the Smith-Purcell effect [75],

2The analytical expression can be derived following the formalism introduced in Chapter 2, applying

it to cylindrical structures.



4.3. Modelling of the emission process and features 65

electron
beam

P -———

P -

P —-——

Figure 4.6: Dipole model of electrons inside the light well. An electron passing
through a metal section of the well interacts with its ‘mirror image’, but this interaction is
different in a dielectric section. The layered structure of the well gives also rise to other
phenomena such as surface plasmons launching at the metal/dielectric interface and light
guiding within the SiO2 layers.
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Figure 4.7: Intensity of emitted light as function of electron beam distance
from the centre of the well. Emission intensity of peak I (760 nm) at 40 kV and ana-
lytically estimated emission probability (P) as functions of beam injection position relative
to the axis of a 750 nm diameter well.

whereby a continuum of light wavelengths (varying with electron energy and the di-
rection of emission) is generated as electrons pass over the surface of a planar metal
grating. However, in the present case emission occurs via coupling to the 1D photonic
bands of the periodically structured well so that discrete emission wavelengths are pro-
duced, determined by the condition that the wavevector of a guided mode is equal to
v/v. This fundamental consideration is analyzed in Fig. 4.8, which shows the dispersion
diagram for the guided electromagnetic modes of a cylindrical gold cavity with a radius
of 350 nm, folded over the first Brillouin zone (BZ) to account for a periodicity a of
400 nm in the direction parallel to the axis of the tube.

Modes with azimuthal numbers m = 0, 1 and 2 are shown alongside the free-space
light line and lines associated with electron energies of 20, 30 and 40 keV. (For the same
reason that periodic patterns of sub-wavelength holes in a planar metal surface do not
substantially change its properties, even at high filling-factors, except very close to the
BZ boundaries [117], the presence of silica inclusions in the wall of the experimentally

studied cavity will not significantly alter the mode structure except around ¢ = 0 and
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Figure 4.8: Dispersion diagram. Dispersion diagram showing the guided modes of an
infinite periodic cylindrical gold cavity with a radius of 350 nm (azimuthal numbers m =
0, 1 and 2), superimposed with the free-space light line (solid black) and lines associated
with electron energies of 20, 30 and 40 keV (dashed lines). Points of intersection between
the 30 keV line and the cavity modes are circled. The figure and the analysis behind it was

produced by Prof. F. J. Garcia de Abajo

m/a where some distortion will occur.) Electrons can couple to cavity modes where

their respective lines intersect. This plot illustrates that the accessible mode profile is

a complex function of electron energy, but one can immediately see that an electron

of a given energy can couple to a number of modes at different energies (wavelengths)

and that a given intersection point will shift to higher energies (shorter wavelengths)

with increasing acceleration voltage, as observed experimentally.

4.3.2 Numerical simulation

As discussed in the previous section, analytical approximations provide some insight

into the light-well emission process: the inverse proportionality between electron en-
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ergy and emission wavelength emerges from the basic assumption that electrons passing
down the well form oscillating dipoles with their ‘mirror images’ in the wall; the in-
creased emission probability for injection points closer to the wall can be expressed in
terms of a modified Bessel function describing the strength of the electron-wall interac-
tion; and the complexity of the well’s guided photonic mode profile (multiple emission
wavelengths for a given electron energy) is illustrated by the dispersion diagram for a
periodic cylindrical cavity. However, a single analytical model cannot account for the
complex interplay between material- and geometry-dependent emission mechanisms
(dipole oscillation, surface plasmon excitation and scattering) and light-guiding char-
acteristics (along the well axis and within the dielectric layers). Numerical methods
provide an alternative approach to the interpretation of experimental results and to
the design process for improved light-well structures.

The numerical method of choice in this case has been the Boundary Element Method
(BEM), described in Section 2.5, which has been established as a powerful tool for
the analysis of free-electron interactions with and the optical/plasmonic properties of
nanostructures [83,84]. In the particular case of the light-well, the layered structure
incorporating optically transparent material presents a computational problem: despite
the fact that the axially symmetric well can be defined by a two-dimensional cross-
section, the number of points required to define these layers to a sufficient radial distance
is prohibitive (to a first approximation, computational time scales as N3, where N is the
number of points). Thus, to allow for the impact of variations in individual structural
and operational parameters to be studied, in what follows, a solid gold light-well with a
corrugated internal profile (see Fig. 4.9a) is considered, as opposed to a smooth-walled
gold-silica structure.

In the first instance, this model clearly reproduces the blue-shift in emission wave-
length that is observed with increasing electron energy (Fig. 4.9b). Furthermore, in
evaluating emission probability, the BEM also determines electron energy loss during
propagation resulting from interaction with nearby structures. In the case of the light-
well, as shown by the inset to Fig. 4.9b, such calculations reveal a clear correlation
between peaks in the emission and electron energy loss spectra. The model also helps
to evaluate what happens to electron induced light emission when the geometric param-

eters of the well are changed. For example, it is interesting to know how modifications
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Figure 4.9: FEmission wavelength shift in a gold corrugated nanotube. (a)
Light-well structure modeled using the boundary element method: a solid gold well with an
internal rectangular grating profile of max./min. internal radius 450/350 nm and external
radius 2350 nm; period = 400 nm; number of periods n = 6 unless otherwise stated.
Emission zenith angle 0 is measured relative to the direction of electron propagation: i.e.
0° = parallel, 180° = antiparallel. (b) Optical emission probability (photons per electron
integrated over angles 0 from 100 to 180° ) as a function of emission wavelength for electrons
with a range of energies (as labelled) injected at a radial distance r = 300 nm. The inset
shows the spectral positions of emission probability and electron energy loss peaks as a
function of incident electron energy.
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in the period or the radius of the well affects the emission features. The changes induced
by a change in the period are shown in Fig. 4.10a: a clear blue shift in the emission
wavelength is produced by a decrease in the period length; while this effect is expected
due to the grounds the light-well emission process shares with the Smith-Purcell effect,
it is certainly more surprising the damping in the emission probability. Changes in the
radius of the well will also have effects on the light emission due to the modification
of the modes supported by the new structures. This effect is illustrated by Fig. 4.10b:
the reduction in well lateral size (diameter) induces both a blue shift in the wavelength
of the emitted light and a decrease in the probability of emission. These effects seem
to find confirmation in the experiments run with light-wells of either 200 nm period
or radius smaller than 250 nm, for which no substantial light emission has been de-
tected (blue shift and damping of the peaks has probably buried them in the broad
cathodoluminescence peak for the glass).

A more detailed picture of the emission profile is provided by angle-resolved plots
of emission probability such as those presented in Fig. 4.11. Here the peak shift with
electron energy is seen once again and finer structure is revealed: for example at 20 keV,
emission into the primary spectral peak at ~775 nm is concentrated in the backward
direction between 6 ~160-180°, while longer wavelengths emerge at shallower angles.
It is anticipated that changes in angular emission profile, which may be measured in
future experimental studies, will be associated with transitions between emission modes
accessed under different pumping regimes.

Further to this, the BEM can generate maps of electromagnetic field intensity in
and around the well structure, as shown in Fig. 4.12. It is interesting to note here that
the field distribution corresponds to a guided cavity mode (to a first approximation it
is cylindrically symmetric about the cavity axis) that is essentially independent of the
radial electron injection coordinate r but strongly influenced by reflections at the two
ends of the well (demonstrated by the axial intensity profile).

The uncertainty relation associated with the basic idea of emission via the creation
of an oscillating dipole inside the well (L.Av ~ v, where v is emission frequency and v
is electron velocity [96]) indicates that emission line-width will decrease with increasing
well length L. This behavior is elegantly demonstrated by the boundary element model:
Fig. 4.13 shows the evolution of the emission peak highlighted in Fig. 4.9b (where the
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Figure 4.10: Effect of period and radius on light-well emission features. EIRE
probability and spectral position change of the main emission peak, for (a) wells with period
of 400 nm, 300 nm and 200 nm [spectra are normalised to the peak for the 400 nm period
welll. (b) Wells with radius ranging between 350 nm and 300 nm [spectra are normalised
to the peak for the 350 nm radius well], when 40 keV electrons are injected into the well
geometry defined in Fig. 4.9a at r=300 nm
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Figure 4.11: Angular emission in a gold corrugated nanotube. Emission proba-
bility as a function of wavelength and emission angle 0 (as defined in Fig. 4.9a) for 20, 30
and 40 keV electrons injected into the well geometry defined in Fig. 4.9a at r = 300 nm.
[(a), (b) and (c) are separately normalized; the maxima in (b) and (c) being respectively
2.4 and 6.8 times the mazimum in (a)].
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Figure 4.12: Field intensity inside a gold corrugated nanotube. Cross-section
showing the intensity |E|? of the electric field inside the light well, calculated at the peak
emission wavelength of 716 nm for a 40 keV electron injected (from the left) at r = 300 nm.

number of periods n = 6, i.e. L = 2.4 /mum) with well length.

The development of a cavity mode near the centre of the structure, as suggested in
Fig. 4.12 and the emission intensity increase and narrowing by well length, as suggested
in Fig. 4.13, invites to look more deeply into how the length of the well actually affects
light emission. Building on the basic idea, illustrated just above, of emission via the
creation of oscillating dipoles along the well, the description can be extended considering
the effect of the cavity imposed on the oscillating dipole, leading to a Fabry-Perot like
process taking place inside the cavity of the well. If that is to be the case, then it is to be
expected that different well lengths will give highest emission at different wavelengths.
Indeed, BEM returns results along this line, as illustrated in Fig.4.14, in particular
it can be seen that: i) for three different wavelengths, 704 nm, 710 nm and 716 nm,
the maximum of light emission is obtained for wells of different lengths (expressed in
number of periods in the figure) and ii) a well of a specific length has different emission
strength at relatively close wavelengths. The insets show how the mode created in the
centre of the light well is underdeveloped for a specific well length off-resonance (n =6,
A=T710 nm) with respect to the on-resonance cases.

Fig. 4.15 shows the numerically modeled dependence of emission probability on the

radial position of the electron injection point alongside the experimental dependence
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Figure 4.13: Emission narrowing with well length. Integrated emission probability
(0 = 100 - 180°) as a function of wavelength for 40 keV electrons injected at a radius of
300 nm into wells of varying length, indicated by the number of periods n (as labelled). The
insets show the emission probability as function of wavelength X\ from 650 to 750 nm and
emission angle 0 from 100 to 180° for each of the four cases.
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Figure 4.14: Ejffect of well length on the wavelength of the emitted light. Inte-
grated emission probability (6 = 100 - 180°) as a function of well length, indicated by the
number of periods n, for 40 keV electrons injected at a radius of 300 nm into the wells for
three distinct wavelengths, clearly showing peaks at different ns. Emission at 704 nm shows
increase in emission and peaks outside the computationally available range. Insets: cross-
sections showing the intensity |E|* of the electric field inside the light well at significant
values of n, all plotted for the same emission maximum.
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Figure 4.15: FEmission intensity vs distance from well centre. BEM integrated
emission probability (n = 6, red) as a function of the distance between electron injection
point and the wall of the well alongside the experimentally measured 760 nm emission
intensity (Peak I in Fig. 4.3¢c, green) and the analytically estimated emission probability
(blue) for 40 keV electrons.

and analytical approximation presented in Ref. [96]. The BEM model matches the
modified Bessel function approximation very well, with both predicting a rapid decay
to zero emission for injection points more than ~100 nm from the wall of the well. In
comparing these to the experimental result, which decays less rapidly and maintains
a background emission level even at large distances, it should be noted that neither
model accounts for the true electron beam diameter, or the fact that in experiment the
electrons must ultimately collide with the sample (producing transition radiation even

for axial trajectories).

4.4 Conclusions

To summarize, it was provided the first proof-of-concept demonstration of a tuneable,
electron-beam-driven, nanoscale radiation source in which light is generated as free
electrons travel down a ‘light-well’ - a nano-hole through a stack of alternating metal
and dielectric layers. Incoherent near-infrared emission is demonstrated in the present
case but it is believed that the concept may readily be scaled at least from the THz

range to the UV domain by varying the periodicity of the structure (the Smith-Purcell
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mechanism has been experimentally demonstrated over this range [118,119]; constraints
on electron beam quality approaching the Heisenberg uncertainty limit would seem to
preclude extension to shorter x-ray wavelengths [120]). Moreover, a detailed numerical
description of the processes involved in light generation have been modeled using the
boundary element method (BEM). The examples presented here show that (BEM)
modeling can not only reproduce all of the key characteristics observed experimentally
in light-well emission but also provide insight for future designs. For example, it is
confirmed that longer wells will produce narrower emission lines, but also made clear
that scaling of the emission towards shorter wavelengths has to go through an accurate
analysis of geometrical features.

Furthermore, it can be anticipated that optimization of the light-well geometry,
material composition and pumping regime will substantially improve emission efficiency.
Indeed, if losses can be controlled (for example, by inhibiting surface plasmon generation
and transverse light-guiding) and higher (perhaps pulsed) drive currents are employed,
it may be possible to achieve coherent, superradiant or even lasing emission modes [121-
124].

The simplicity and nanoscale dimensions of the light-well geometry make it a po-
tentially important device for future integrated nanophotonic circuit, optical memory
and display applications where it may be driven by the kinds of microscopic electron
sources already developed for ultrahigh-frequency nanoelectronics and next-generation

flat-panel displays [112].



Electron beam driven nanoscale metamaterial light sources

Planar photonic metamaterials can act as nanoscale, free-electron-driven light sources:
emission occurs at wavelengths determined by the structural geometry of the meta-
material. The free-electrons excitation of the metamaterial excites a resonant effect
through metamolecular interaction, leading to coherent light emission. The collective
emission mediated by inter-metamolecularinteraction and the linewidth narrowing of
the emitted indicate that some of the mechanisms behind the lasing spaser action are

taking place.

7
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5.1 Introduction

The recent explosion of interest in the fields of nanophotonics, plasmonics and meta-
materials has brought a pursuit of nanoscale light and plasmon sources driven by opti-
cal [15,16,27,48], current [25,125] and free electron [10,58,63,64,67,75,83,96,97,99,126]
excitations. Here it is demonstrated experimentally and theoretically a fundamentally
new phenomenon of conversion of the energy of free electrons into a spatially coherent
light emission. It is shown that the injection of free electrons into a nanoscale structure
of planar photonic metamaterial leads to a resonant effect of synchronized excitations of
currents in the array of plasmonic resonators, fueling the emission of spatially coherent
plane wave in the visible part of the spectrum.

In this chapter, the experimental data and the numerical characterization of the
phenomenon are reported and analysed. Section 5.2 provides a description of the
mechanisms responsible for the collective light emission. In Section 5.3 the fabrication
process and the optical characterisation of the sample are described. In Section 5.4
the contribution to EIRE spectra from asymmetrically split rings (ASRs) are shown
and their connection with optical spectra is highlighted. Section 5.5 investigates the
features of the emitted light, and its dependence on the number of unit cells involved in
the emission process, while Section 5.6 discusses the emission directivity of the meta-
material light source. Section 5.7 then provides the numerical simulations support to
the experimental data, discussing the intensity and phase characteristics of the emitted

light at ON and OFF metamaterial’s resonance frequencies.

5.2 7”New” light emission from metamaterials

Conceptually, the new type of spatially coherent light emitter phenomenon is explained
on Fig. 5.1: in certain types of metamaterials a localized excitation® of the array leads to
the formation of synchronized, in-phase response of a large number of meta-molecules.
Electromagnetic and plasmonic fields mediate strong interactions between the meta-
molecules, so that a metamaterial system exhibits collective modes of current oscilla-

tion. Driving plasmonic oscillations of a few metamolecules of the array at the resonance

'Here, the term localized indicates that the excitation area is smaller than or comparable to a single
meta-molecule.
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frequency that is formed by strong interaction between the metamolecules leads to a
broad area of the array oscillating in phase.

The decomposition of the excitation into the collective eigenmodes of the finite
array M;; shows that most of energy is stored in the mode M1, consisting of a phase-
coherent uniform excitation of magnetic dipoles, with other modes being only weakly
excited (details of the model may be found in [127] and [128]). Coherence is lost for
excitation away from the resonance frequency, as illustrated in section 5.7. Oscillations
of mode M;; with a uniform phase profile are of particular interest as they will create
a diffraction limited plane wave propagating perpendicular to the metamaterial array.

Furthermore, the absorption and thus emission spectrum of the collective mode
exhibit a spectral collapse with increasing size of the array [49,128]. It is argued that
localized injection of electrons into the metamaterial array could drive an excitation
in a single meta-molecule that through interactions between the metamolecules will
spread into a collective mode of excitation. This mode can be efficiently excited by
the evanescent field of a free electron injected into the meta-molecule perpendicular to
the array. After the initial stimulation of the entire mode structure that follows the
electron injection, the collective mode M7, with most suppressed radiative emission
rates will becomes the dominant one

It is believed that the experiments with focused electron beam exciting a planar

plasmonic metamaterial show all the main features of this phenomenon.

5.3 Sample fabrication and optical characterization

The experiments were performed with planar metamaterial arrays of ASR meta-molecules
carved onto a 50 nm gold films supported on a 100nm silicon nitride membrane, as pre-
sented in Fig. 5.22.

The ASRs were milled through the gold layer using focused ion beam milling. Five
metamaterial arrays were fabricated, located on the same membrane, each of approxi-
mately 20pum x 20um in size. All metamaterial samples had the same pattern (ASRs),

but progressively changing unit call size from 220nm to 280nm. After focused ion beam

2The samples used for the data reported in this chapter were fabricated by Mr. J. Y. Ou here at the
ORC, University of Southampton, while Dr. F. De Angelis and Prof. E. Di Fabrizio, from the Italian
Institute of Technology, fabricated the first samples on which the light emission was first observed and
early characterization were performed
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Figure 5.1: Modes of an ASR metamaterial Response of metamaterial array to

excitation at the center. Driving at the resonance frequency that is formed by strong inter-
action between the metamolecules leads to a broad area of the array oscillating in phase:
the decomposition of the excitation into the collective eigenmodes of the finite array M;;

shows that 85% of energy is stored in mode Myy. Other modes (Mys, Msy, Mis ete. are
weakly excited. Coherence is lost for excitation away from the resonance frequency.
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Figure 5.2: Metamaterial’s unit cell Schematic of the metamaterial’s unit cell show-
ing the materials’ thickness, the ASRs linewidth and indicating the cartesian coordinate
system used when referring to light polarizations.

milling, the samples underwent a Rapid Thermal Annealing (RTA) process: they were
baked for 1 minute at 350 °C. The RTA treatment resulted in a dramatic enhancement
of the quality of the optical resonances shown by all the five metamaterial arrays along
with a slight blue shift of the same. This effects are clearly visible in Fig 5.3, where
the optical transmission spectra before and after RTA are reported. The spectra show
enhancements going from about x18 for the 220 nm unit cell to about x5 for the 280 nm
unit cell; at the same time a shift of ~15 nm for the 220 nm unit cell and ~40 nm for
the 280 nm one are readily identifiable.

Transmission 7'(\) and reflection R(\) spectra of all the sample were measured in
a microspectrometer which allowed the calculation of their absorption spectra A(\) =
1—T(X\) — R()X). The optical spectra were acquired using light with polarization either
parallel (Y-polarization) or perpendicular (X-polarization) to the gap of the ASR, as
shown in the inset of Fig. 5.4 . In Fig. 5.4 are shown the transmission and absorption
spectra of the metamaterials (two unit cell sizes) for both polarizations®. Absorption
peaks in particular are significant because they indicate the wavelengths at which the
electromagnetic energy is “trapped” in the array due to the structuring of the metal

and thus giving time to the various metamolecules to interact with each other and give

3Reflection spectra are omitted to allow a better visualisation of the absorption features. Similarly,
only the spectra for two unit cell sizes are shown to make the figure easily readable.
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Figure 5.3: Effect of Rapid Thermal Annealing on resonances quality En-
hancement of the quality of the resonances, for all the five unit cell sizes, in the optical
transmission spectra for y-polarized light, following RTA process on the sample.
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Figure 5.4: Optical transmission and absorption of metamaterial Optical absorp-
tion and transmission spectra of two metamaterial samples for X- and Y-polarized light.
The absorption peak for Y-polarization at short wavelengths coincides with the absorption
peak for X-polarization.

rise to interesting phenomena, as presented on Fig. 5.6.

5.4 EIRE emission and tuneability by geometry

The emission characteristics of electron-pumped metamaterial samples were studied
within a scanning electron microscope (SEM) equipped with a collection achromatic
reflective optics that directs optical emission from the vicinity of the electron injection
point to a spectrometer with a liquid nitrogen-cooled CCD array detector, as described
in section 2.4.1. The e-beam hotspot was set at 200 nm in diameter. Electron beam

induced light emission spectra were recorded at beam current of about 50nA and were
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averaged over groups of ten spectra taken with 2s intervals. In order to isolate the
contribution from the metamatarial array, the spectra were compared with those orig-

inating from unstructured gold, as illustrated in Fig. 5.5.
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Figure 5.5: FEIRE emission of ASR vs Awu Procedure to isolate the contribution of
the ASRs to the EIRE. Emissions from ASR array and flat Au are recorded and then the
latter is subtracted from the former. .

All the spectra presented at Fig. 5.6a are differential spectra with background d-
band fluorescence of unstructured gold film removed. Metamaterial’s emission was easy
to observe providing the opportunity to study the effect at different regimes. The first
characteristic feature of the emission spectra was the correlation of the emission peak

spectral position with the position of the metamaterial’s absorbtion line, as seen in all
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Figure 5.6: Tuneable emission Electron-beam induced emission of light from a plas-
monics metamaterial: Emission spectra in metamaterials with different unit cell size (a)
and corresponding optical absorption spectra (b).

five samples with different unit cell size (Fig. 5.6). This allows a clear association of the

emission peak with the excitation of the collective plasmonic mode of the metamaterial.

5.5 Emission enhancement and linewidth narrowing by

size effects

To study the dependence of the emission spectra on the number of excited molecules,
the experiment was performed by changing position of the electron injection point,
starting from the injection point outside of the array and moving it towards the center
of the array. Results of this experiment for the metamaterial sample with unit cell

of 220nm are presented on Fig. 5.7. At large distances from the array there is no
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detectable influence of the metamaterial structure on the light emission (spectrum A in
Fig. 5.7). Metamaterial’s influence is seen from about ~1.8 ym from the array. With
further progression towards the center of the array overall intensity of the emission
increases and its spectrum changes. If the injection point if firmly within the ray, at
distance more than 8 unit cells from the edge of the array, no noticeable dependence

of the spectrum and emission intensity is seen on repositioning the injection point.
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Figure 5.7: Position dependent emission Electron-induced metamaterial light emis-

sion spectra as a function of beam injection point position relative to the boundary of the
ASR array.

It is instructive to plot the variation of spectra of emission as a function of position
of the injection point. Furthermore, the electron injection point position is also con-
verted into the number N of the meta-molecules of the array located within a radius
of r ~1.8 pum from the excitation point. The correspondence between the electron
injection position and the number of metamolecules is illustrated in Fig. 5.8: the area
of the overlapping region between a circle of radius r ~1.8 pm centred around the
electron injection position and the metamaterial array can be readily calculated; the
ratio between the overlap area and the unit cell area gives the approximate number of

excited metamolecules.
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87

Figure 5.8: FEwaluation of the number of excited metamolecules The number
of metamolecules that collectively oscillate is calculated by overlapping a circle of radius
r ~1.8 pm and centre in the electron injection position with the metamaterial array. The
metamolecules falling within the green shaded section of the circle are excited.
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Figure 5.9: Intensity and linewidth dependence FEmission intensity and peak

linewidth at 640 nm as function of the injection point position (bottom horizontal axis)
and number of ASRs within a radius r ~1.8 um from the excitation point (top horizontal
azis).

The behaviour of emission spectra as function of both injection position and number
of metamolecules involved is plotted in Fig. 5.9.

To facilitate the analysis the observed spectra are decomposed into two different
Gaussian peaks, as illustrated on Fig. 5.10: as the injection point moves towards the
center of the array and the number of meta-molecules within the ring of radius r
increases a marked increase of intensity and decrease in the linewidth of the main
emission peak at 640 nm can be observed (Fig. 5.9).

These results illustrate the collective and coherent nature of the light emission,
which is directly analogous to the absorption resonance linewidth collapse, observed
with an increasing number of resonators in microwave, terahertz and optical frequency
coherent ASR metamaterials [49] and theoretically analyzed in [128]. Indeed, the de-
pendence of the resonance quality factor @ on the number of unit cells N, found in [49],
can in the present case be translated directly to the dependence of the linewidth of the
emitted light on the number of unit cells, which shows a remarkable agreement with
the experimental data (red curve in Fig. 5.9), thus confirming further the analogy sug-
gested above. The collective excitation of an ensemble of meta-molecules is mediated

by strong electromagnetic interactions between the meta-molecules and the surface
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Figure 5.10: Gaussian fit of the emitted light The main emission peak is fitted using
two gaussian spectra. The main peak (640 nm) is selected for the analysis of intensity and
linewidth of the emitted light.

plasmons, generated by the free electrons impinging on the sample.

5.6 Directivity of the emitted light

If the light emission process described so far is to be coherent, confirmation should come
from the analysis of its emission pattern. An experimental setup, allowing to check the
spatial intensity distribution of the emitted light was thus built and its schematic is
shown in Fig. 5.11a*. A liquid nitrogen cooled spectrometer’s CCD was placed in the
optical path just following the parabolic mirror and a 40 nm spectral filter. The beam
stemming out from the parabolic mirror could then be directly imaged onto the CCD
array. Due to the nature of the parabolic mirror, if the light source is placed exactly at
the focus, it is possible to map each single pixel of the image recorded onto the CCD
to a specific point of the mirror and, by trigonometric relations, to an azimuthal-polar
coordinates pair, (¢, ) with respect to the mirror focus. Details, along with angular

maps, are presented in Appendix B.

4Dr. JK. So helped setting up the directivity experiment



90 5. Electron beam driven nanoscale metamaterial light sources

0.8
@) o €lectron ccD (b)
o beam
. spectral 1
filter 9 o
. < Emission @ 650nm
T -
' light = i
. 9 c emission
— 9O 04
73
y £ Emission
; @ 500nm
- =
parabolic mirror
0
0 20 40 60 80
Polar angle 0, degrees
© . . . .
0 6x10 0 1.5x10 0 2x10 0 3x10
=0 —, 0=0 —, 0=0 —, 0=0 —,
_ == 2 - =2 _--r=2 - =2
- 16=85 "~ ~30 - jo=gs ~ ~30 - 1085~ ~30 - j0=85 " ~30
’ ! ’N ., /N . 1 /N ’ ’N
Vi PR PRl A 7 PR Ny \ 7 -0 <7/ N Vi PR PRl \
O ;60 JN0 e O ;6" AN S ;60 AN O ;60 JN0 e
Il ’ PR blg Il ’ P 37 // ’ PR 27 Il ’ PR 27
' N7y ' o N ! 0B Lo \ ' AR RN
Il , Vo | \ Il /x | \ 1 7 x Il /7 x \
1 R . 1 1 2% . 1 1 R \ \ 1 1 2% \ .
! \ 1 v 1 ! \ 1 v 1 ! | 1 v I ! \ 1 v 1
| ! L ! L ! L ! I
\ \ , 1 ) \ \ , 1 ) \ \ , 1 ' \ \ , 1 )
\ \ N N o 7 , \ \ N N o 7 , \ \ N N . 7 , \ \ N N o 7 ,
\\ N o ) / \\ N o S \\ N o ! / \\ N o ) /
,
\ N ~ s 4 \ N ~ s 4 \ N ~ s 4 \ N ~ s 4
N \‘>_,/ 7 N \‘>_,’ 7 N \‘>_’/ 7/ N \‘>_,/ 7
~ 4 ~ 4 ~ s N 4
N - ~ s ~ P Sl -7
Total emission Total Metamaterial’s Metamaterial’s emission Metamaterial’s emission
emission at 650nm at 500nm

Figure 5.11: Directivity of the emitted light (a) Experimental setup used for the
evaluation of emission pattern: light emitted from the excited metamaterial is collected by
the parabolic mirror, spectrally filtered and recorded onto a CCD array so that each single
pizel is mapped into a unique position of the parabolic mirror and assigned to an azimuthal-
polar (¢,0) coordinates pair; (b) light emission intensity from metamaterial with resonance
at 640 nm, once the emission from flat Au is removed, as function of polar angle ¢, at
500 nm (black line), 650 nm. (blue) and over the full spectral range [400-1100] nm (orange):
emission concentrated within ~ 30° around the normal (¢ = 0) is obtained at metamaterial
resonance; (c-f) polar maps of the emission intensity from: (c) Au+metamaterial over the
Jull spectral range and metamaterial only over the full spectral range (d), at 650 nm (e)
and 500 nm (f): emission concentrated around the normal direction is clearly visible in (d)
and (e) while is absent in (f).
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The light emitted from the metamaterial (220 nm unit cell) was characterised at
three different spectral position: i) 650 nm, where the metamaterial emission was pre-
viously detected (see Fig. 5.5); ii) 500 nm, where the light emitted by flat gold and
metamaterial were almost undistinguishable (see Fig. 5.5); iii) over the spectrometer’s
full spectral range (from 400 to 1100 nm). The intensity distribution of the light emit-
ted by the metamaterial, as function of the polar angle 0, integrated over azimuthal
angle ¢, is shown in Fig. 5.11b for all the three cases (the curves are normalised to
the total emission in each case). It can be readily seen that, at 550 nm, the emission
directivity for metamaterial and gold is about the same (black curve) while, when the
spectral window is opened (blue curve) or limited to the metamaterial resonance posi-
tion (orange curve), a clear signature of the metamaterial appears. Moreover it can be
appreciated how the emission from the metamaterial is concentrated around the direc-
tion normal to the metamaterial plane (¢ = 0) with a divergence of about 30°, hence
suggesting a ’collimated” beam. The emission goes to zero at the normal as expected,
due to the presence of the hole in the mirror to allow the passage of the free-electrons.

A visually more convincing picture is provided by the full angular maps showing
both the azimuthal and polar angles. The maps are shown in Fig. 5.11c to f. Figures ¢
to f show respectively, the total unfiltered emission (c) where the light appears evenly
distributed across the whole map®, the metamaterial’s contribution to light emission
in the unfiltered case (d) where a circular shape peaking at the centre is clearly dis-
tinguishable, the metamaterial’s contribution to light emission ON-resonance, 650 nm,
(e) where again the emission is concentrated around the centre, and finally the meta-
material’s contribution to light emission OFF-resonance, 500 nm, (f) where a low and
quite homogeneous distribution of light is detected.

The above discussion leads to the conclusion that the light generated by the mata-
material excited by free-electrons behaves more as a ’collimated’ beam rather than an
isotropic or dipolar emitter as in the case of respectively a point source or a dipole
(as expected for example from flat gold irradiated by free-electrons). A more detailed
discussion of the emission patterns detected for flat gold and metamaterial is given in

Appendix B; here it is worth anticipating that the emission from the flat gold has a

5The bright spot at bottom of the map is present in all the ’as-recorded’ maps and is believed to
be due to small misalignments of the mirror, together with the fact that the back part of the mirror is
the one that suffers of the highest aberration
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toroidal shape, as expected from a dipole.

5.7 Numerical evaluation of induced fields distribution

In order to illustrate the experimentally observed phenomena, the system is modeled
by discrete array of 32 x 32 ASR meta-molecules each consisting of two closely-spaced
asymmetric resonators which interact via free electromagnetic field (see Fig. 5.1). The
numerical model was developed by Dr. S. D. Jenkins and Dr. J. Ruostekoski, from
the School of Mathematics of the University of Southampton. It is assumed that each
resonator supports a single mode of current oscillation, with a specific resonance fre-
quency, generating oscillating electric and magnetic multipole moments. A system of
2N single-mode resonators then possesses 2N collective modes of current oscillation.
It is assumed that the dominant contribution of interactions is due to the dipole fields
and ignore the higher order multipoles. The low-energy collective modes can then be
separated to those with dominantly magnetic or electric dipole excitation, and here M;;
refers to modes with dominantly magnetic excitation that exhibit suppressed radiative
emission rates. This model demonstrated the dramatic narrowing of the transmis-
sion resonance linewidth due to the collective effects as a function of the number of
resonators [128], representing the experimental observations [49)].

The collective modes are numerically calculated and their contribution to the steady-
state response to the electron beam. As a results of strong interactions, the initial local-
ized excitation propagates in the metamaterial. One can think of this propagating wave
as a superposition of the collective modes. At later times the modes M;; with most
suppressed radiative emission rates become dominant and, provided that the driving
is near-resonant on the phase-coherent uniform mode M, the system quickly settles
down to a steady-state with a considerable proportion of the excitation in Mi;.

It is found that, due to strong collective interactions between the resonators, local-
ized electron beam injection excites a notably larger spatial area of the metamaterial
in the steady-state response. As the illumination area increases, the number of excited
resonators increases and the excitation approaches the phase-coherent collective mag-
netic mode Mj; of the lattice. For driving a single ASR at the resonance frequency

of M1, the dominance of the M7 mode, which extends over the entire metamaterial
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Figure 5.12: On and Off resonance response Excitation intensity (a) and phase (b)
of the response to a driving resonant on the uniform collective magnetic mode of current
oscillation illustrates that such a driving can excite a broad area of the metamaterial array
with high phase coherence. The off-resonant excitation intensity (c¢) and phase (d) of the
response to a driving detuned by 8 line widths of the uniform mode from its resonance show
a significantly weaker excitation and lower phase coherence, representing poor coupling to
a plane wave propagating perpendicular to the array.

array, is already remarkably high with about 70% of the total excitation. For the res-
onant illumination of four ASRs (Fig. 5.12(a,b)), the excited area is further increased
and the contribution of Mj; is about 85%, as shown in Fig. 5.1. The phase-coherence
of the steady-state excitation can be described by calculating the intensity-weighted
variance of the phase, (A¢)?, for the excited resonators. The highly phase-coherent
excitation of Fig. 5.12(a,b) exhibits a phase variation of only A¢ = 2.20°. The conver-
sion of the electron beam illumination to the phase-coherent M;; mode is sensitive to
the excitation frequency.

For the field off-resonant by eight linewidths of Mj; exhibits a significantly weaker
excitation and lower phase coherence ((Fig. 5.12(c,d)); the contribution of My, is al-
ready reduced to 41% and the phase variation is increased tenfold to A¢ = 25.4°.
Moreover, the collective effects, that are responsible for the coherent metamaterial ex-

citation, are due to cooperative response of the strongly interacting, closely-spaced
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resonators [128]: recurrent scattering events in which a photon/surface plasmon is re-
peatedly scattered from the same meta-molecule result in collective modes with strongly
suppressed decay rates, representing waves being trapped due to scattering. The re-
sponse is sensitive to the spatial separation between the meta-molecules with an increase

in the array spacing rapidly leading to suppressed interactions.

5.8 Conclusions

In summary, it has been observed a fundamentally new phenomenon of conversion
of the energy of free electrons injected into a small spot in the metamaterial array
into a spatially coherent light emission of the array. This effect is confirmed both
experimentally, through intensity increase and linewidth narrowing of the emitted light
with the number of metamolecules involved in the process together with collimated
emission, and numerically, through simulations showing how a metamaterial array can
collective emit when locally excited. The effect described in this chapter is clearly
limited by the losses in the metal at the frequency used in the experiment; it would be
very important to try increasing the interaction area (number of meta-molecules) by
reducing the losses and two possible routes are worth investigating: move more towards
the infrared or hybridizing the metamaterial with gain material. The latter approach
could also lead to the experimental demonstration of a free-electron pumped lasing

spaser.



Conclusions

6.1 Summary

This thesis is a study about the feasibility of nanoscale light sources driven by electron
beams. Three kind of light sources have been experimentally and numerically inves-
tigated: optical nano-antennas, a well milled in a stack of alternating materials and
planar plasmonic metamaterials.

Prior to the work reported here, free-electrons based radiation sources were demon-
strated in the GHz and THz frequency range. Experiments reporting light emitted
by single nanoscale object illuminated by electron beams were conducted since ten
years, however all of them were using the emitted light to investigate of the plasmonic
properties of single nanoparticles, while this has been the first consistent set of works
that aimed at employing free-electrons to ’drive’ nanoscale structures with the view of
creating nanoscale light sources.

In this thesis a number of experimental advances have been made, first time demon-

strations have been achieved and new phenomena have been discovered.

e It was shown that free-electrons can indeed drive various kinds of light source of

nanoscale dimensions.

e It was shown that, thanks to the broadband nature of free-electrons excitation,
it is possible to 'pump’ nanoscale light sources operating across a wide spectral

range (vis-IR).

e The first optical nano-antenna fed by free-electrons has been experimentally
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demonstrated. It was shown that, in optical antennas based on coupled elements,

an enhanced light emission is achieved when feeding appropriately.

e An 'undulator’ cavity, based on permittivity contrast between just 200 nm thick
layers, with a lateral dimension of only 700 nm and a length of 2.2 ym has been

manufactured.

e [t has been demonstrated the first nanoscale tunable light source "on a chip”

driven by free electrons.

e [t was demonstrated light emission from planar plasmonic metamaterials excited
by free electron, with wavelength of emission linked to meta-molecule size and

geometry,

e [t was discovered a new phenomenon in 'coherent’ plasmonic metamaterials: con-
version of the energy of free electrons into a spatially coherent light

emission, due to inter-metamolecular interaction.

6.2 Outlook

The experiments reported in thesis are mainly ”proof of concept” demonstrations. Each
of them though shows that there is room for further studies for each of the three type
of nanoscale optical sources investigated. Here it is given a very brief outlook on what

it is still left to do for each of the three directions.

Optical nanoantennas

In this thesis it was demonstrated the possibility to feed a dipole nano-antennas
with free electrons. It could be very interesting to extend this work to other antenna
geometries to validate this approach for any kind of optical antennas. It would be
interesting to integrate the nano-antenna with a source of electrons, in order to build

fully functional, integrated devices.

Nanoscale FELs-like sources
The most straightforward extension of the work reported in this thesis would be

to bring the same approach to other spectral ranges and to investigate other mate-
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rial compositions, in order to assess the capabilities and efficiency of the approach. It
would be of paramount importance to attempt extending this approach to bring the
light emission into lasing regime. This would require accurate evaluation of the condi-
tions to achieve it and consistent experimental efforts and challenges as, for example,
pre-bunch the electrons, have a very well collimated beam aling the path, etc. The
payback however, a truly tunable nanoscale laser capable of accessing a wide spectral

range, would be very high.

Metamaterials light sources

The experimental investigation carried out so far on this front is just at the first
steps. The newly discovered phenomenon needs to be investigated further (e.g. study
the coherence and the time dinamics); moreover it would be beneficial to depart from
material luminescence (for example using other kind of metals or moving to IR). A
very important step, since the effect studied here has to battle with losses, would be
to combine the metamaterials with quantum dots, dye molecules or rare-earth-doped
glasses. This might be a route to potentially demonstrate an electron-beam-pumped

lasing spaser.

An engineering challenge ahead for all the type of sources discussed in this thesis will,
obviously, be the integration with chip-scale free-electron sources. Substantial work has
been done in this direction and practical devices have been already realised: microscopic
electron sources have been developed for ultrahigh-frequency nanoelectronics and next-
generation flat-panel displays [112].

It is finally pointed out that all the further studies would greatly benefit from
insights into directionality of emission and emission patterns of the specific light source

under investigation?.

LA setup with such capabilities was indeed built to investigate the emission directivity of the meta-
material light source






Coherence of an electromagnetic wave

In Section 2.6 it was pointed out that coherence was one of the parameters through
which characterise a light source and, to a first approximation, say whether or not it is
a laser. In particular, the concepts of spatial and temporal coherence were introduced.
In this section a more detailed description of these two concepts is provided and it is
shown how they provide only a first-order description of the coherence properties of a
source of electromagnetic waves. The analysis carried out in the pages that follow is

based on classical laser physics textbooks, such as [89].

A.1 Degree of spatial and temporal coherence

In the case of a quasi-monochromatic source (spectral bandwidth Aw much smaller
than the mean frequency < w >), the electric field of the wave, at position r and time

t can be be expressed as

BE(r,t) = A(r, t)ell<w>t=oni])

where A(r,t) and ¢(r,t) vary slowly within an optical cycle.

If measurements of the field are performed at a point ry in space and times ¢1 and t9
within the time interval [0, T, it is possible to calculate the product E(r1,t1)E?(ra,t2).
When the same procedure is repeated over a large number of times, this allows to

calculate the average of the product over all the measurements, which takes the name
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of ensemble average

T (e, ry, b1, t9) = (E(ry, t1) E*(r1,t2)) . (A1)

In the case of a stationary beam! (as e.g. is the case of a single mode c.w. laser,
or a thermal light source), the ensemble average only depends on the time difference

T = 11 — t9 rather than on the specific times ¢; and t9

F(l)(rlarlatlatQ) = F(l)(r17r17T) = (E(rlvt + T)E*(rlat)> . (A2)

From the definition of T'™) given above, the normalised function v(!)(ry,ry,7) can

be defined as follows

M — (B(ry,t +7)E*(r1,t))
! <E(r1’t)E*(I'1,t)>1/2 <E(I‘1,t_|_7—)E*(I.1’t+7_)>1/2’ (A3)

The function v as defined in Eq. A.3 is called complex degree of temporal coher-
ence, while its magnitude, |7(1)|, is referred to as degree of temporal coherence, and
indeed it expresses the degree of correlation of the electric field of a wave at a point ry
in space at any two instants in time separated by a time interval 7. Furthermore it has
the following properties: i) () < 1 with the equal sign for 7 = 0; ii) it is symmetric
with respect to 7.

From the properties stated above it follows that a beam has perfect temporal coher-
ence when () = 1 for any 7. For a c.w. beam this requires the signal to be a sinusoidal
wave. The opposite case, total absence of coherence, occurs when v = 0 for 7 > 0,
and this would be the case of a light source of very wide bandwidth. For real sources,
|7 generally peaks at 7 = 0 and decreases with increasing |7|; it is hence possible to
define a coherence time 7.,, the time for which \'y(l)\ = 1/2. Obviously 7., = inf for a

perfectly coherent course while 7., = 0 for a completely incoherent one. Finally, also a

LA process is said to be stationary when the ensemble average of any variable that describes it is
independent of time [89]
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coherence lenght of a beam can be defined as L., = c7¢,.

As in the case of temporal coherence, the same mathematical procedure can be
followed for the spatial coherence properties of a beam; thus, a first-order correlation
function between two points in space, r1 and ry and the corresponding complex degree

of spatial coherence can be defined, with the latter being expressed as

® = (E(r1,t)E*(r2,1))
' <E(r1’t)E*(r17t)>1/2 <E(I‘2,t)E*(r2,t))1/2' (A.4)

Similarly to the temporal coherence case, now |y(!)| takes the name of degree of
spatial coherence, Indeed 'y(l) expresses the degree of correlation of the field at two
points in space ry and ry at any time ¢. Also in this case ]7(1)\ < 1. An electromagnetic
wave will have perfect spatial coherence if |'y(1)| = 1 for any two points r; and ro laying
on the same wavefront (or on wave fronts whose separation is much smaller than the
coherence length L.). In general, for any practical case, a beam will show only partial

spatial coherence.

A.2 Temporal coherence and linewidth

It was stated in Section 2.6 that, for a stationary beam, the temporal coherence is
connected to the bandwidth of the signal through an inverse dependence. Here it
is given a quick justification of the statement without however going into a rigorous
demonstration, since this is beyond the scope of this thesis.

The first step is to notice that the spectrum of an electromagnetic wave is propor-
tional to the power spectrum W (r,t) of the field. E(r,t). The power spectrum W in
turn is related to the autocorrelation function I'V) through the Fourier transform, thus
making possible to obtain either of this quantities once the other is known.

It is possible to define the coherence time 7., as the variance o, of the function
IT(M7|2 and similarly the bandwidth Avy, of the signal as the variance o, of W?2(v).

Since W and 'V, as said before, are related by Fourier transform,it can be shown

that o, and o, satisfy the condition



102 A. Coherence of an electromagnetic wave

oro, > (1/4m)

where the equal sign applies when the I'M and W are Gaussian function, thus giving

the inverse dependence as stated above.

A.3 Statistical properties of laser light and thermal light

In most cases, the degrees of spatial and temporal coherence, as defined above, are
sufficient to distinguish a laser source from a thermal one, nevertheless they are the
properties that define a fundamental difference between the two. Indeed it is possible
to device and experiment in which the outputs of a laser and a thermal source both
show a high order of temporal and spatial coherence (see [88,89]).

Despite this fact, they still remain fundamentally different and this can be shown
either looking at the statistical properties of both beams or comparing higher order of
coherence.

The first case finds its explanation in the fact that, in a laser the output intensity
and hence the field amplitude is fixed, for a given pumping rate, by the condition that
upward transitions, due to pumping, must be balanced by downward transitions due
to both stimulated and spontaneous emission while, in a thermal source, the field is
the superposition of the uncorrelated light emitted, by spontaneous emission, from the
individual atoms of the light source [89]. This makes the statistical distributions very
different from each other.

If higher order of coherence are instead taken into account, one finds that, even in
the case of similar first order coherence, a monomodal laser source has a much larger

high-order coherence than any other source [89)].



Angle resolved EIRE

In Section 5.6 the angular distribution of the light emitted by a planar photonic meta-
material excited by free-electrons was investigated. In particular, it was shown that it
has been possible to map the information recorded by the CCD array onto emission
angles with respect to the focus position. In this section the procedure to retrieve an-
gular information is described and the full characterization of the metamaterial sample

is presented.

B.1 Parabolic mirror angles mapping onto CCD

As already anticipated in Section 5.6, if the sample is well positioned at the focus of the
mirror, each pixel of the CCD can be associated to a specific point of the paraboloid
and, in turn, to an angular coordinates pair (¢, §), where 6 is the polar (or zenith) angle
spanning from 0 to 90 degrees (¢ = 0 being the normal to the sample surface) and ¢
is the azimuthal angle running from 0 to 360 degrees. Fig. B.1la shows a schematic of
the geometrical features just described. Along with the angles ¢ and 6, the solid angle
Q) covered by each pixel’s area must be taken into account to correct the data. Figures
B.1b,c and d show how each pixel in the CCD image is mapped onto respectively the
angles 6, ¢ and ).

B.2 CCD image recording

In order to image the emission spatial pattern, a CCD array is positioned in the op-

tical path following the parabolic mirror (see Fig. B.2a). The images ’as-recorded’ on
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B. Angle resolved EIRE
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the CCD appear like the ones in Fig. B.2b and c'. It is easy to identify the semi-
circular shape of the mirror transversal section and the position of the hole (for the
free-electrons to reach the sample). Fig. B.2b corresponds to the emission of light from
a flat gold surface over the full spectral range of the spectrometer, [400-1100] nm, while
Fig. B.2¢ shows the emission produced by free-electrons hitting the patterned metama-
terial surface; Fig. B.2d finally shows the emission from metamaterial only, obtained
removing emission in (b) by emission in (¢). The patterns can be analysed referring to
the angular maps of in Fig. B.1: the CCD area around the mirror’s hole corresponds to
angles very close to the normal, while other parts to more grazing angles. This allows
to infer that the emission pattern for the flat gold (Fig. B.2b) suggests a toroidal shape,
as expected for a dipole (low emission at normal angles and higher at grazing angles)
while, when the electron beam is positioned onto the metamaterial array (Fig. B.2c),
a bright area around the hole is added to the pattern of Fig. B.2b. This is very clear
when the emission for the metamaterial alone is considered (Fig. B.2d): the emission
of light is higher at the normal angle (except for the hole) and degrades with increasing

angles.

B.3 Emission directivity

The hints discussed above represent just a qualitatively analysis of the emission. The
angles-pixel position correspondence allows to convert the emission intensities ’as-
recorded’ into proper angular maps as the ones shown in Fig. B.3, where over the radius
it is reported the elevation of the emitted light, 6 while on the angles the azimuthal
information ¢ can be read.

Left to right column of Fig. B.3 show emission maps for, respectively, Au, Au +
metamaterial, and metamaterial alone in the case of: emission over the full spectral
range, 400-1100 nm (Fig. B.3a to ¢); emission OFF-resonance at 500 nm (Fig. B.3d to
f) and ON-resonance at 650 nm (Fig. B.3g to i).

The light emitted from flat gold when illuminated with the electrons is distributed
on a quite clear toroidal shape in all three cases (Fig. B.3a, d, g); the metamaterial

contribution can be clearly identified when the emission is either sampled ON-resonance

'The sample analysed in this Appendix is the same used for the experiment reported in Section 5:
50 nm of Au above a 100 nm S%3/ N4 membrane
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(Fig. B.3i) or collected over the full spectrum (Fig. B.3c), while disappears almost
completely OFF-resonance (Fig. B.3f).

If the signal intensity is integrated over the the azimuthal angle ¢, the vertical
direction of light emission can be easily visualised, as in Fig. B.4, where the curves
correspond exactly to the maps of Fig. B.3. It is easy to see that light emission from
gold (see Fig. B.4a, d, g) happens at an angle ¢ of about 55 degrees from the normal to
the sample, while the free-electron driven metamaterial emits long the normal direction

with a divergence of about 30 degrees.
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B. Angle resolved EIRE
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(poster) G. Adamo, K. MacDonald, F. De Angelis, E. Di Fabrizio and N. I. Zhe-
ludev. “Metamaterial Light Sources Driven by Electron Beams”. NANOMETA
2011, Seefeld, Austria, 3 - 6 Jan 2011

(oral) G. Adamo, K. MacDonald, F. De Angelis, E. Di Fabrizio and N. 1. Zhe-
ludev. “Nanoscale electron-beam-driven metamaterial light sources”. IEEE Pho-

tonics Society 23rd Annual Meeting, Denver, USA, 07 - 11 Nov 2010

(oral) Z. L. Sdmson, J. Zhang, G. Adamo, T. Uchino, B. Gholipour, K. Knight,
C-C. Huang, F. De Angelis, K. F. MacDonald, P. Ashburn, E. Di Fabrizio, D. W.
Hewak, and N. I. Zheludev. “Chalcogenide plasmonic metamaterial switches”.

SPIE Optics & Photonics, San Diego, USA, 01 - 05 Aug 2010

(oral) V. Myroshnychenko, J. Nelayah, O. Stéphan, M. Kociak, C. Colliex, G.
Adamo, K. F. MacDonald, N. I. Zheludev, E. Carbé-Argibay, J. Rodriguez-

Fernandez, L. M. Liz-Marzén, and J. F. Garcia de Abajo. “Electron energy
loss spectroscopy and cathodoluminescence as powerful tools for studying surface-
plasmon modes in metal nanostructures”. SPIE Photonics Europe 2010, Brussels,

Belgium, 12 - 16 Apr 2010

(oral) Z. L. Sdmson, G. Adamo, K. F. MacDonald, K. Knight, F. De Angelis,
A. Nikolaenko, C. C. Huang, E. Di Fabrizio, D. W. Hewak, and N. 1. Zheludev.
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“Switching metamaterials with electronic signals and electron-beam excitations”.

SPIE Photonics Furope 2010, Brussels, Belgium, 12 - 16 Apr 2010

e (keynote) N. I. Zheludev, A. Nikolaenko, K. F. MacDonald, V. A. Fedotov, D.
Hewak, G. Adamo, Z. Samson, E. Plum, D. P. Tsai, E. Difabrizio, and F. De
Angelis. “Nonlinear and switchable plasmonic metamaterials”. PIFERS 2010,
Xi’an, China, 22 - 26 Mar 2010

e (oral) V. Myroshnychenko, J. Nelayah, M. Kociak, O. Stéphan, C. Colliex, G.
Adamo, K. F. MacDonald, N. I. Zheludev, J. Rodriguez-Fernandez, E. Carbé-

Argibay, I.Pastoriza-Santos, J.Pérez-Juste, L. M. Liz-Marzan, and J. F. Garcia
de Abajo. “Probing surface-plasmon modes in noble metal nanoparticles using

an electron beam”. META 10, Cairo, Egypt, 22 - 25 Feb 2010

e (Postdeadline) Z. L. Sdmson, K. F. MacDonald, F. De Angelis, G. Adamo, K.
Knight, C. C. Huang, D. W. Hewak, E. Di Fabrizio, and N. I. Zheludev. “Chalco-
genide glass metamaterial optical switch”. FiO 2009, San Jose, USA, 11 - 15 Oct
2009

e (invited) N. I. Zheludev, G. Adamo, Y. H. Fu, K. F. MacDonald, C. -M. Wang,
D. P. Tsai and J. F. Garcia de Abajo. “Nanoscale tuneable light source”. SPIE
Optics & Photonics 2009, San Diego, USA, 2 - 6 Aug 2009

e (invited) V. Myroshnychenko, J. Nelayah, M. Kociak, O. Stéphan, C. Colliex, G.
Adamo, K. F. MacDonald, N. I. Zheludev, J. Rodriguez-Fernandez, E. Carbé-

Argibay, L. M. Liz-Marzan, and J. F. Garcia de Abajo. “Plasmon modes in
individual noble metal nanoparticles”. SPIE Optics € Photonics 2009, San Diego,
USA, 2 - 6 Aug 2009

e (oral) G. Adamo, Y. H. Fu, K. F. MacDonald, C. -M. Wang, D. P. Tsai, J. F.

Garcia de Abajo, and N. I. Zheludev. “Free-electron pumped tunable nanoscale
light-source: the ’light-well””. SPP4, Amsterdam, The Netherlands, 21 - 26 Jun
2009

e (poster) V. Myroshnychenko, J. Nelayah, M. Kociak, O. Stéphan, C. Colliex, G.
Adamo, K. F. MacDonald, N. I. Zheludev, J. Rodriguez-Fernandez, E. Carbé-
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Argibay, L. M. Liz-Marzén, and J. F. Garcia de Abajo. “Plasmon modes in
individual noble metal nanoparticles”. ETOPIM 8, Crete, Greece, 7 - 12 Jun
2009

(oral) G. Adamo, K. F. MacDonald, Y. H. Fu, C. -M. Wang, D. P. Tsai, J. F.
Garcia de Abajo, and N. I. Zheludev. “Tunable nanoscale free-electron source of
photons and plasmons”. CLEO/IQEC 2009, Baltimore, USA, 31 May - 5 Jun
2009

(invited) G. Adamo, K. F. MacDonald, N. I. Zheludev, Y. H. Fu, C. -M. Wang,
D. P. Tsai, and J. F. Garcia de Abajo. “The "Light-well’: A tuneable nanoscale
free-electron light source on-a-chip”. MRS Spring Meeting, San Francisco, USA,
13 - 17 Apr 2009

(poster) A. I. Denisyuk, G. Adamo, K. F. MacDonald, B. Rodriguez-Gonzélez, 1.
Pastoriza-Santos, M. Spuch-Calvar, L. M. Liz-Marzan, M. D. Arnold, M. J. Ford,
J. F. Garcia de Abajo, and N. I. Zheludev. “Emission hotspots in complex metal

nanostructures”. NANOMETA 2009, Seefeld, Austria, 5 - 8 Jan 2009

(oral) G. Adamo, K. F. MacDonald, N. I. Zheludev, Y. H. Fu, C. -M. Wang, D.
P. Tsai, and J. F. Garcia de Abajo. “The ’Light-Well’: A tuneable free-electron
light source on-a~chip”. NANOMETA 2009, Seefeld, Austria, 5 - 8 Jan 2009

(oral) K. F. MacDonald, G. Adamo, N. I. Zheludev, J. F. Garcia de Abajo, Y.
H. Fu, C. -M. Wang, and D. P. Tsai. “Nano 'Light Well’: a free-electron light
source on-a-chip™”. OSA Plasmonics and Metamaterials (META) Topical Meet-
ing, Rochester, USA, 21 - 24 Oct 2008
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