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Abstract

This thesis deals with electron and ion beam techniques for fabrication and characteriza-
tion of plasmonic nanostructures. Analytical electron microscopy focusing on applications
in the field of plasmonics is discussed. The emphasis is given to electron energy loss spec-
troscopy (EELS) and cathodoluminescence. Further, fabrication of plasmonic samples for
transmission electron microscopy is introduced while the aim is put at focused ion beam
lithography and at sample preparation using chemically synthesized particles in water
solution. The main research results are divided into four parts.

The first part covers a comparative study of plasmonic antennas fabricated by elec-
tron beam and focused ion beam lithography. While both techniques are suitable for
the fabrication of plasmonic antennas, electron beam lithography shall be prioritized over
focused ion beam lithography due to better quality of the resulting antennas and consid-
erably stronger plasmonic response in EELS. Antennas fabricated by focused ion beam
lithography have slightly dull edges, exhibit pronounced thickness fluctuation, and they
are also strongly contaminated not only by organic contaminants, but also by residues of
FIB milling including implanted milling ions and atoms of a titanium adhesion layer.

In the second part, Babinet’s principle of complementarity for plasmonic nanostruc-
tures is investigated on a set of gold disc-shaped antennas and complementary apertures
in a gold layer with various diameters. The complementarity is confirmed for fundamen-
tal plasmon properties such as resonance energies, but differences rising from the limited
validity of Babinet’s principle are found, for example, for the spatial distribution of the
near-field of plasmon polaritons.

The third part summarizes a study of nanostructures with functional properties related
to the local enhancement of electric and magnetic field. Bow-tie and diabolo plasmonic
antennas, both in the form of particles and in the form of apertures, exhibit particularly
strong local field enhancement. Our study identifies several modes of localized surface
plasmons in these antennas and characterizes their properties including mode energy, near
field electric and magnetic field distribution, and the qualitative distribution of charge
nodes and current associated with electron gas oscillations. Next, we have studied mode
energy tunability in near infrared and visible spectral regions and focused on Babinet’s
complementarity between direct and inverted antennas.

The last part is focused on silver amalgam, which is a novel and very prospective
plasmonic material. By changing the size of silver amalgam nanostructures their plasmon
resonance can be tuned from ultraviolet through the whole visible to infrared region.
As silver amalgam is well investigated in the field of electrochemistry, silver amalgam
nanoparticles opens a possibility to combine plasmonics and electrochemistry together.
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Abstrakt

Tato prace se zabyva mikroskopickymi technikami vyuzivajicimi elektronovy a iontovy
svazek pro pripravu a charakterizaci plazmonickych nanostruktur. Analyticka elektronova
mikroskopie je predstavena se zamérenim na aplikace v oblasti plazmoniky. Dtraz je
kladen na spektroskopii energiovych ztrat elektronti (EELS) a katodoluminiscenci. Déle
je diskutovana vyroba plazmonickych vzorki pro transmisni elektronovou mikroskopii,
pricemz je kladen duraz na litografii iontovym svazkem a na pripravu vzorkt za pouziti
chemicky syntetizovanych c¢astic ve vodném roztoku. Hlavni vyzkumné vysledky préace
jsou rozdéleny do Ctyr casti.

Prvni ¢ast se vénuje komparativni studii plazmonickych antén vyrobenych elektronovou
a iontovou litografii. Prestoze obé techniky jsou vhodné pro vyrobu plazmonickych an-
tén, elektronova litografie by méla byt uprednostnovana pred iontovou litografii diky lepsi
kvalité vyslednych antén a jejich silnéjsi plazmonické odezvé. Antény vyrobené iontovou
litografii maji neostré okraje, vykazuji vyrazné kolisani tloustky a jsou také silné kon-
taminovany nejen organickymi kontaminanty, ale také rezidui po iontové litografii véetné
implantovanych iontti z iontového svazku a atomu titanové adhezivni vrstvy.

Ve druhé ¢asti je zkouman Babinettv princip komplementarity pro plazmonické nanos-
truktury na sérii zlatych diskovych antén a komplementarnich apertur ve zlaté vrstvé s
riznymi prumeéry. Komplementarita je potvrzena pro zdkladni plazmonické vlastnosti
jako rezonanc¢ni energie, ale rozdily zplisobené omezenou platnosti Babinetova principu
jsou patrné naptiklad pro prostorové rozlozeni blizkého pole plazmonovych polaritont.

Treti ¢ast shrnuje studii nanostruktur s funkénimi vlastnostmi souvisejicimi s lokalnim
zesilenim elektrického a magnetického pole. Obzvlast silné lokdlni zesileni pole vykazuji
plazmonické antény tvaru bowtie a diabolo, a to jak ve formé castic, tak ve formé apertur.
Nase studie umoznila identifikovat nékolik modi lokalizovanych povrchovych plazmont
v téchto anténach a charakterizovat jejich vlastnosti véetné energie médu, rozlozeni elek-
trické a magnetické slozky blizkého pole médu, a kvalitativni rozlozeni uzli naboje a
proudu souvisejicich oscilaci elektronového plynu. Déle jsme studovali laditelnost energii
modu v blizké infracervené a viditelné spektralni oblasti a zamérili jsme se na Babine-
tovskou komplementaritu mezi pfimymi a invertovanymi anténami.

Posledni ¢éast je zaméfena na stiibrny amalgam, novy a velmi perspektivni plazmon-
icky material. Zménou velikosti stiibrnych amalgamovych nanostruktur mtze byt jejich
plazmonova rezonance ladéna od oblasti ultrafialového zareni pres celou viditelnou az
po infracervenou oblast. Jelikoz stfibrny amalgam je dobre prozkouméan v oblasti elek-
trochemie, st¥ibrné amalgamové nanocastice oteviraji moznost kombinovat plazmoniku a
elektrochemii dohromady.
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1 Introduction

Interactions of electromagnetic field and free electrons in metals at the metal-dielectric
interface are studied in the field of nanophotonics called plasmonics [1]. Plasmonics deals
with the generation, manipulation, guiding and transportation of electromagnetic waves
in metals based on the interaction between electromagnetic field and collective oscillations
of free electrons in metals called plasmons. At the metal-dielectric interface surface plas-
mon polaritons (SPP) associated with the local electromagnetic field are formed. They
were predicted by R. H. Ritchie [2] and experimentally verified by C. J. Powell and J.
B. Swan [3] in 1950s and theoretically explained and characterized by A. Otto [4], A. A.
Lucas and M. Sunji¢ [5], and E. Kroger [6, [7] 10 years later. In metallic nanostructures,
collective oscillations of free electrons strongly couple to the electromagnetic field form-
ing the excitations called localized surface plasmons (LSP) [8]. The clear mathematical
foundation for LSP oscillations was established by G. Mie in 1908 [9]. The first character-
ization of LSP by electron energy loss spectroscopy was presented by P. Batson in 1982
[10].

A characteristic feature of LSP is a strong enhancement of electromagnetic field within
the surrounding dielectric together with its confinement on the subwavelength scale, which
can be utilized to control various optical processes in a wide spectral region even below the
free space diffraction limit [II]. Significance of this feature is further increased by easy
tunability of the optical properties of nanostructures via engineering their size, shape,
or dielectric environment [I2]. This design flexibility allows creating a large amount of
optical functions. Therefore, plasmonic antennas have a wide field of applications [13], [14],
for example, in optoelectronics [15], telecommunications [16], photonics [I7], microscopy
[18], spectroscopy [19], energy harvesting [20], sensing elements [21], and medicine [22].
New discoveries with high application potential are often connected to implementation of
new concepts into the field of plasmonics, such as a plasmoelectric effect [23], plasmonic
lasing [24], generalized laws of reflection [25], spin-orbit coupling [26], chirality [27], and
the Babinet principle of complementarity, which describes the correspondence between
optical response of apertures and their complementary particles [28], 29].

Metallic nanostructures supporting LSP resonances can be fabricated using different
techniques, such as chemical synthesis [30], optical lithography [31], electron beam lithog-
raphy [32], 33], focused ion beam milling [34], 35], or 3D nanoprinting [36 B7]. Such
nanostructures are often called plasmonic antennas. In most cases, silver or gold is used.
Nevertheless, a very prospective material in the ultraviolet and visible range is, for ex-
ample, aluminum [38] 39, [40]. The quality of prepared plasmonic antennas influences the
LSP resonances. These resonances might be affected and degraded by any deviation from
an ideal dielectric environment and an ideal shape, for example, by adding an adhesion
layer below the antenna [41), 42], by polycrystallinity of the antenna [43] [44], or by surface
roughness of the antenna [45], [46].

LSP resonances in plasmonic antennas can be detected using many different tech-
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niques, for instance, by dark field optical microscopy [47, 48] or near field optical mi-
croscopy [49, 50]. Mapping of LSP resonances with high spatial and good energy reso-
lution is necessary to understand their origin and properties. The best spatial, energy,
and time resolution is achieved by electron beam spectroscopy [51} [52], which covers elec-
tron energy loss spectroscopy (EELS) [53), 54], 55], energy filtered transmission electron
microscopy (EFTEM) [56], cathodoluminescence (CL) [57, 58], photoemission electron
microscopy [59], photo-induced near-field electron microscopy [60], and electron energy
gain spectroscopy [61]. However, electron beam spectroscopy in a transmission electron
microscope requires placing the plasmonic antenna onto a very thin substrates like silicon
nitride or silicon oxide membranes with the thickness below 50nm. A very recent study
introduces usage of a monolayer or a thin layer of hexagonal boron nitride [62].

Research in the field of plasmonics has a large tradition at the Insitute of Physical
Engineering and CEITEC Brno University of Technology [63], mostly in the field of meta-
surfaces |64} [65], scanning near-field optical microscopy [66, 67, 68], quantitative phase
imaging [64) [69], EELS [70, [71], fabrication [72, [73] [74], [75], and development of theory
[76]. This work, focused on fabrication and characterization of plasmonics antennas by
electron microscopy, freely follows previous investigations of plasmonic antennas by elec-
tron energy loss spectroscopy [70] and cathodoluminescence [77] and contributes to the
publication of several manuscripts [71}, [75], [78, [79, [80].
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2 Aims of the Thesis

This Thesis has five main aims proposed in the Thesis topic [81] (i) to introduce analytical
electron microscopy and its prospect for plasmonics and to give a brief overview of fabri-
cation of plasmonic antennas for electron beam spectroscopy investigations concentrated
on focused ion beam lithoghraphy, (ii) to investigate elementary gold plasmonic antennas
with focus on Babinet’s principle of complementarity, (iii) to study nanostructures with
functional properties related to the local enhancement of electric and magnetic field, (iv)
to explore the possibility of fabricating plasmonic antennas using any less frequently used
material, and (v) to study coupled structures.

The first aim is to introduce electron beam spectroscopic techniques and discuss their
application in the field of plasmonics. These techniques are introduced in Chapter [3| In-
teraction of an electron beam with a sample is summarized in Section (3.1} Basics of elastic
scattering are discussed in Section [3.2] Transmission electron microscopy is introduced in
Section [3.3] The emphasis is given to EELS (Section and CL (Section [3.5), which are
both directly accessible techniques for me at CEITEC Nano research infrastructure (EELS
in a transmission electron microscope), at the Laboratory of Electron Microscopy of the
Institute of Scientific Instruments of The Czech Academy of Sciences (LEM ISI CAS, CL
in a scanning electron microscope), and at the University Service Center for Transmission
Electron Microscopy at Vienna University of Technology (USTEM TU Wien, CL in a
transmission electron microscope). Basics of material analysis by energy dispersive X-
ray spectroscopy are introduced in Section Chapter (4] introduces the electron beam
spectroscopy and briefly the theory behind in the field of plasmonics starting with surface
plasmon polaritons (SPP) at metal-dielectric interfaces (Section followed by localized
surface plasmons (LSP) in metallic nanoparticles (Section [4.2)). The final part of Chapter
[l Section[d.3] reviews electron beam spectroscopy investigations in the field of plasmonics
published in literature.

Chapter |5 gives an overview of different techniques for fabrication of plasmonic an-
tennas and their characterization by electron beam spectroscopy. As I am not working
in the field of electron beam lithography myself, the emphasis is given to sample prepa-
ration using chemically synthesized nanoparticles (Section and plasmonic antennas
fabrication by focused ion beam lithography (Section where several practical tips for
the fabrication process are presented. Section deals with CL measurements of possible
substrates for plasmonic antennas. Section [5.4]deals with a gold disc-shaped nanoparticle,
the first measurement of LSP by EELS at CEITEC, and silver amalgam nanoparticle with
silver satellite nanoparticles proving experimentally the energy resolution of our system.
Section [5.5| introduces CL measurement of LSP resonances in a gold diabolo antenna.
Section discusses the material and the size dependency of LSP resonances in metallic
nanospheres, which is necessary to have a good overview to design more advanced experi-
ments. Section |5.7]summarizes the study of gold sphere-like and triangular particles. The
results measured on gold nanospheres and nanotriangles were published in Fine Mechanics
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and Optics [78§].

Chapter[0] focuses on a comparative study of plasmonic antennas fabricated by electron
beam and focused ion beam lithoghraphy published in Scientific Reports [75]. The choice
of preferred fabrication technique is rather important. My results show that the plasmonic
response of the antennas characterized by EELS is considerably stronger and slightly
better localized for the antennas fabricated by electron beam lithography than for the
antennas fabricated by focused ion beam lithoghraphy. Therefore, while both techniques
are suitable for the fabrication of plasmonic antennas, electron beam lithography shall
be prioritized over focused ion beam lithography due to better quality of the resulting
antennas.

The second aim is to investigate elementary gold plasmonic antennas. Chapter [7| fo-
cuses on Babinet’s principle of complementarity for gold disc-shaped plasmonic antennas.
The emphasis is given on experimental study using spatially-resolved electron energy loss
spectroscopy and cathodoluminescence to investigate electromagnetic response of elemen-
tary plasmonic antennas: gold discs and complementary disc-shaped apertures in a gold
layer. The results were together with additional calculations covering their plasmonic
response under the plane wave illumination published in Scientific Reports [71].

The third aim is to study nanostructures with functional properties related to the
local enhancement of electric and magnetic field. Such plasmonic antennas were stud-
ied theoretically using a combination of two types of electric-magnetic complementarity
to increase the degree of freedom for the design of the antennas: bow-tie and diabolo
duality and Babinet’s principle [82]. Plasmonic modes in nanoparticle dimers with con-
ductive (diabolo or inverted bow-tie antennas) or insulating (bow-tie or inverted diabolo
antennas) junction were revisited in our study combining EELS, optical spectroscopy, and
numerical simulations, which will be published [80]. The results from this paper related to
electron microscopy are summarized in Chapter [§| together with additional results related
to plasmonic antennas of such a type.

The fourth aim is to explore the possibility to apply plasmonic structures of any less
frequently used or nonstandard material. Chapter [J] deals with rather unique plasmonics
on silver amalgam nanoparticles. It was experimentally proved that by changing the size
of nanostructures the dipole LSP resonance can be tuned through the whole visible and
infrared region. Therefore, nanostructured silver amalgam is proposed to be a prospective
material for combination of electrochemistry and plasmonics. My results together with
additional optical measurements were published in Journal of Physical Chemistry C [79)].

The last aim proposed in the Thesis topic [8]] is to study coupled structures. Plasmon
coupling is observed between structures made of the same metal [83], structures made from
different material [84], or between a plasmonic structure on an absorbing substrate, pos-
sibly exhibiting strong coupling of the plasmonic mode to the excitation in the substrate,
for example, plasmon-phonon or plasmon-exciton coupling [85] 86]. Plasmon-exciton cou-
pling has been recently studied by high resolution EELS in the visible region on silver
nanoparticles supported by ZnO nanowires [87], on silver bow-tie antennas and quantum
dots [88], on silver nanowires supported by hexagonal boron nitride [89], and on silver
nanoparticles supported by tungsten disulfide [90]. Plasmon coupling between structures
made of the same metal is studied in Chapter [§| where nanoparticle dimers with conduc-
tive or insulating junction are investigated. As the strong coupling phenomena with the
substrate is observed by optical spectroscopy in infrared range [01], which is generally
difficult to access by electron beam spectroscopy, the strong coupling phenomena is not
discussed at all in this Thesis. For example, preliminary numerical simulations show that
the splitting of the plasmon peak in gold antennas due to absorption in a silicon dioxide
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membrane is expected in the energy range between 0.1eV and 0.2eV while the splitting
is around 30 meV. Nevertheless, the strong coupling phenomena with the substrate is one
of possible topics for further research.

Beyond this Thesis, I have been during my PhD study active in the field of charged
particle optics developing an accurate 3D interpolation method [92, 93] and calculating
the deflecting properties of a charged particle diverter for the ATHENA mission [94],
low energy EELS of semiconductors [95], high resolution imaging and EELS of graphene
quantum dots [96], cathodoluminescence of semiconductors [97], and focused ion beam
fabrication of holographic masks for electron vortex beam generation [98].
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3 Analytical electron microscopy

Analytical electron microscopy is a powerful tool which offers a wide range of applications
in imaging and spectroscopy. This chapter briefly introduces the theory for techniques
used in the experiments in this Thesis. Section [3.1] summarizes the interaction of an
electron beam with a sample. The following sections introduce elastic scattering (Section
, transmission electron microscopy (Section , electron energy loss spectroscopy
(Section, cathodoluminescence (Section, and basics of material analysis by energy
dispersive X-ray spectroscopy (Section .

3.1 Electron beam — sample interaction

When an electron beam interacts with a sample, many different scattering and emission
events may happen. Electrons from the primary electron beam may therefore produce
different signals covering emitted electrons (secondary electrons and Auger electrons),
backscattered electrons, emitted photons (X-rays and light), electron beam induced cur-
rent, knocked-out ions, and in the case of a thin sample transmitted electrons (unscattered,
elastically scattered, and inelastically scattered), which is illustrated in Figure .

primary electron beam

Auger electrons backscattered electrons

light (IR, visible, UV) secondary electrons

X-rays ions

sample
I
I
-
electron beam induced current
elastically inelastically
scattered electrons y scattered electrons

unscattered electrons

Figure 3.1: Interaction of an electron beam with a sample.
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All of these signals might be used to record an image of the sample. Secondary and
backscattered electrons are used for imaging in scanning electron microscopes (SEMs).
Transmitted electrons are used for imaging in transmission electron microscopes (TEMs),
where electrons scattered elastically creates the signal in a dark field image and electrons
which are not scattered elastically creates the signal in a bright field image. Inelastically
scattered electrons brings the information about excitation in the sample and allows to
analyze optical and chemical properties by electron energy loss spectroscopy (EELS).
Auger electrons studied by Auger electron spectroscopy (AES) brings the information
about chemical composition of the sample. Similar information is contained in emitted
photons: infrared, visible, and ultraviolet light detected by a cathodoluminescence (CL)
and X-rays measured with energy dispersive X-ray spectroscopy (EDS). Finally, electron
beam (and also ion beam) can modify or remove the material, which is used in electron
beam lithography (EBL) and focused ion beam (FIB) lithography. As the result, electron
microscopy including both SEMs and TEMs offers many different techniques with high
application potential in the field of plasmonics. In the fabrication process, SEMs with
lithographic tools and dual beam systems are widely used. High resolution imaging of
plasmonic nanostructures is performed in the SEM or in the TEM. Basic chemical analysis
is done by EDS. Advanced chemical analysis, thickness mapping, and measurement of all
kinds of plasmon resonances is done by EELS. A monochromator is sometimes needed
to achieve a sufficient energy resolution of TEM-EELS. Any excitation in the ultraviolet,
visible, and near-infrared spectral range can be imaged by CL.

3.2 Elastic scattering

The fundamental principle in electron microscopy is electron scattering. The target is
the sample consisting of atoms. These atoms can be either arranged randomly, or they
can form a well ordered system — crystal lattice. If an electron in the electron beam
and the target (the sample) have no change in their energy during the scattering event,
the scattering is elastic. If the energy is transferred from the electron to the target,
the scattering is inelastic. In such a case an electron loses some energy and creates an
excitation in the sample, for example, a phonon or a plasmon.

Figure 3.2: Geometric representation of the differential scattering cross section 9?a /0.

The scattering event can be described mathematically using a quantity called the scat-
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tering cross section o. Its differential, the differential scattering cross section 9% /99 =
0?0 /(0p00) describes the angular distribution of scattering from the target. As it is
schematically shown in Figure [3.2], electrons are scattered through an angle 6 into a solid
angle d{2 = dpdf. The average length A\ypp which an electron travels between two scat-
tering events is called the mean free path.

Number of scattering events Ng from N atoms into a given solid angle A} can be

eXp (3SS(fd as
S tot 99 Y N

where [, denotes the total intensity (note that in microscopy community the term inten-
sity has the meaning of the detected number of electrons by any detector), or considering
intensity I detected on a detector with the area of RZAQ as

Ns(Q) = Is(Q)R*AQ. (3.2)
This allows to retrieve the differential scattering cross section experimentally as

820' . ]S(Q) R2

— = —. 3.3
0N Liy N (33)
The scattering probability P to a certain solid angle € is expressed as
PP Do
- en -t 4
o0 —oa T (3:4)

where n is the density (i.e. the number of atoms per m?®), and ¢ the thickness of the
sample. Integrating Equation (3.4) we obtain

P = ont. (3.5)

Equation (3.5)) can be rewritten using the relation for the mean free path Aygp = 1/(on)

as
t

)\MFP

P= (3.6)

The scattering event follows the Poisson statistics, therefore the probability P, of
n-fold scattering can be expressed as

t na ’\MtFP
P, = . 3.7

The probability of no scattering is

ot Io(t
Py=e *vrr = 70( )7 (38)

Itot

where Iy(t) is the intensity of electrons unscattered by the sample with the thickness ¢,
therefore the thickness ¢ can be evaluated as

(3.9)

This means, that the thickness t is proportional to the logarithm of the intensity of
electrons unscattered by the sample Iy(¢) as in the case of homogeneous sample Aypp is
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constant and the total intensity I, depends just on the microscope settings and remains
constant during the experiment, too. Therefore, the thickness can be determined via the
intensity of electrons unscattered by the sample [y(t) (detected as the bright field signal
in a STEM) or alternatively the intensity of electrons scattered by the sample Iy, — Io(t)
(detected as the dark field signal in a STEM).

The simplest case of electron scattering is scattering on a point like particle of charge
Z corresponding to an atomic nucleus. Considering the quantum physics, the cross section
is the modulus squared of the scattering amplitude | f(€)|? and is related to the Fourier
transform of the scattering potential V' as

m?2e?

et
(PP = = FT{V|? 3.10
with m being the electron mass, e the elementary charge, and h the reduced Planck
constant.

If we consider the Coulomb potential

Ze 1
\% = — - 3.11
o(r) dmeg r ( )
and insert its Fourier transform
Ze 4x
FT{V, = — — 3.12
Vel = 4 (312
into Equation (3.10)), we get
d%c B m2e [ Ze 41\’ B m2et 72 B 472 1 (3.13)
o0 Ampt* \drmeo 2 ) Am?Rté ¢t a} ¢ )
where ag = % is the Bohr radius, ¢y the vacuum permittivity, and ¢ the momentum

transfer between the electron and the target [99] [100].
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Figure 3.3: Schematic sketch of a scattering geometry with a momentum transfer ¢ from the
sample to a fast electron. As we consider the scattering as elastic, kg = k’. The momentum
transfer is ¢ = ko sin 6 ~ ko6 for small 0 (left) or ¢ = 2kysin(0/2) for any 0 (right).

Considering the scattering geometry with the momentum transfer ¢ (Figure we
get ¢ = 2kosin(f/2), so Equation (3.13]) can be expressed as

o 472 1 Vi 1 N 47% 1

= = R —. 3.14
0Q a2k} 16sin*(0/2)  4dadkgsin®(0/2)  adkg 04 (3:-14)
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Equation (3.14)) corresponds to the Rutherford cross section [99] [100].
Using the screened Coulomb potential (the Yukawa potential)

Ze 1
ZeTT/az 3.15
Amey e ’ (3.15)

Vy(T) = —

where ay = agZ~/? is the screening length, we obtain the Wentzel scattering cross section

O 4Z%3 1 4z 1
o0 adkd (2+03)2 ki (0% +03)2
with 0y = 1/(koaz) being the characteristic scattering angle [99, T00].
A crystal is a periodic arrangement of atoms at positions R;, therefore the potential

of a crystal can be expressed using the screened Coulomb potential convolved with the
delta function describing the atomic positions as

V(F) = 253 R;) « Va (7). (3.17)

(3.16)

The Fourier transform of this potential is

FT{V(7) Z 87— G FT {Vx(7)} (3.18)

and we get the elastic cross section

, 424/3 1
aTz‘Z I (s

(3.19)

which is the Wentzel cross section distributed in the reciprocal space to singular peaks
at G, corresponding to Bragg diffraction maxima positions. For more detailed discussion
about elastic cross sections I refer, for example, to Chapter 3 of the textbook by D. B.
Williams and C. B. Carter [99] or to Section 3.1 of the book by R. F. Egerton [100] and
references therein.

3.3 Transmission electron microscopy

Elastic scattering of electrons is the major source of contrast in the transmission electron
microscope. It is operated either in a transmission mode (TEM), where the sample is
illuminated by a parallel electron beam (plane wave illumination), or in a scanning mode
(STEM), where the sample is illuminated by a focused electron beam scanned pixel by
pixel (point-like convergent beam illumination).

In the case of TEM, we have three possibilities of imaging. The first option is to
use all transmitted electrons to create the image. This is the simplest technique which
can be used also for high resolution TEM as there is no restriction of transfer of high
spatial frequencies which are necessary for atomic resolution. A little disadvantage of this
technique is low contrast. Contrast might be enhanced by inserting an objective aperture
to filter out all elastically scattered electrons and capture a bright field image. Another
possibility is to insert the objective aperture to select electrons scattered elastically with
a defined momentum transfer and capture a dark field image. An illustrative sketch of
the transmission electron microscope in TEM mode is shown in Figure [3.4]
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Figure 3.4: Schematic sketch of the transmission electron microscope in TEM and STEM
mode. Electrons beam is created in an electron gun, formed by condenser lenses, and scattered
by a sample. In the case of TEM, the sample is illuminated by a parallel beam. Elastically
scattered electrons can be filtered out by the objective aperture and bright field image of the
sample is magnified to a camera. In the case of STEM, the sample is illuminated point by point
by a focused electron beam. Collection angles are defined by setting the projection lenses after
the objective lens. Note that this schematic is simplified to get just the basic idea about TEM
and STEM imaging.

In the case of STEM, we have usually several different STEM detectors. Bright field
STEM detector collects transmitted electrons which were not scattered elastically (or
the momentum transfer was small). An annular dark field (ADF) STEM detector col-
lects transmitted electrons which are scattered elastically. High-angle annular dark field
(HAADF) STEM detector collects transmitted electrons which are scattered elastically
while the momentum transfer is large and the contrast is proportional to the atomic num-
ber Z. The contrast recorded with every STEM detector depends on the collection angle
defined by the size and position of the STEM detector and settings of the projection sys-
tem of the microscope defined by the parameter called the camera length. An illustrative
sketch of the transmission electron microscope in STEM mode is shown in Figure [3.4]

Note that Figure [3.4] is simplified to get just the basic idea about TEM and STEM

imaging. For more detailed discussion about TEM and STEM imaging I refer, for example,
to Part 3 of the textbook by D. B. Williams and C. B. Carter [99] and references therein.
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3.4 Inelastic scattering
and electron energy loss spectroscopy

In electron energy loss spectroscopy (EELS), the distribution of energies lost by electrons
transmitted through the sample is measured. The first EEL spectrum was measured by
G. Leithduser in 1904. He studied electrons (with the primary energy between 12 keV and
17keV) transmitted through a 1pm to 2pm thick aluminum foil with a small pinhole,
which were further dispersed in energy in a magnetic field [I0I]. EELS is used to char-
acterize materials composition and properties in TEM since 1944 [102] and in SEM since
2016 [103]. Nowadays, EELS is a widely used technique and have many applications in
both TEM [100] and SEM [104]. The EEL spectrum has two characteristic parts, the low
loss part and the core loss part, which are rather different in the physical background.

In the low loss part, volume plasmons, surface plasmons, interband and intraband
transitions, relativistic effects like Cerenkov radiation, localised surface plasmon modes,
and even phonons might be detected. Thickness of the sample can be determined and the
dielectric function can be retrieved utilizing Kramers-Kronig analysis [51, 100}, 105} [106].
Plasmon spectroscopy of alloys allows to identify different phases by monitoring the shift
of volume plasmon peak and fitting measured volume plasmon peak using standards [107].
We study the interaction between electron beam and valence electrons. All excitations in
the low loss part have a collective behavior and are correctly described by the electrody-
namic theory based on Maxwell equations.

In the core loss part, the absorption edges of elements are measured (not only the edge
energy, but also the fine structure of the edge) and exact chemical composition and the
density of unoccupied states can be determined [99, [100]. We study the interaction be-
tween electron beam and electrons from inner shells of atoms and the quantum mechanical
approach to the theory of cross sections is ready to use.

Thickness measurement

Similarly to elastic scattering, the inelastic scattering follows the Poisson statistics, too.
Consequently, the probability P, of n-fold inelastic scattering can be expressed as

P ( t >” e )‘IIViFP (3 20)
" AIMFP nl 7 '

where Apypp is the inelastic mean free path. The probability of no inelastic scattering

event is I
Py = e e = AP (3.21)

Itot
where 1, is the intensity of electrons, which are not inelastically scattered by a sample
with the thickness ¢t and which did not lose any energy. Such electrons form the so-called
zero-loss peak (ZLP) in the EEL spectrum at the zero loss energy. Consequently, the
relative thickness t/Apypp of the sample can be evaluated as

13 -1 Itot
=1In
AIMFP L,

(3.22)

If the inelastic mean free path Apypp is known, the absolute thickness ¢ of the sample is

determined as I
t= )\IMFP In tot . (323)
-[zlp

24



Both intensities I,;, and Iio; can be easily measured. Therefore, the inelastic mean free
path Anvrp is a relatively well investigated quantity, which can be either measured ex-
perimentally on the sample with known thickness, found in literature, or approximately
calculated 100}, [106].

Low loss EELS

The interaction of a transmitted electron with the sample can be described in terms of
a dielectric response function €(g,w). Additionally, the same response function describes
the interaction between photons and a solid sample, therefore this formalism allows to
compare EELS with optical measurements. R. H. Ritchie in 1950s derived an expression
for the electron scattering power of an infinite medium [2]. The transmitted electron is
represented as a point charge generating a spatially- and time-dependent electrostatic
potential. Using the Fourier transforms, he found the transition probability per the unit
path length in the medium. The most important result is that the loss probability P due
to longitudinal modes corresponding to volume plasmon excitation is proportional to the
imaginary part of the dielectric function € as

83P|| e? I 1
_ 1 24
DE0  m2hP0? 02 + 0% { ¢ } ’ (3:24)

where v is the electron speed, g = % is the characteristic angle for a certain energy
loss E (using a nonrelativistic approximation), Fy is the energy of primary electron beam,
and & {—%} is often called the loss function [100].

The Kramers—Kronig analysis (KKA) is important for a proper treatment of optical
data. KKA directly follows the theory and equations introduced by R. H. Ritchie [2] for
the electron scattering probability in an infinite medium. To apply KKA on measured
EEL spectrum, we need to prepare the quantity Issp(£) called single volume scattering
distribution. It means that surface losses are neglected and the recorded EEL spectrum is
postprocessed by ZLP and multiple scattering deconvolution using the Fourier-log method.
The single volume scattering distribution is expressed as [105], [108]

2%2,,2 2
m2hv € 0%,

where [ is the incoming beam intensity, ¢ the sample thickness, and 3 the collection
semi-angle. The first part on the right side is the normalization factor dependent on the
incoming intensity, the sample thickness, and electron speed v, which has to be deter-
mined before the Kramers—Kronig relations can be applied in order to obtain the optical
properties. The second part is the loss function. The third part corresponds to the angu-
lar correction which has to be applied because of a non zero collection angle in the EELS
experiment. For more details about the KKA I refer to Section 4.2 of the book by R. F.
Egerton [100] and references therein or to manuscripts by M. Stoger-Pollach [105], [10g].

R. H. Ritchie further described the transition probability for electrons passing through
a thin foil [2]. The low loss EELS is well described by the Kroger theory [0, [7, 105]. For
more details, see Appendix on page (120

The loss probability can be expressed also in a different way as [51], [109]

- € —iwt~» piind (>
PEES (7 (1), w) = —— / AR {17 B (ri(t), w)} (3.26)
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where hw is the loss energy, 75(t) represents the electron trajectory, ¥ is the electron
velocity, and E™(r3(t),w) denotes the induced parts of the electric field by the fast
electron (for example, the field of LSP). It is calculated by removing the free-space solution
of the electric field from the total computed electric field. Equation is general and is

used for localized surface plasmons, which will be discussed more in detail in Section [£.2]

Core loss EELS

The core loss part of the EEL spectrum comprises the absorption edges of the core electron
levels specific to chemical elements — the material edges. In addition, there is a continuous
plasmon-related background which approximately follows a power-law energy dependence
and these edges are convoluted with the low loss part of the EEL spectra as the result of
multiple scattering. The correct edge shape is therefore obtained applying the background
subtraction and deconvolution of the low loss spectrum using the Fourier-ratio method
[100]. There are, in principle, three main information coming from the core loss part of the
EEL spectra. The presence of elemental edges allows a qualitative chemical analysis. The
intensity of the edges allows a quantitative chemical analysis. And finally, the fine edge
structure allows to study the chemical bonding and oxidation states of the elements. As
the result, EELS offers a complete chemical analysis of the sample. The most important
experimental parameters are the collection angle of the spectrometer g, which should be
roughly corresponding to the characteristic angle g, and the relative thickness of the
sample, which should be in the interval 0.2 < ¢/Appp < 0.7. If the sample is thinner or
the collection angle is smaller, the signal-to-noise ratio is getting worse. If the sample is
thicker or the collection angle is larger, the signal-to-background ratio is getting worse.

The loss probability P, proportional to the inelastic scattering cross section o, for an
elemental edge can be expressed as

PP Ak
OB adq k;

S(q, F), (3.27)

where v = 1/4/1 —v2?/c?, k; the initial wave number, k; the final wave number, and
S(q, E) the dynamic form factor

2
0(Ey, — By, + E), (3.28)
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which can be solved via the Schrodinger equation with v; being the initial wave function
with energy Ey, and ¢ the final wave function with energy Ei,.

The quantitative chemical analysis by EELS is straightforward. The intensity of the
elemental edge of element X at the energy interval dE with the collection angle 3 is

Ix(B,dE) = Iyox (8, dE) Nxe t/Anwe (3.29)

where Nx is the number of atoms of element X. Therefore, if the relative thickness of the
sample ¢/Avrp and the inelastic scattering cross section ox of element X is known, we
can easily determine the number of atoms of element X as

Ix

Nx = [Oaxet/AIMFP. (3.30)
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The relative number of atoms for two elements X and Y can be determined without the
knowledge of the thickness using the relation

Nx . Ixoy

— = ) 3.31
Ny [yO' X ( )

For more details about the quantitative chemical analysis by EELS I refer to Section
4.5 of the book by R. F. Egerton [100] and references therein.

Energy filtered transmission electron microscopy

EELS allows to study optical, chemical, and physical properties of a specimen. A very
high spatial (even atomic) resolution of the method can be achieved by two different
approaches. The first approach is to use STEM, the scanning regime of a TEM, and scan
point by point with a focused beam over the sample. This pixel by pixel acquisition can be
in some cases time consuming. The second approach is to use energy filtered transmission
electron microscopy (EFTEM) to record an energy filtered image created by electrons
which have lost an exactly defined amount of energy.

Depending on the EEL spectral feature selected for imaging, images with the better im-
age quality and/or distinct physical content can be generated. The two most widely used
techniques in EFTEM are elastic imaging and elemental mapping. The elastic imaging
enhances image resolution and contrast by extracting the zero-loss signal and eliminat-
ing the inelastic background, which can significantly improve the visibility of specimen
structures. The elemental mapping, instead, invokes signals coming from element-specific
inner-shell ionization edges, and is used to form two dimensional elemental distribution
maps [99, 1T10]. Low-energy-loss EFTEM can be used, for example, for imaging nanopar-
ticles [I11] or as an alternative to STEM EELS for LSP mapping [112].

EELS spectrometers and image filters

EELS was established as a conventional spectroscopic technique in 1990s, when Gatan
designed a post column filter [113, [114] allowing parallel spectroscopy (i.e. the whole
energy interval of interest in an EEL spectrum is captured during one acquisition). The
principle is simple. Electron beam is inelastically scattered by the sample and many
electrons lose some energy. The polychromatic beam is dispersed with respect to the
energy in a magnetic field generated by a magnetic prism. This magnetic prism creates
two important planes — the plane with focused electron energy loss spectrum and the
plane with focused image. In the case of spectroscopy (EELS), the electron energy loss
spectrum is magnified by a multipole optics and captured on a CCD camera, as illustrated
in Figure . In the case of imaging (EFTEM), the multipole optics is adjusted to image
to the CCD an energy filtered image. The energy window is selected by inserting a slit
into a plane where the electron energy loss spectrum is focused, as illustrated in Figure
3.6l

The resolution of EELS is determined by parameters of the TEM. Spatial resolution is
limited by the probe size in the scanning regime, which can be below 1 nm. If the scanning
regime is not used, the smallest area, from which the signal is collected, is approximately
a circle with a diameter of 100nm. Consequently, the scanning regime is crucial to
achieve reasonable spatial resolution. Energy resolution depends on dispersion of the
spectrometer and is limited by the energy dispersion of the primary electron beam. The
energy dispersion is standardly evaluated as the full-width at half-maximum (FWHM)
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Figure 3.5: Principle of the image filter in the spectroscopy mode corresponding to electron
energy loss spectroscopy (EELS).

Figure 3.6: Principle of the image filter in the imaging mode corresponding to energy filtered
transmission electron microscopy (EFTEM).

of the zero-loss peak (ZLP), which is usually around 1eV for the microscope with a
thermoemission gun, around 0.6 €V for the microscope with a Schottky gun, around 0.3 eV
for the microscope with a cold field emission gun, and below 0.2eV for the microscope
equipped with a monochromator. The best spatial and energy resolution (FWHM ZLP
4.2meV) has been achieved by the Nion microscope [115, [116], which is able to resolve
phonons [I17] and to perform atomic resolution spectroscopy [118].

In the case of EFTEM, the spatial resolution is determined by the microscope and
can be in principle atomic. However, the energy resolution is determined by the energy
selecting slit width and is typically around 1eV. Both parameters are limited by the
stability of the microscope during the acquisition and the spatial drift of the sample
together with possible energy drift of the primary electron beam need to be considered.

However, the spatial resolution of EELS and EFTEM is further influenced by physical
phenomenon called delocalization [I19]. The delocalization means that the detected signal
is not generated just in the exact point where the electron passes the sample, but can
come from an area around. It is in range of units of nanometers for plasmons (energy
losses around 10 eV) and in range of tens of nanometers for phonons (energy losses around
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200meV). In the case of higher energy losses, the delocalization is negligible. As a result,
the EFTEM map recorded at a volume plasmon energy of the sample are much more
blurred than the core loss map recorded at a certain elemantal edge. On the other hand,
delocalization offers a possibility to measure easily the low loss spectra of beam-sensitive
samples using aloof beam condition or leapfrog scanning [116], 119]. Aloof beam condition
means that the focused electron beam is located next to the region of interest, typically in
vacuum several nanometers far from the edge of the beam sensitive sample [120]. Leapfrog
scanning is scanning with a very sharply focused electron beam with a large pixel size,
for example, a subnanometer electron beam is used for spectrum image with a pixel size
of 10nm x 10nm [119].

At CEITEC Nano, the TEM FEI Titan cubed equipped with a monochromator, an
image corrector, and Gatan GIF Quantum spectrometer is available. The probe size
(the spatial resolution of EELS) in the monochromated scanning regime is around 1nm,
because the probe corrector is not present. The monochromator is a double focusing Wien
filter and achieves FWHM ZLP under 0.2eV. For more details about monochromators
see, for example, the review by K. Tsuno [I12I]. The GIF Quantum spectrometer [122]
has the highest dispersion of 0.01eV per pixel.

3.5 Cathodoluminescence

Luminescence is a common phenomenon in solids that results from a radiative transition
in ions, molecules, or a crystal from an excited electronic state to a ground or other states
with lower energy [123]. According to different lifetimes of luminescence emission, it can
be differentiated between fluorescence (lifetime shorter than 107%s after excitation) and
phosphorescence (lifetime longer than 107 s after excitation). Excitation can be provided,
for example, by electrons (cathodoluminescence), photons (photoluminescence), or heat
(thermoluminescence).

Cathodoluminescence (CL) is the emission of light as the result of electron bombard-
ment. This phenomenon was observed in the middle of the 18th century during the ex-
periments on electrical discharges in evacuated glass tubes, where luminescence appeared
when electrons struck the glass. The observation of luminescence due to cathode-ray
bombardment also led to discovery of the electron and determination of its charge-to-
mass ratio by J. J. Thomson in 1897 [124]. Cathodoluminescence is most widely used
in cathode-ray tube (CRT) based instruments, such as old oscilloscopes, televisions and
computer monitors, and on fluorescent screens of transmission electron microscopes.

Cathodoluminescence analysis performed in an electron microscope can be divided
into microscopy (luminescence images or maps of regions of interest) and spectroscopy
(a spectrum corresponding to a selected area of the sample). Electron beam excitation
in general leads to emission by all the luminescence mechanisms in contrast to photolu-
minescence, where the emission may strongly depend on the excitation (photon) energy.
Cathodoluminescence provides high spatial resolution as the excitation by the electron
beam is well localized, and ability to obtain depth-resolved information by varying the
electron beam energy. However, the spatial resolution of CL is given by the interaction
volume, which is determined not only by the probe size, but also by thickness and another
properties of the material. The spectral resolution of CL is given by the spectrometer
and is usually around 1nm in wavelength. Therefore, CL. combines the advantages from
electron microscopy and optical spectroscopy: high spatial resolution (better than con-
ventional optical spectroscopy) and high spectral resolution (better than EELS).
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Photons are emitted as the result of any radiative transition in the sample. Mecha-
nism of generating cathodoluminescence is usually classified into two categories as follows
[58]: (i) Incoherent emission represented by radiative recombination between an electron
and a hole in the energy bands bound at the energy gap, which is mediated by local-
ized shallow states associated with impurity and exciton, a typical mechanism of the
luminescence in semiconductors. This is widely used in geosciences, where the cathodolu-
minescence signal is connected to impurity states in oxides and minerals [125, 126] 127].
Another application of cathodoluminescence is covered by using phosphorus nanoparticles
and nanodiamonds as biological luminescent markers [129] [130]. (ii) Coherent emission
represented by light emission accompanied by movement of an electron such as transition
radiation [128] [131], Cerenkov radiation [I3T, 132], Smith-Purcell radiation [I33], and
surface plasmon—mediated light emission [57, 58], 134 [135].

Incoherent cathodoluminescence

The theory of incoherent cathodoluminescence discussed in this section follows the theory
summarized in [125], which is established mainly for application of SEM-CL instruments
in mineralogy. The penetration depth of electrons and accordingly, the excitation depth
from a crystal depends on the energy of electrons and is commonly in the range of 2—
8pum. However, energy transfer may occur in a crystal provided by the lattice, anion
groups, or interaction of neighboring lattice defects, and then the emission site may be
far away from the site of excitation. The CL intensity is, in general, proportional to
the acceleration voltage and current density, but the power level used is limited by a
destruction of the specimen or of specific defects including luminescence centers under
electron bombardment [126]. These luminescent centers are defect centers in crystals,
which can be related to pure lattice defects like vacancies or other electron-hole centers,
or to incorporated impurities of foreign ions or atoms [123] [126), 127].

The emission of photons in luminescence processes is due to an electronic transition
between an initial state with the energy F; and the final state with the energy E;. The
energy, or the wavelength, of the emitted photon can be found from the relation

hy = };\C = FE; — E;. (3.32)

Luminescence emission spectra can be divided into intrinsic and extrinsic emission. In
the case of electron transitions between the valence and conduction band (even modified
by lattice imperfections), the energy reflects the band gap energy and the luminescence
is called intrinsic, fundamental, or edge luminescence. If defects related to impurity
atoms/ions (activators) are involved in the luminescence process it is called extrinsic,
activated, or characteristic luminescence and the energy of the emitted luminescence can
be related to the type of the impurity defect [126, 127]. Intrinsic luminescence, which
appears at ambient temperatures as a near Gaussian-shaped band of energies with its
intensity peak at a photon energy hv ~ E,, is due to recombination of electrons and
holes across the fundamental band gap F, (intrinsic property of the material). This edge
emission band arising from conduction-band to valence-band transitions is produced by
the inverse of the mechanism responsible for the fundamental absorption edge. In the
case of an indirect-gap material, like Si or GaP, momentum must be conserved, therefore
a phonon participation is required. The probability of such a process is significantly
lower compared with the direct transitions, so the fundamental emission in indirect-gap
semiconductors is relatively weak. The emission spectra (in both direct and indirect
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semiconductors), which depend on the presence of impurities, are extrinsic in nature,
because the radiation due to impurities or defects can be much more intense than intrinsic
CL at ambient temperatures even in direct-gap materials.

The generation factor G (i.e. the number of electron-hole pairs generated per incident
beam electron) is given by
Ey
ok
where Ej is the electron beam energy, F is the ionization energy (i.e. the energy required
for the formation of an electron-hole pair), 7p represents the fractional electron beam
energy loss due to the backscattered electrons, and ~yr represents the fractional electron
beam energy loss due to the transmitted electrons.

The local generation rate of carriers is

G=(1-7—r) (3.33)
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or,2) = g) G2 = (g) (1~ 5 — 7) (3.34)
where (g) is the normalized distribution of the ionization energy in the generation volume,
Iy is the electron beam current, and e is the electron charge [125].

Light is emitted from solids due to radiative recombination of excited states. Recom-
bination centers are radiative or nonradiative, depending on whether the recombination
leads to the emission of a photon or not. Examples of nonradiative recombination pro-
cesses are multiple-phonon creation (direct conversion of the energy of an electron to
heat), Auger effect (in which the energy of an electron transition is absorbed by another
electron excited to a higher-energy state in the conduction band with subsequent creation
of the electron from the semiconductor or dissipation of its energy through emission of
phonons), and recombination due to surface states and defects. These centers are char-
acterized by a rate of recombination R o 1/7, where 7 is the recombination time. The
carrier diffusion length L is related to the lifetime 7 by L = v/D7, where D is the diffusion
coefficient. When competitive radiative and nonradiative centers are both present, the

observable lifetime is given by

1 1 1
S, (3.35)
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where 7, and 7, are the radiative and nonradiative (including all nonradiative recom-
bination processes) recombination lifetimes. The radiative recombination efficiency (or
internal quantum efficiency) 7 is defined as

R, 7 1

- - - 3.36
R 7 147/ (3.36)
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with R, as the radiative recombination rate. The rate of cathodoluminescence emission
is proportional to n [125].

The cathodoluminescence intensity Lcp, corresponding to the number of photons gen-
erated per second at the depth z is

IyEy
el

Low = fofafa 2 = fofafu(l ~ s — ) 220, (3:37)

where fp is a constant factor that accounts for such parameters of the CL detection system
as the overall collection efficiency of the light collector, the photomultiplier (or solid-state
detector) quantum efficiency, the transmissive efficiency of the monochromator, and the
signal amplification factor, fo and fr are a factors accounting absorption and internal
reflection losses, respectively [125].
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Coherent cathodoluminescence signal

Coherent cathodoluminescence signal covers the transition radiation [128, [131], Cerenkov
radiation [I31) 132], Smith—Purcell radiation [I33], and surface plasmon-mediated light
emission [57, 68| 134, 135].

As long as the speed of the swift probe electron v does not exceed the speed of light
inside the sample ¢/n, with ¢ as the vacuum speed of light and n as the refractive index of
the probed material, a particle uniformly moving in a homogeneous medium radiates no
electromagnetic waves as the Cerenkov effect is not excited [95]. To initiate the transition
radiation a heterogeneity must be created in the medium trough which the electron passes.
The simplest case of such heterogeneity is a planar interface between two homogeneous
materials. The theory for the photon emission at such infinite planar boundary (and
two boundaries) was derived [I136] and then thoroughly analyzed [97) [128| 131], 132]. In
case of light, such an interface causes light reflection and refraction being well described
by Fresnel. An analogous phenomenon, an electron passing through an infinite planar
boundary with normal incidence from medium 1 to medium 2, was originally examined
by V. L. Ginzgburg and I. M. Frank in 1940s [97, 137]. For more details, see Appendix
on page [121]

The cathodoluminescence intensity for a given electron trajectory 74(t) and energy hw
can be expressed as [51], 109]

P (re(t), w)

dQ | find(Q, w)

2
el '

C
- /Q ) , (3.38)

—

where Qp is the detection solid angle of collected light and fI14(Q, w) denotes the far-field
amplitude produced by the fast electron (for example, the far-field amplitude of LSP).
It is calculated by removing the free-space solution of the far-field amplitude from the
total computed far-field amplitude. An application of Equation for localized surface

plasmons will be discussed more in detail in Section

Cathodoluminescence spectrometers

Cathodoluminescence detectors are mounted into scanning electron microscopes (SEM),
but also special CL sample holders for transmission electron microscopes (TEM) are avail-
able. Emitted photons are collected above or below the sample by a parabolic mirror and
then transferred to the spectrometer by a set of mirrors or by optical fibers. Figure (3.7
shows a cathodoluminescence detector in a scanning electron microscope detecting the
light emitted upwards, it means the backward emission with respect to the primary elec-
tron beam. An example of such commercial detector is Gatan Mono CL4 Plus installed
on SEM FEI Magellan in Laboratory of Electron Microscopy, Institute of Scientific In-
struments of the Czech Academy of Sciences (LEM ISI CAS) in Brno. Figure [3.8shows a
cathodoluminescence holder for transmission electron microscopy detecting the backward
emission, the forward emission, or both the backward and the forward emission together.
An example of such commercial detector is Gatan VULCAN installed on TEM FEI Tec-
nai at University service center for transmission electron microscopy, Vienna University
of technology (USTEM TU Wien) in Vienna. More advanced spectrometers allows to
measure the angular distribution of emitted light, too [58]. Collected light is dispersed in
the spectrometer by a set of mirrors and a diffraction grating, and finally the spectrum
is recorded on a CCD camera or photons are collected by a photomultiplier tube (PMT)
as illustrated in Figure [3.9]
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Figure 3.7: Schematic drawing of a cathodoluminescence detector in a scanning electron mi-
croscope detecting the light emitted in top direction, i.e. the backward emission with respect to
the primary electron beam. This Figure was originally adopted from Reference [138] and further
adjusted.

Figure 3.8: Cathodoluminescence holder for transmission electron microscopy detecting the
light emitted in top direction, in bottom direction, or both mixed together. It means the
backward emission, the forward emission, or both the backward and the forward emission mixed
together. This Figure was originally adopted from Reference [I139] and further adjusted.

Figure 3.9: Schematic lay-out of a cathodoluminescence spectrometer: Collected light is dis-
persed by a diffraction grating and the spectrum is recorded by a CCD camera or wavelength-
filtered photons are collected by a photomultiplier tube.
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Cathodoluminescence microscopy generally offers three imaging possibilities: panchro-
matic imaging, monochromatic imaging, and true color imaging. The panchromatic CL
image is obtained as the total intensity integrated over the whole recorded spectrum. The
monochromatic CL image is obtained as the total intensity integrated over a selected
spectral region of a recorded spectrum. Such a spectral region can be defined by inserting
a color filter or a slit, or by numerical post-processing of a full spectrum image (if the
whole CL spectrum is recorded in every pixel of the image). The true color CL image is
the image where the color of every pixel is recalculated from the CL spectra recorded in
this pixel.

3.6 Energy dispersive X-ray spectroscopy

Energy dispersive X-ray spectroscopy (EDS) deals with high energy photons (X-rays)
emitted from the sample irradiated by the electron beam. There are two types of emitted
X-rays [99]: (i) continuum bremsstrahlung X-rays created when electrons are slowed down
by electrostatic interaction with the nucleus and (ii) characteristic X-ray radiation created
when an atom excited by the electron beam returns to its ground state. Characteristic
X-ray radiation creates the characteristic peaks in energy dispersed X-ray spectra which
are unique to the ionized atom and therefore easily allow qualitative chemical analysis.
In the case of a (S)TEM, where the energy of primary electron beam is high enough, the
energy dispersed X-ray spectrum includes all common elements heavier than beryllium in
one acquisition range as the typical acquisition range is 0.2 keV to 40 keV. Consequently,
EDS allows to determine qualitative chemical composition of the sample very easily.

There are several disadvantages of this technique. The spectral resolution of EDS is
rather poor, usually 135eV, which might lead to overlap of some characteristic peaks, and
the real energy dispersed X-ray spectrum includes several artifact peaks, too. First, inter-
nal fluorescence peak connected to the excitation of X-ray photon in the silicon detector
which is afterwards detected (Si K, X-ray energy is 1.74keV). Second, escape peaks at
the energy of the characteristic X-ray peak minus the energy of internal fluorescence peak
(the characteristic X-ray photon excites first a Si K, X-ray photon in the detector and
is detected afterwards, therefore we detect the characteristic X-ray photon at the energy
lower about 1.74keV). Third, sum peaks created by two different X-ray photons coming
to the detector at the same time and therefore detected as one X-ray photon with summed
energy. Fourth, X-rays emitted by scattered electrons anywhere around the position of
interest and secondary X-rays, such as X-rays from the grid, from the sample holder, and
from the polepiece of the objective lens. To get the net intensity spectrum for a quan-
titative analysis, all these artifact peaks and the continuum bremsstrahlung background
need to be removed.

If a thin sample is assumed, any absorption or fluorescence in the sample might be
neglected. In such a case, the mass fractions of each element w, and wg can be related
to net intensities of their characteristic peak I, and I by the Cliff-Lorimer equation [99]
as

wa In

o kas Ty (3.39)
where kap is the Cliff-Lorimer factor or k-factor, which is a sensitivity factor strongly
dependent on the experimental conditions such as the beam energy and the detection
solid angle. This equation can be easily extended to ternary and higher order systems by
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adding the equations [99)
wR IB
— = kpc— 3.40
wo ~ FEoT (3.40)
and

wa + wp + we = 100 %, (3.41)

while the k-factors for different pairs of elements are related to each other as

kap = —. (3.42)
kpc

A correct k-factor determination should involve taking many spectra from different
parts of a thin foil standard for exactly defined experimental conditions. However, k-
factors are usually calculated using different models taking into account atomic weight of
elements, ionization cross sections, fluorescence yield, relative transition probability, and
detector efficiency. This leads to a quick and easy evaluation of chemical composition,
but the accuracy is rather disputable as k-factors calculated using different models differs
in range of units of percents, but in some cases might differs up to 30 % (k-factors for Ag
K, X-rays with respect to Fe standard calculated using cross sections by Mott-Massey
and Powell; adopted from Table 35.3A on page 651 in Reference [99]). For more detailed
discussion about EDS quantification I refer to Chapter 35 in the textbook by D. B.
Williams and C. B. Carter [99] and references therein.

EDS plays an important role in the field of plasmonics when qualitative or quanti-
tative (as far as the highest accuracy is not essential) chemical composition is needed.
In this Thesis, EDS was used for chemical analysis of gold disc shaped antennas fabri-
cated by EBL and FIB discussed in Section [6] or for chemical analysis of silver amalgam
nanoparticles discussed in Section [0}
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4 Electron beam spectroscopy
in the field of plasmonics

This Chapter briefly introduces plasmonics and, consequently, electron beam spectroscopy
in the field of plasmonics. Plasmonics deals with surface plasmon polaritons (SPP),
which are collective oscillations of free electrons connected to metal-dielectric interfaces
associated with the local electromagnetic field which is strongly confined to the interface
(Section . SPP do not exist only at infinite planar interfaces of metal and dielectric,
but also at surfaces of small metallic structures (nanostructures or microstructures), where
SPP are spatially confined to the structures and upon resonances form standing waves
called localized surface plasmons (LSP) possessing highly enhanced near fields (Section
. Such a localized field enhancement is responsible for an increased intensity of optical
processes, higher sensitivity of spectroscopic methods and enables their better spatial
resolution. A large number of optical properties can be easily tuned by the size, shape, and
dielectric properties of structures and substrates [8]. The metallic structures supporting
LSP are often called plasmonic antennas. For detailed introduction to plasmonics I refer
to References [I] [§ [77, [140]. The last part of Chapter , Section gives an overview of
EELS and cathodoluminescence investigations of plasmonic antennas in literature.

4.1 Metal-dielectric interfaces

The interaction of a material with an electromagnetic field is described by the Maxwell
equations

V-D = pe, (4.1)
V-B = 0,

, 0B

E = -2 4.3
V X 5 (4.3)

a -~ 8D

H = Jou+—, 4.4
V x Jost + (4.4)

which connect the macroscopic fields (electric field E , electric displacement D =eE+ 15,
vacuum permittivity ey, polarization density ]3, magnetic field H , magnetic induction
B= ,uol-:i + M , vacuum permeability po, and magnetization M ) with an external charge
density pexs and current density jext.

The solution of the Maxwell equations at an infinite metal-dielectric interface is a
transverse magnetic wave propagating along the interface. This wave represents the SPP
and can be generated for the transverse magnetic (TM) mode. This mode has the trans-
verse magnetic field H with the nonzero component H, and the nonzero transverse and
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Figure 4.1: Illustration of the field components of a SPP propagating in x direction supported
by a metal-dielectric interface. The transverse magnetic mode has the nonzero transverse mag-
netic component H,. The nonzero transverse and longitudinal electric field £ with components
E, perpendicular to the interface and F, along the propagation direction is marked by the red
arrows.

longitudinal electric field E with components F, perpendicular to the interface and FE,
along the propagation direction

H = (0,H,,0) = (0,4,0) e " (4.5)
1 3 s
(Ey,0, E.) = (1AKS™,0, - Ak, ) — e "2, (4.6)

€0€r

1
I

2
where A is the amplitude defined by initial conditions, (k;gvm) = k2 — 2¢, while in
dielectric (i.e., for z > 0) €, = ¢4 and in metal (i.e., for z < 0) €, = €,,. Frequency of the
wave w is connected to the wave vector component k, parallel to the interface along the

propagation direction as
w | €me
hp = — | 20 (4.7)
c\ em +€q

which is the well known dispersion relation of SPP. Their intensity exponentially decays
in both the metal and dielectric with the increasing distance from the interface (Figure
. For more details see, for example, References [4], 8, [77, [141].

4.2 Localized surface plasmons
in metallic nanoparticles

In metallic nanostructures, SPP form localized resonances (standing waves) called local-
ized surface plasmons (LSP). A schematic sketch of a LSP resonance is shown in Figure
4.2l

LSP modes in metallic nanoparticles can be classified into two groups: bright modes
and dark modes (see Figure . The bright mode is a mode with a non zero electric
dipole moment, which couples to a plane wave. It can be excited by light. On the other
hand, the dark mode can be excited only by a highly localized field, for example, by
a focused electron beam. Consequently, the dark mode cannot be generally excited by
unstructured light. It is observed, for example, when an antenna with a gap (for example,
a nanorod dimer with a small gap) is probed by a focused electron beam in the gap.
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Figure 4.2: Free electrons in a metallic nanosphere are excited by an external electric field and
oscillates in time forming the resonance called localized surface plasmons (LSP).

bright mode dark mode

Figure 4.3: Two LSP modes in a nanorod dimer: bright (bonding) and dark (anti-bonding)
mode. Position of an electron beam, by which the mode is excited, is marked by the green point.
Red color corresponds to a positive charge, blue color to a negative charge.

Figure 4.4: LSP modes in a nanodisc: the dipole, quadrupole, and breathing mode. Position
of an electron beam, by which the mode is excited, is marked by the green line. Red color
corresponds to positive charge, blue color to negative.

LSP modes in metallic nanoparticles can be classified also by their characteristic charge
distribution as illustrated on a metallic nanodisc in Figure [£.4] where the charge distri-
bution of the dipole, quadrupole, and breathing mode is shown. The dipole and the
quadrupole is excited when the electron beam passes next to the disc. They differ in
energy and their charge distribution has different rotational symmetry. At the circumfer-
ence of the disc we see two maxima (one positive, one negative) and two minima in the
case of the dipole mode. In the case of the quadrupole mode, we see four maxima (two
positive, two negative) and four minima. The breathing mode is a radial monopole mode
oscillating in the center of a nanoparticle analogous to acoustic vibrations, for example,
in the middle of a disc. See also Reference [I75], where a complete plasmonic spectrum
of a silver disc is presented.

LSP resonances in rotationaly symmetric metallic nanoparticles have similar disper-
sion relation as SPP at large planar metal-dielectric interfaces. The wave vector is not
arbitrary, but is connected to the size of the nanoparticle. Geometric interpretation of
LSP dispersion relations in silver nanospheres is introduced in Reference [142]. They dis-
cuss mainly the dispersion relations where the wave vector is connected to different LSP
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modes and the dispersion curve follows different LSP modes in one nanoparticle. In a
similar way, the wave vector is connected to the reciprocal value of the particle diame-
ter and the dispersion curve follows the same LSP mode for nanoparticles with various
diameters [143]; see also Figure right.

G. Mie established an exact analytical description of the LSP resonances in sub-
micrometer metallic nanoparticles [0, [144]. If the particle is much smaller than the
wavelength A of the incident light, just the dipole oscillation contributes to the absorp-
tion and scattering and so we can use a quasi-static approximation. Let us consider a
nanosphere with the diameter d (much smaller than the wavelength \) and dielectric
function €, = €; + i€y in a dielectric medium with the dielectric function €4 in a uniform
electric field EO in z direction. The electric field EO = —V & fulfills the Laplace equation
A® = 0. In the case of a nanosphere we use the spherical coordinates, hence

1 J (40 0 0 1 0? B
S and lsmear < 87’) 50 <31n989> + sinH&p?] O(r,0,p) =0, (4.8)

which has a general solution in the form

Oy(r,0) = Z Airt P(cos ), (4.9)
1=0

O4(r,0) = Z (Bﬂ"l + Cﬂ”_l_l> Py(cosb), (4.10)
1=0

where &, and ®4 is the electric potential inside and outside the sphere, respectively.
Applying the boundary condition at r = d/2 we obtain

3
Oy(r,0) = o ;C;Ed Eqrcosb, (4.11)
d3
O4(r,0) = —Egrcost + - + 26d EOSr cos . (4.12)
The electric field can be expressed as
— 3€d —
Es = Ey, 4.13
€s + 2€q 0 ( )
- - 1 3i(id-9) — 7
By = B+ ii-p) = v (4.14)
4Aepeq r3

where 77 = 7/r is the unit vector in the direction of point of interest and p'is the electric
dipole moment induced in the sphere by the external field
L1

€
p= §7T€0€dd3 +2:dEO. (4.15)

The scattering cross section of the sphere can be evaluated by dividing the total
radiated power of the dipole P,,q by the intensity of the exciting wave I as

2

Prad o 127reoedc3 |I§1 m 4 6
I sceoea B3 ~ 242"

€s — €
€s + 2€4

(4.16)

Usca(u}) -
The absorption cross section of the sphere can be evaluated by dividing the power P,
dissipated by a point dipole by the intensity of the exciting wave I as
Paps 53 EO ' ﬁ* s —
SO S 1.8 S SRV RS e

I EceoedEOQ 2c € + 264
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The sum of scattering and absorption is extinction, therefore the extinction cross
section is

Oext = Osca + Tabs- (418>

When €; 4+ 2¢q = 0, the absorption and scattering reaches a resonant maximum,
corresponding to the dipole LSP resonance of the metallic sphere, see Equations
and . Generally, if we go beyond the quasi-static approximation, the energy of LSP
resonances in spheres depends on their diameter and the dielectric properties of the sphere
and the medium around.

Characterization of LSP by electron beam spectroscopy

Both EELS and CL performed in the scanning mode of (transmission) electron micro-
scopes have become well established techniques in plasmonics and many of different
plasmonic nanoparticles have been investigated by them as summarized in the follow-
ing Section 4.3 However, EELS and CL do not deliver exactly the same signal. EELS
detects all LSP modes, whereas CL measures exclusively LSP modes emitting light. The
theory presented by A. Losquin and M. Kociak [109] says that the signal detected by
EELS corresponds to the full electromagnetic local density of states projected onto the
beam direction and is proportional to the extinction cross section, whereas the CL signal
corresponds to the radiative electromagnetic local density of states and is proportional to
the scattering cross section. It is advantageous to introduce the theory for measuring LSP
resonances by EELS and CL that complements Equations and presented in
Chapter [3|

g — —
Let us introduce the electric Green tensor G(7, 7/, w) at points 7 and 7’ and frequency

e -
w and its far-field asymptote G (2,7, w) depending on the direction €2, source position
" and frequency w. The quantities measured by EELS, loss probability I'*5( R, w), and
CL, radiative probability T“*(R, w), can be expressed as [109]

TEELS () = —%% {e; .G (B, R,w/v,—w/v,w)- e;} , (4.19)
; T
. 4 2 @md .
IURw) = —C [ 40, [Gm (Q, R, w/v, w)] x
h Op
@ind* .
x Gy (R w/vw)-ée,, (4.20)
considering a fast electron traveling along the z axis at position R = zé, +ye,. Therefore,
. </_\>ind oo
the position of the electron is 7 (t) = R+ z2(t)é,. G (R, R, k., k,w) denotes the Fourier
+ind +ind

transform of G with respect to z and 2/, where G presents the induced part of the

<~
Green tensor obtained from the Green tensor GG by subtracting the free-space contribution.
~ind <—>ind

Similarly, G, (2, R, k., w) denotes the Fourier transform of G, with respect to z.
In BEM formalism, LSP modes of the plasmonic antenna can be defined through the
electric fields Ey(7) obtained from a biorthogonal basis of geometric eigenmodes that only

depend on the shape of the antenna. If we consider a plasmonic antenna surrounded by
«sind «sind
vacuum and the electron beam passing outside the antenna, then ¢ and G, reduces
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to surface terms [109] 145]

«sind -

(Frw) = ka VEx(7) © Ep(r7), (4.21)

47rw2

«sind

Go (QT w)én = 47r22fk w) B (r pm(Q) (4.22)

where pfl(Q) is the transverse component of the dipole moment pj, associated with the
surface charge distribution of mode k, E}' is the projection of the electric field Ej of the
mode k along the €, and fi(w) is the spectral function characteristic of mode &

)\k +1
=% 4.2
o) = 3255 (4.23)
with Ay as a real eigenvalue and
1+ €e(w)
Mw) = —=. 4.24
@)= (4.24)
EELS and CL then can be expressed as [109]
[EELS (3 } Bz 5 w) [ 49
<7w>—whwzz S | (R 7)) (429
CL/ B _ 2 - 20 p2 (B W 2
MR W) = o [ IR [ aeli@P | (7.2)] + (4.26)
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where E;g is the projection along z of the Fourier transform along z of the electric field E
of the mode k. To summarize the most important result, Equation shows that EELS
detects a sum of different LSP modes, whereas Equation shows that CL detects a
sum of different LSP modes together with some intermodal coupling corresponding to the
second row of Equation . This intermodal coupling might make the interpretation
of measured LSP modes by CL rather complicated. For more detailed discussion about
the theory of EELS and CL measurements of LSP modes I refer to the manuscript by A.
Losquin and M. Kociak [109], manuscript by G. Boudarham and M. Kociak [145], review
paper by F. J. Garcia de Abajo [51], and references therein.

Numerical simulations of LSP resonances

EEL and CL spectra of LSP resonances in plasmonic nanostructures can be calculated
numerically. Simulations are important, especially when exact understanding of single
modes in a structure with several modes is required. However, analytical solutions of
scattering of electromagnetic waves are available only for metallic spheres or ellipsoids
[9, [144]; therefore numerical simulations are necessary. Several numerical methods may be
applied — the boundary element method (BEM), the finite-difference time-domain (FDTD)
method, the finite element method (FEM), and the discrete dipole approximation (DDA).
Comparison of some of these methods is summarized in References [146] and [147]. DDA
calculation of EELS is introduced in Reference [148]. FEM simulation is often performed
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in the commercial software COMSOL Multiphysics [149]. In this work, BEM simulations
using the software package MNPBEM [150, 151} 152] and some FDTD simulations by
Lumerical FDTD solutions [I53] are presented.

MNPBEM is a toolbox for the simulation of metallic nanoparticles, using a boundary
element method approach developed by F. J. Garcia de Abajo and A. Howie [I54]. The
main purpose of the toolbox is to solve Maxwell’s equations for a dielectric environment,
where bodies with homogeneous and isotropic dielectric functions are separated by abrupt
interfaces. The approach is perfectly suitable for metallic nanoparticles with sizes ranging
from a few to hundreds of nanometers, and for frequencies in the optical and near-infrared
regime. Furthermore, the toolbox contains a Mie solver as a reference tool for spheres.
Both EELS and CL simulations are possible in MNPBEM. However, it is somewhat tricky
to include extended objects with open boundaries, such as substrates, adhesion layers, or
TEM membranes.

The FDTD method is probably the most popular numerical simulation technique
providing spectral responses in the electrodynamics and was firstly introduced by K. S. Yee
[155]. In this algorithm, different components of the electromagnetic field are computed
via solving Maxwell’s equations by approximation of spatial and temporal derivatives
by corresponding finite differences. A commercial FDTD solver Lumerical is designed
primary to calculate the optical response for plane wave excitation, but it offers simulation
of CL, too [156]. In contrast to MNPBEM, substrates are not problematic and a sphere
on a membrane can be simulated easily. EELS simulation using Lumerical is possible,
but rather complicated [I47], therefore no EELS calculations have been performed in
Lumerical in this work.

Experimental remarks

From the experimental point of view, the EELS measurement is straightforward. Electrons
interacts inelastically with the sample and then they are detected in the spectrometer by
a scintillator followed by a CCD camera. The only problematic part is correct background
and zero-loss peak (ZLP) subtraction or a proper deconvolution. The spectral resolution
depends on the spectrometer and the FWHM of the ZLP and on our system, TEM FEI
Titan Themis Cubed with GIF Quantum at the CEITEC Nano Research Infrastructure,
is better than 0.2eV (see, for example, Figure .

In the case of CL, photons collected by mirrors are guided through optical fibers and
processed by several mirrors and dispersed by a diffraction grating. The experimental
setup has to be calibrated taking into account spectral dependence of absorption in optical
fibers, reflectivity of mirrors, and CCD efficiency. Additionally, CL offers a possibility
of polarization measurement and angle resolved measurement of the light emitted from
plasmonic antennas which brings additional information about the emission. The spectral
resolution depends on the spectrometer only. On both systems used in this work, TEM
FEI Tecnai F20 with Gatan VULCAN at USTEM TU Wien and SEM FEI Magellan with
Gatan MonoCL4 Plus at the LEM ISI CAS in Brno, it is better than 0.05eV (see, for
example, Figure .

EFTEM offers better spatial resolution than EELS but worse energy resolution [112].
It is quite a rare technique in plasmonics since a very accurate setting of the energy slit is
necessary. For example, a plasmon map at the energy loss (1.4 £+ 0.1) eV needs an energy
slit of 0.2 eV width perfectly stable during the whole acquisition. In the case of an energy
drift, much more intense beam of elastically scattered electrons might damage the camera.
These are the main reasons why no EFTEM imaging of LSP was done in this work.
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4.3 Overview of electron beam spectroscopy
investigations in the field of plasmonics

As this work is mainly focused on electron energy loss spectroscopy (EELS) and cathodo-
luminescence (CL) of plasmonic antennas, it is useful to summarize the investigations
in this field which are partially summarized in review papers [54, 55, [157]. Let us start
from elementary shapes, like spheres and rods and their assemblies, proceeding to more
complicated plasmonic antennas.

EELS investigations were performed on gold nanospheres, nanoellipsoids, and similar
nanoparticles linked through DNA strands to a silicon nitride membrane [I58], and on
individual silver nanospheres with the radius between 3 and 30 nm [159]. In both cases,
only the dipole mode was observed. For spheres encapsulated in silicon nitride, addi-
tional higher order surface plasmon resonances were observed for particles with the radius
between 4 and 20nm [I60]. LSP resonances in clusters of aluminum nanospheres were
studied by EELS in the year 1982, which is one of the pioneering measurements of EELS
in plasmonics [10]. Furthermore, quantum tunnelling was studied by EELS between two
[T61] and three [162] silver nanospheres. Photon emission from silver particles induced by
a high-energy electron beam was observed in the year 2000, which is one of the pioneering
measurements of CL in plasmonics [57] followed by a complex CL investigation of gap and
Mie plasmons in individual silver nanospheres [163]. Recently, 3D multipole rotation in
silver nanospheres was theoretically described and measured by CL [164] and plasmonic
quantum size effects in silver nanoparticles were investigated by EELS [165].

Surface plasmon modes of a single silver nanorod were mapped using energy filtered
transmission electron microscopy [166], EELS [167], and CL [I68]. In all cases, higher-
order modes in a single rod are mapped. EELS study was performed on gold nanorods of
different sizes with resonances in infrared region [169], and gold nanorods and nanocrosses
[44]. Plasmonic modes in gold nanowires were observed using CL on a silicon substrate
[134] and on a glass substrate covered with an indium-tin-oxide layer [129]. Plasmonic
dark modes were studied on triangular system arrangements of gold nanorods [I71]. They
claimed that the dark modes do not couple to the far field and can arise from the plasmon
hybridization in a set of interacting nanoparticles. Due to their lack of a net dipole
moment, dark modes have longer lifetimes than bright modes. The strong confinement
of energy in these modes and their associated near fields hold great promise for achieving
strong coupling to single photon emitters [I71]. Silver nanocrosses were presented as an
easily tunable plasmonic system especially with tuning the higher order modes in a very
controlled manner with the help of EELS [I72]. Aluminum mostly rod-shaped antennas
were characterized by both EELS and CL [173].

Gold discs with different diameters were studied by CL [77], but the observed CL
spectra are very noisy. Panchromatic CL maps of silver discs were shown [I74]. Modes
of single Ag disks and their dimers were mapped by EELS [83]. Line scans through
the structures shows a dipole and a breathing mode in the disc, and bonding (bright)
and antibonding (dark) modes in the disc dimer. A complete plasmonic spectrum of a
silver disc was investigated by EELS [175] and angle- and polarization-resolved CL [176].
Breathing modes in silver discs were investigated by both EELS and CL [I77]. Results
show, that the mode with the strongest coupling to the electron beam has radial symmetry
with no net dipole moment, therefore it does not couple to light and cannot be observed
by optical measurements. This radial breathing mode has the character of an extended
two-dimensional surface plasmon with a wavenumber determined by the circular disk
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confinement. Its strong near fields can influence the hybridization in coupled plasmonic
nanoparticles as well as coupling with nearby quantum emitters [I75]. Additionally, the
effect of metallic adhesion layers on EELS of LSP resonances in gold discs was discussed
[41].

According to Babinet’s principle of complementarity, circular holes in a metallic layer
are apertures complementary to discs. Spectral, spatial, and angular CL response of
individual nanoholes with the diameter ranging from 50 to 180 nm in the 80 nm thick gold
layer on a silicon substrate is discussed in Reference [I78]. Results show small changes
in the resonant wavelength of the observed dipole mode. The maximal intensity of the
mode is detected when the electron beam is located on the gold layer close to the edge of
the hole.

Morphing of a silver nanodisk into a nanotriangle by producing a series of nanoparticles
with electron beam lithography was presented [I79]. Using EELS, plasmonic eigenmodes
are mapped in the series of particles. As the result, they suggest that the disc modes,
characterized by the angular order, can serve as a suitable basis for other nanoparticle
geometries and are subject to resonance energy shifts and splittings, as well as to hy-
bridization upon morphing. Similar to the linear combination of atomic orbitals in quan-
tum chemistry, the authors introduced a linear combination of plasmonic eigenmodes to
describe plasmon modes in different geometries [179]. LSP resonances in silver nanotrian-
gles were mapped by EELS [53] as one of the first measurement using a monochromated
transmission electron microscope in this field and presented in 2007, energy filtered trans-
mission electron microscopy [56] as one of the pioneering measurements in this field and
presented in 2009, CL [135, [I80], and by EELS and CL correlated together [I81], where
small shifts between EELS and CL measurements are noticeable. However, these shifts
are in agreement with the theory. Breathing and edge modes in aluminum nanotrian-
gles were investigated by EELS [I82]. Triangles might be used as building elements and
dimers, like bowtie, and trimers are designed. Such structures were mapped by EELS,
too [183].

Gold and silver nanodecahedra were mapped by both the EELS and CL [184], crescent-
shape gold antennas [70] and silver split-ring resonators [I85] were investigated using
EELS. One of the recent EELS study covers plasmon coupling in plasmonic heterodimers
made of gold and silver, or gold and aluminum [186].

Using EELS and CL, 3D tomography of LSP resonances is possible, too. CL 3D
tomography was done on polystyren nanospheres covered by gold [I87]. The way for
a fully three-dimensional plasmon-field tomography by EELS was paved and EELS was
establish as a quantitative measurement device for plasmonics [I88, [189]. Correlated
3D mapping by EELS was done on a silver nanocuboid dimer [190]. Finally, a three-
dimensional EELS imaging of LSP resonances was performed on silver nanocubes [191].
Silver nanocubes were also mapped by CL [192], but with no essence of 3D tomography.

New trends in EELS and CL in the field of plasmonics are illustrated, for example,
by measuring the interference of surface plasmons and Smith-Purcell emission by angle-
resolved CL [I33], plasmon to nitrogen-vacancy color center coupling probed by photons
and electrons at the nanometer scale [193], probing the symmetry of the potential of
localized surface plasmon resonances with phase-shaped electron beams [194], LSP mode
mixing detection and interpretation by CL [164] [I76], and by measuring strong coupling
phenomena using EELS in different systems, such as coupling between ZnO excitons and
LSP of silver nanoparticles [87], between silver bow-tie antennas and quantum dots [8§],
on silver nanowires supported by hexagonal boron nitride [89], and on silver nanoparticles
supported by tungsten disulfide [90].

44



5 Fabrication and characterization
of plasmonic nanostructures

In this Chapter, auxiliary methods and results related to fabrication and characterization
of plasmonic antennas are presented. It provides a general background for the following
chapters that are aimed at particular scientific topics, such as fabrication procedures,
quality-test protocols, selection of suitable substrates, and illustrative examples of EELS
and CL measurements of plasmonic antennas.

The first part covers the fabrication of plasmonic antennas. Plasmonic nanostructures
can be fabricated using many different techniques, such as chemical synthesis [30], optical
lithography [31], electron beam lithography [32) [33], focused ion beam milling [34], 35],
or 3D nanoprinting [36, B7]. Section covers sample preparation using chemically
synthesized nanoparticles, but not the chemical synthesis itself which is beyond the scope
of this work. For detailed discussion about EBL fabrication process I refer to PhD thesis
by J. Babocky [72] and references therein. Section describes plasmonic antennas
fabrication by focused ion beam (FIB) lithography. A comparison of plasmonic antennas
fabricated by EBL and FIB is given in Chapter [0

The second part covers several practical results illustrating electron beam spectroscopy
in the field of plasmonics. Section [5.3| deals with CL measurements of possible substrates
for plasmonic antennas. The following sections cover investigation of nanoparticles pre-
pared by chemical synthesis: Section deals with a gold disc-shaped nanoparticle, the
first measurement of LSP by EELS at CEITEC, and a silver amalgam nanoparticle with
silver satellite nanoparticles proving experimentally the energy resolution of our system.
Note that the silver amalgam nanoparticles are discussed in more detail in Chapter [9
Section introduces CL measurement of LSP resonances in a gold diabolo antenna.
Section |5.6| discusses the material and the size dependency of LSP resonances in metallic
nanospheres investigated by numerical simulations, which is necessary for designing more
advanced experiments. Section summarizes the study of gold spherical and triangular
particles which was published in Fine Mechanics and Optics [78].

5.1 Chemically synthesized nanoparticles

The simplest plasmonic sample for electron beam spectroscopy is a dielectric substrate
randomly covered by chemically synthesized plasmonic nanoparticles. In the case of SEM-
CL investigation, the substrate can be a piece of any bulk material with sufficient dielectric
properties and as low background cathodoluminescence signal as possible. In the case of
any TEM measurement, the substrate must be a thin membrane with the thickness below
100 nm made of, for example, silicon nitride or silicon dioxide. In principle, there are two
ways, how the sample can be prepared.
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Figure 5.1: TEM micrographs of two random parts of the sample with commercial 80 nm gold
nanospheres adsorbed on the surface of the 50 nm thick silicon nitride membrane. The sample
was prepared by dipping the membrane into the suspension with nanospheres. Individual isolated
spheres are rather frequent, but clusters are present quite often. Rods (marked by the orange
rectangles in the right panel) and triangular-shaped particles (marked by the orange circles in
the right panel) are rarely present, too.

The first option is dipping the substrate into the suspension with plasmonic nanoparti-
cles for a certain time. Afterwards, the sample is removed from the suspension with some
nanoparticles adsorbed to the surface. The sample described in Section was prepared
by dipping a 50 nm thick silicon nitride membrane for TEM into the suspension with gold
nanospheres for 100 min. Afterwards, the sample was removed from the suspension with
many nanoparticles adsorbed to the surface. The distribution of the nanoparticles over
the sample surfaces (both the top side and the bottom side of the membrane) is random.
Individual isolated nanoparticles are rather frequent, although clusters are present, too

(see Figure [5.1).

The second option is drop-casting of several microliters of suspension onto the sub-
strate. After drying the liquid, the sample is prepared. The sample shown in Figure [5.2
was prepared by drop-casting of 2l of the suspension onto a 50 nm thick silicon nitride
membrane. Afterwards, the sample was kept for 2h in a dry place to get dried. The
distribution of the nanoparticles over the sample’s surfaces is random. Individual isolated
particles are rarely present, but the most of particles formed clusters together with some
contamination. The TEM sample with silver amalgam nanoparticles (Chapter @ was
prepared in a similar way.

The main problem of both procedures is the contamination coming from the liquid
phase. In an optimal case, the particles should be dispersed in demineralized water. Sol-
vents must be vacuum compatible and must not create maps on the sample surface when
dried. For example, isopropanol must not be used, because a dried drop of isopropanol on
a silicon nitride membrane creates a film which is getting charged by the electron beam.
As the result, such a sample cannot be measured by an electron microscope.
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Figure 5.2: TEM micrographs of two random parts of the sample with gold nanoparticles on the
surface of the 50 nm thick silicon nitride membrane. The sample was prepared by drop-casting
of several microliters of suspension onto the membrane. Individual isolated particles are rarely
present (gray polygon and disc-like particles), but the most of particles formed clusters together
with some contamination or residues of chemical precursors (black sphere-like particles).

5.2 Focused ion beam lithography

Plasmonic antennas fabrication by FIB lithography is very straightforward. It consist of
two steps. First, a thin layer of metal is deposited on a suitable substrate. The substrate
can be, for example, a piece of silicon wafer or a thin silicon nitride membrane for a TEM.
Second, the pristine material is patterned by the FIB. In the case of particle antennas, the
volume of sputtered material is rather large as the antennas need to be positioned inside
a metal-free frame that is large enough to prevent the interaction between the antenna
and the frame. Therefore, the technique is suitable for fabrication of individual antennas
or small arrays. For aperture antennas the volume of sputtered material is rather small
and includes only the aperture itself. Therefore, fabrication of aperture antennas is rather
fast.

In literature, one can find high precision plasmonic antennas fabrication by helium ion
microscope [35], from a deposited metal layer [70], a single crystal gold flakes [195] [196],
and a comparison between the performance of helium, gallium, and xenon focused ion
beam [197].

Optimal parameters of FIB fabrication

One of the important parameters of FIB fabrication is spatial resolution. The best resolu-
tion of the FIB machine is usually at the highest ion beam energy and the lowest ion beam
current. The resolution of Focused Ion Beam/Scanning Electron Microscope FEI Helios
NanoLab 660 located at the CEITEC Nano Research Infrastructure is 4nm at 30 keV
with 1.1 pA ion beam current. The disadvantage of FEI Helios is that the lowest ion
beam current is determined exclusively by an aperture and cannot be further decreased
by changing the condenser lens focus. Consequently, the optimal parameters of FEI Helios
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Figure 5.3: SEM image of the process of ion dose optimization. The basic dose D = 6 - 10%
ions per pm? was multiplied to test the optimal ion dose. For the dose 1 x D the gold layer is
milled partially and preferentially at grain boundaries. The optimal ion dose is between 2.5 x D
and 3 x D (i.e., around 15 - 10% ions per pm?) as the gold layer is removed and the membrane
(dark grey) is undamaged. For the dose 4 x D the membrane is partially destroyed and looks
like a spider web. If the dose is 5 x D or larger, the membrane is completely destroyed.

are ion beam energy of 30keV with the 1.1 pA aperture, which should produce the ion
beam current of 1.1 pA. The last important parameter is the milling time or the total ion
dose. This needs to be optimized by an experiment testing different ion doses. Figure
[.3] shows milling of a 30nm thick gold layer deposited on a 30 nm thick silicon nitride
membrane. The basic dose D = 6 - 10® ions per pm? was incrementally multiplied for
several times to test the optimal ion dose. The optimal ion dose is between 2.5 x D and
3 x D (i.e., around 15 - 10% ions per pm?) as the gold layer is removed and the membrane
remains undamaged. If the ion dose is smaller, the gold layer is not fully removed. If the
ion dose is higher, the membrane is totally destroyed.

The next step is to design the pattern for plasmonic antennas. Rectangular and
circular plasmonic antennas can be designed using the basic shapes pre-programmed in
the software of FEI Helios. The design of an aperture antenna is very simple as it is
the part to be milled. In the case of a particle antenna, the gold is milled around the
antenna while the antenna itself remains intact. Figure [5.4] shows an example of a disc
shaped plasmonic antenna with a diameter of 150 nm located in the middle of a 2 x 2 um?
sputtered square.

Figure 5.4: STEM dark field micrographs of a 150 nm gold disc antenna in the form of a particle
(left) and aperture (right) fabricated by FIB. The black area corresponds to the removed metallic
layer. The grey area corresponds to the polycrystalline gold layer. In the case of a particle (left),
the area with the removed metallic layer is a square 2 x 2 um? to prevent the interaction between
the antenna and the frame.

If the shape of plasmonic antenna is more complicated, the easiest way is to create
a bitmap with a milled pattern. This strategy allows to fabricate plasmonic antennas of
arbitrary shapes. Figure [5.5[ shows an example of a pattern for a bow-tie antenna in the
form of a particle and an aperture.
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Figure 5.5: Bitmaps with the patterns designed for FIB fabrication of a bow-tie antenna in
the form of a particle (left) and an aperture (right). White represents the area treated with the
FIB (i.e., metal-free). Black represents the area that is not treated with FIB (i.e., metallic).

Pitfalls of FIB fabrication

The FIB fabrication of plasmonic antennas described in the previous part seems to be very
straightforward. However, there are several pitfalls which need to be considered. First, the
finite size of focused ion beam causes a slightly large size of the milled area than designed.
Second, the shape of the metal-free area around particle-type antennas is rather important
as this area is, in principle, a large aperture supporting its own LSP resonances. Third, the
metallic layer may become thermally, chemically, or mechanically unstable and damaged
in the way that cavities between the metallic layer and the membrane might be formed.
Fourth, the adhesion layer is not necessary for the FIB fabrication of plasmonic antenna,
but if any adhesion layer is present, it may act as a stopping layer for ions and at the end
remain on the sample as an unwanted contamination layer. Fifth, the FIB fabrication
itself might introduce some contamination like hydrocarbon layer coming from the FIB
chamber environment or implantation of ions from the ion beam to the sample.

Figure 5.6: SEM image of the test series for gold disc shaped antennas in the form of particle
(left) and aperture (right). The red numbers denote the real diameter of fabricated antennas
measured at this SEM image, whereas the yellow numbers correspond to the diameter of the
respect circle in the designed pattern.

As the focused ion beam spot is not infinitesimally small the real size of the treated
area is slightly larger than its designed size. This means that fabricated particle antennas
are slightly smaller than their pattern for FIB milling, whereas the fabricated aperture
antennas are slightly larger than their pattern. The solution is very simple. The size
of the pattern for FIB milling should be experimentally adjusted on a test series of the
antennas before the fabrication of the final set. Figure [5.6| shows an example of such test
series for gold disc shaped particle and aperture antennas. Note that the real diameters of
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the particle antennas are approximately 40 nm smaller than the diameter of the designed
pattern, whereas the real diameters of the aperture antennas are approximately 20 to
30nm larger than the diameter of the designed pattern. For example, to fabricate a disc
shaped plasmonic antenna with a diameter of 110 nm, the diameter of the circle in the
designed pattern should read 150 nm in the case of a particle antenna or 90 nm in the case
of an aperture antenna.

The shape of metal-free area around the antenna can be, in principle, arbitrary. In
the case of a disc shaped antenna the first idea is to make the surroundings circular,
too. However, the metal-free area may act as a large aperture supporting its own LSP
resonances. Figures and show a 100nm gold disc shaped antenna located in the
middle of a circular metal-free area with a diameter of 1.5pm and in the middle of a
squared metal-free area with a 2 pm long edge, respectively. The circular metal-free area
supports some resonance at the energy around 2eV (Figure , which is rather close to
the LSP resonance in the 100nm gold disc. The situation is completely different in the
case of the squared metal-free area as the only detected resonance is located directly at
the edge of the structure at the energy around 1.55¢eV (Figure . There was detected
no resonance with profound intensity in the central part of the squared metal-free area.
To conclude, the size and shape of the metal-free area shall be properly designed so that
its coupling to the central plasmonic antenna is excluded.

max

Figure 5.7: A gold disc with a diameter of 100 nm in a circular metal-free area (1.5 pm diam-
eter). Left to right: STEM HAADF micrograph, CL true color map, and CL intensity map at

the energy range 2.00-2.06 €V (600-620 nm).
. max
|m'n

Figure 5.8: A gold disc with a diameter of 100 nm gold disc in a squared metal-free area (2 pm
edge). Left to right: STEM HAADF micrograph, CL true color map, and CL intensity map at
the energy range 1.53-1.57 €V (790-810 nm).

The finished sample consisting of a silicon nitride membrane with a gold layer seems
to be very stable in time as there is, for example, nothing to oxidize. However, the sample
usually undergoes cleaning in plasma and electron beam spectroscopy measurement. In
both cases, the sample is heated and the metallic layer may become unstable and cavities
between the metallic layer and the membrane might be formed. Figure [5.9/shows cavities
between the metallic layer and the membrane which have appeared as the result of heating
the sample by a highly localized intense electron beam and by plasma during the plasma
cleaning. The sample consisted of a 30 nm gold polycrystalline layer on a 3nm titanium

20



Figure 5.9: Cavities between the metallic layer and the membrane are formed on the sample
consisting of a 30 nm thick silicon nitride membrane with a 30nm thick deposited gold layer
during plasma cleaning and during the CL. measurement. Left to right: STEM HAADF micro-
graph of the area before spectrum imaging, CL true color map, and STEM HAADF micrograph
of the area after spectrum imaging.

adhesion layer deposited on a 30 nm silicon nitride membrane. One can speculate, that
these cavities are formed due to oxidation of the titanium adhesion layer, but this is not
the case. Formation of such cavities is observed on samples with and without titanium
adhesion layer as well. These cavities produce strong luminescence and therefore they are
clearly visible by cathodoluminescence. As these cavities are formed under the metallic
layer, they are not detrimental for particle antennas which are isolated from the cavities
by the metal-free area, but they can strongly affect the apertures.

The adhesion layer between the gold layer and the silicon nitride membrane is not
necessary for the FIB fabrication of plasmonic antenna. However, if any adhesion layer is
present, it may act as a stopping layer for ions and at the end remain on the sample as an
unwanted contamination layer. This is partially the case of a titanium adhesion layer as
shown in Figure [6.4] and corresponding discussion in Chapter [ The titanium has much
slower sputtering rate than gold, therefore the gold is sputtered out preferentially so the
gold distribution on the sample is better defined than in the case of no adhesion layer.
If there is no adhesion layer, some rests of gold might stay on the sputtered areas of the
sample. Note also that the adhesion layer may affect the LSP resonances [41], 42].

The last pitfall to be considered is the contamination coming from the FIB fabrication
itself. The FIB machine is not an ultra high vacuum system and usually contains gas
injection system nozzles for electron beam and ion beam induced deposition. However,
the precursor gases contain metal-organic or organic-only molecules which are decomposed
by the beam to a deposited material and hydrocarbons which should be pumped away
by the vacuum system. As the result, the environment in the FIB chamber — when not
plasma cleaned and pumped properly — contains hydrocarbons which may introduce a
hydrocarbon contamination layer on the sample. Finally, the ions from the ion beam must
be considered, too, as they can be easily implanted into the sample. The contamination
of plasmonic antennas prepared by FIB is discussed in detail in Chapter [6] in the part
related to Figure [6.4] and Table

5.3 CL measurement of substrates

The ideal substrate should have a low CL signal and be thin enough or conductive to
prevent charging. In addition, the beam energy must be selected properly. Low beam
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Figure 5.10: CL spectra of several common substrates: SiO, Si, ITO (indium-tin-oxide layer
on glass), CaFs, and SiN, membrane measured on FEI SEM Magellan with the Gatan MonoCL4
Plus spectrometer. Counts for SiO5 are divided by a factor of 3 and counts for CaFy are divided
by a factor of 10. Experimental conditions (beam energy and beam current) are marked in
the legend. The difference between the two silicon spectra show the importance of proper
experimental parameters.

energy means a low penetration depth, a small interaction volume and therefore a low CL
signal. High beam energy means a large penetration depth, a huge interaction volume
and therefore a strong CL signal. Unfortunately, the most of CL intensity would come in
such cases from the substrate and effects like the transition and Cerenkov radiation [51]
may appear, especially when the beam energy is higher than the Cerenkov limit for the
material [95].

CL spectra of several substrates, which might be suitable for plasmonic applications,
namely SiOq, Si (including a native oxide layer on the surface), ITO (indium-tin-oxide
layer on glass), CaF,, and SiN, membrane, are summarized in Figure . CL mea-
surement was performed on SEM FEI Magellan equipped with the Gatan MonoCL4 Plus
spectrometer at LEM ISI CAS in Brno. However, only the silicon nitride membrane
seemed to be a suitable substrate for CL measurements. Other substrates produce the
strong CL signal (SiOy and CaFsy), suffer from charging (SiO, ITO, and CaFy), or have
the Cerenkov limit at the low energy (Si). The peaks in SiOy can be assigned to a non-
bridging oxygen center at 1.9¢eV and to the triplet and singlet luminescence of a twofold
coordinated silicon center at 2.7¢eV and 4.3eV [125]. Another explanation of the peaks
in SiO, is that the peak around 1.9 eV corresponds to residual OH or adsorbed H,O, the
peaks around 2.2eV and 4.3eV correspond to electron beam induced defects, and the
peak around 3 eV corresponds to carbon implantation [125]. The peaks in the CaF, spec-
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tra can be assigned to color center peaks: F center around 2.3eV and H center around
4.3 eV [198,[199]. The difference between the two silicon spectra plotted in Figure for
two different values of the electron energy show the importance of proper experimental
parameters as 2keV electron beam is below the Cerenkov limit of Si (which is 13.3keV),
whereas 20 keV electron beam is above this limit [95].

5.4 EELS measurement of a plasmonic nanoparticle

The crucial thing in the case of EELS measurement of LSP resonances in a plasmonic
nanoparticle is the energy resolution of the method. Monochromated TEM is needed to
achieve reasonably good energy resolution. A typical spectral region of interest is the low
loss region including energy losses from 0eV to 5eV. The energy resolution is usually
defined by the FWHM of the ZLP. However, the best way to prove the energy resolution
is to find a simple system with two different LSP modes which are close to each other in
their energy.

Figure 5.11: Mapping of LSP resonance in a gold disc-shaped nanoparticle with a diameter
of 380nm on a 50nm thick silicon nitride membrane. The observed LSP resonance (breath-
ing mode) at 1.35eV has its maximum in the middle of the nanoparticle and vanishes with
increasing the distance from the middle. The black points in TEM micrograph are carbon con-
tamination spots grown during the measurement. This figure was presented on Ceitec Nano
research infrastructure Facebook profile on June 9th, 2016 [202].

The first successful mapping of localized surface plasmon resonances in a metallic
nanoparticle by electron energy loss spectroscopy in CEITEC BUT with FEI Titan Themis
Cubed, which was installed in December 2015, was performed on June 7th, 2016 by me
(see Figure . The object of interest was a gold disc-shaped nanoparticle with a
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diameter of 380 nm prepared by chemical synthesis by M. Simsfkova for another research
topic [200, 201] deposited from a colloid onto a 50 nm thick silicon nitride membrane.
For the whole overview of the sample see Figure in Section where the sample
preparation is described. Observed LSP resonance (a breathing mode) at 1.35€eV has its
maximum in the middle of the nanoparticle and vanishes with increasing the distance
from the center.

The energy resolution of our system is illustrated in Figure [5.12f showing EEL spectra
from a small silver nanoparticle located close to a large silver amalgam particle. Such
structures are discussed in detail in Section [9] In this case, two modes are observed: a
dipole mode (3.54 €V) and a breathing mode (3.74 eV) of the small silver satellite particle.
To prove the energy resolution of our system experimentally, the spectra are integrated
over the region of interest (red square in Figure which includes both modes over-
lapping together. These two modes with an energy difference of 0.2eV are well resolved
in the spectra as two different peaks while the ZLP FWHM is 0.15¢eV.
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Figure 5.12: Left: STEM BF and STEM HAADF micrograph of an silver amalgam nanopar-
ticle with silver satellites around. The region of interest (ROI), marked by the red square,
contains the silver nanosphere with a diameter around 40 nm. Right: EEL spectra integrated
over the ROI experimentally proving the peak to peak resolution of 0.2 eV while the dipole mode
(3.54¢V) and the breathing mode (3.74€V) of the nanoparticle are well distinguishable in the
spectra. The top graph shows the whole recorded spectrum, whereas the bottom graph shows
the same spectra, but the area of interest is zoomed in.

5.5 CL measurement of a plasmonic antenna

The crucial parameter in the case of CL measurement of LSP resonances in a plasmonic
nanoparticle is the exposure time. To achieve a reasonably good signal-to-noise ratio a
large electron beam current is needed. Electron beam currents in the range from 1nA
to 30nA are used. The accessible spectral region is limited by the CL spectrometer and
ranges typically from 1eV to 4eV. The energy resolution is much better than in EELS
and is limited just by the spectrometer, typically around 10 meV.

Figure [5.13| shows the CL measurement of a gold diabolo antenna with a total length
of 290nm using TEM FEI Tecnai F20 with Gatan VULCAN at USTEM TU Wien.
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The panchromatic CL image is obtained as the total intensity integrated over the whole
recorded spectrum. The true color CL image is the image where the color of every pixel
is recalculated from the CL spectra recorded in this pixel. Graphs in Figure [5.13| show
the CL spectrum integrated over the region of interest, the bridge of the diabolo antenna,
as recorded and after correction and background subtraction. The correction consists of
multiplying the recorded spectra by a system specific correction function which includes
all effects of the system performance, like wavelength dependent efficiency of the CCD
and mirrors and absorption in optical fibers. Such a correction function can be evaluated
experimentally by transition radiation measurement and comparing the experimental re-
sult with the theory [568]. Background subtraction is performed by subtracting the CL
signal recorded on the membrane far away from any plasmonic structure.
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Figure 5.13: Cathodoluminescence measurement of a 290 nm long gold diabolo antenna. Left
panels show STEM HAADF micrograph of the diabolo antenna with the marked region of
interest (ROI), panchromatic CL image, true color CL image, and two energy filtered maps at
1.55eV and 1.95¢eV corresponding to the gap and the edge mode, respectively. The graphs show
the CL spectrum integrated over the region of interest, the bridge of the diabolo antenna, as
recorded and after correction and background subtraction.

5.6 Localized surface plasmons
in metallic nanospheres

The energy of LSP resonances in spheres depends on their diameter and the dielectric
properties of the sphere and the medium around. Material dependency is illustrated in
Figure presenting calculated EEL spectra for nanospheres with a diameter of 80 nm
for four different metals common in plasmonics: gold, silver, aluminum, and copper [203].
In BEM simulations, the dielectric functions of copper, gold, and silver from Reference
[204] and aluminum from Reference [205] were used. The 300keV electron beam with
FWHM of 0.1eV was located 5nm outside the sphere. The strongest plasmonic re-
sponse (the highest peak) has been observed for a silver nanosphere, whose spectrum
consists of a double peak with maxima at 3.20e¢V and 3.57¢V). The second strongest
plasmonic response has been found for a gold nanosphere, whose spectrum consists of a
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Gold, silver, aluminium, and copper spheres with the diameter of 80 nm
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Figure 5.14: EEL spectra simulated by BEM for gold, silver, aluminum, and copper
nanospheres with a diameter of 80nm in vacuum. The dielectric functions of copper, gold,
and silver were used from Reference [204] and aluminum from Reference [205]. The 300 keV
electron beam with FWHM of 0.1eV was located 5nm outside the sphere.

single peak at 2.45eV. Aluminum nanosphere has had a broad peak around 4.6eV and
copper nanosphere indicates just a significantly weak LSP peak around 2.2eV. Other
features in the spectra do not correspond to the plasmon resonances, but are connected,
for example, with absorption in the material, which can be easily verified by computing
EEL spectra for spheres of different sizes. In such case, the peak corresponding to LSP
resonance changes and its energy is shifted, but the peak corresponding to absorption in
the material remains nearly the same.

As the simplest EEL spectrum has the gold nanosphere, the size dependency is illus-
trated in Figure [5.15| showing simulated EEL spectra for gold nanospheres of different
diameters. In BEM simulations, the dielectric function of gold was taken from Reference
[206]. The 300keV electron beam with FWHM of 0.1eV was located 5nm outside the
sphere. The results of the boundary element method are in perfect agreement with the
solution according to the Mie theory. With an increasing diameter, LSP resonance shifts
to lower energies (it means to higher wavelengths, therefore the redshift) and the loss
probability of the resonance increases.

Figure|5.16/shows the comparison of EEL spectra simulated by BEM for gold nanospheres
with a diameter of 80 nm in vacuum using different dielectric functions of gold: dielectric
function measured by reflective EELS by Werner, Glansching, and Ambrosch-Draxl [207],
dielectric function from Handbook of optical constants by Palik [204], dielectric functions
measured by ellipsometry by McPeak et al. [203] and Olmon et al. for both the gold
single crystal and polycrystalline evaporated gold layer [208], and the dielectric function
by Johnson and Christy [206]. The 300keV electron beam with FWHM of 0.1eV was
located 5nm outside the sphere. The results are quite similar for dielectric functions by
McPeak et al., Olmon et al. (both of them), and Johnson and Christy. The peak energy
is in the range from 2.41 eV to 2.44 eV and the maximal loss probability density is in the
range from 0.0035eV ! to 0.0041eV~!. The result computed using the dielectric function
by Palik shows additional small peaks around 1.8eV and 2.1eV, which are not present
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in the case of any other dielectric functions. Finally, the result calculated using the di-
electric function measured by reflective EELS is completely different predicting the LSP
resonance around 2.9¢eV.
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Figure 5.15: Left: EEL spectra simulated by BEM for gold nanospheres of different diameters
in vacuum. Right: Dispersion relation of the dipole LSP resonance in gold nanospheres. The
points correspond to the LSP resonance energies in the left graph (marked by black points).
The dielectric function of gold from Reference [206] was used. The 300 keV electron beam with
FWHM of 0.1eV was located 5 nm outside the sphere.
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Figure 5.16: EEL spectra simulated by BEM for gold nanospheres with a diameter of 80 nm
in vacuum using different dielectric functions of gold: dielectric function measured by reflective
EELS by Werner, Glansching, and Ambrosch-Draxl [207], dielectric function from Handbook of
optical constants by Palik [204], dielectric functions measured by ellipsometry by McPeak et al.
[203] and Olmon et al. for both the gold single crystal (s.c.) and polycrystalline evaporated

gold layer (ev.) [208], and the dielectric function by Johnson and Christy [206]. The 300 keV
electron beam with FWHM of 0.1eV was located 5nm outside the sphere.
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5.7 Gold nanospheres and nanotriangles

Nanoparticles prepared by chemical synthesis are monocrystalline or close to single crys-
tals. Consequently, their plasmon resonances are stronger than in similar polycrystalline
bodies, where grain boundaries and defects contribute to the electron scattering.

Gold spheres with the diameter of 80 nm were investigated by both EELS and CL.
The sample preparation is described in section 5.1} The EELS and CL investigation was
performed on two nanospheres with the same diameter.

EELS investigation was carried out by the transmission electron microscope FEI Titan
Themis with the GIF Quantum spectrometer. The EEL spectrum, measured at the border
of the sphere, is shown in Figure left. The spectrum consists of a single resonance
with an energy of 2.4eV, which is in perfect agreement with the theory represented by
BEM simulation using the dielectric function of gold by Johnson and Christy [206] and
neglecting the membrane. The spatial distribution of the loss probability at the energy
of the resonance is shown in Figure [5.18]

CL measurement was performed using the scanning electron microscope FEI Mag-
ellan equipped with the Gatan MonoCL4 Plus spectrometer at LEM ISI CAS in Brno.
Measured spectrum is in good agreement with FDTD simulation in Lumerical using the
dielectric function of gold by Johnson and Christy [206] and the dielectric function of
SizNy by McIntosh et al. [209], see Figure right. In the CL spectrum, three peaks
are present: the first at 2.43eV, the second at 2.21eV, and the third at 1.98eV. The
CL measurement requires a high electron beam current to produce enough light. Con-
sequently, the electron beam diameter was too large to see any spatial dependence. CL
mapping with much better spatial resolution was performed on the transmission electron
microscope FEI Tecnai F20 with the Gatan VULCAN spectrometer in the STEM mode
at USTEM TU Wien. Intensity maps at the energies (wavelengths) corresponding to the
peaks in the CL spectrum (Figure show the spatial distribution of the luminescence
intensity.

Nanotriangles are basic building elements for more complex structures with advanced
functionalities, like bow-tie (with an electric field hot spot) [210] and diabolo (with a
magnetic field hot spot) [211] discussed in Chapter |8 They were occasionally present on
the sample with gold spheres (Figure[5.1)). The EELS and CL mapping of LSP resonances
was again performed on two different nanoparticles (of the similar shape and size), because
it was impossible to locate a specific nanoparticle on the sample due to their random
distribution. It must be noticed, that just the planar projection showing the triangular-
shape is observed, the real shape (especially the thickness profile) of the particles is
unknown.

As in the case of nanospheres, EELS investigation was performed on the TEM FEI
Titan Themis with the GIF Quantum spectrometer. Three different resonances are ob-
served. EEL spectra recorded at different positions are plotted in Figure left. Spatial
distributions of the resonances, the corner mode at 2.05¢eV, the edge mode at 2.38 eV, and
the breathing mode at 2.55¢eV, are shown in Figure [5.21]

CL measurement was again performed on the TEM FEI Tecnai F20 with the Gatan
VULCAN spectrometer at USTEM TU Wien. The CL investigation shows only one
radiative LSP mode, the edge mode. The spectrum is plotted in Figure right, and
the spatial distribution of the resonance in the form of an intensity map at the energy
corresponding to the spectrum peak is shown in Figure
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Figure 5.17: Measured EEL (left) and CL (right) spectra of two gold nanospheres with the
diameter of 80 nm (one for EELS, another for CL) on a 50 nm thick silicon nitride membrane
compared to the spectra obtained from simulations (left: BEM, right: FDTD). It is worth
mentioning that no processing was applied to the spectra. In the BEM simulation, the substrate
(membrane) is neglected.
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Figure 5.18: STEM dark field micrograph of the gold sphere with the diameter of 80 nm (left)
and EEL intensity map (right) at the energy of (2.4 £+ 0.1) eV, the peak position in the EEL
spectrum in Figure [5.17] Circles with the diameter of 80 nm are marking the position of the
sphere.

max

Figure 5.19: Left to right: TEM bright field micrograph of the gold sphere with the diameter of
80nm; CL intensity maps at the energies corresponding to the peak positions in the CL spectrum
in Figure (1.98 + 0.04) eV, (2.21 & 0.04) eV, and (2.43 & 0.05)eV. The corresponding
wavelengths are (625+10) nm, (5604 10) nm, and (510+10) nm. Black circles with the diameter
of 80 nm are marking the position of the sphere.
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Figure 5.20: Measured EEL (left) and CL (right) spectra of LSP resonances in two different
gold triangular nanoparticles. The EEL spectra are background subtracted and integrated over
several pixels in the corner, in the center, and in the middle of the edge of the particle. The CL
spectrum shows a LSP resonance only in the corner of the particle.
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Figure 5.21: Left to right: STEM bright and dark field micrograph of the gold triangular
particle; EEL intensity maps at the energy of (2.05 & 0.05) eV (corner mode), (2.38 £ 0.05) eV
(edge mode), and (2.55 + 0.05) eV (breathing mode overlapped with absorption in gold), the
peak positions in the EEL spectrum shown in Figure
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Figure 5.22: Dark field micrograph of the gold triangular particle (left) and CL intensity map

at the wavelength of (570 + 10)nm. The corresponding energy is (2.18 + 0.04) eV, the peak
position in the CL spectrum shown in Figure @
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6 Plasmonic antennas fabricated
by electron beam and focused ion
beam lithography

This Chapter summarizes a comparative study of plasmonic antennas fabricated by elec-
tron beam and focused ion beam lithography published in Scientific Reports [75]. Plas-
monic antennas are often fabricated by electron beam lithography (EBL) or focused ion
beam (FIB) milling. The EBL process consists of the following steps: (i) deposition of a
resist sensitive to electron beam on a substrate, (ii) exposition of the resist to the elec-
tron beam and development of the resist (removal of exposed or unexposed regions of the
resist), (iii) deposition of a thin layer of metal, and (iv) removal of the remaining resist
covered by the redundant metal (lift-off) and final cleaning of the sample. FIB lithography
is more straightforward, consisting of two steps: (i) deposition of a thin layer of metal
and (ii) exposition to a focused ion beam that locally sputters off the metal (Figure [6.1).
Both the EBL process and the FIB milling are capable to create sub-10-nm structures
35} 212].

PPN

membrane resist coating  lithography & development metal deposition lift off & cleaning

EBL sample

FIB sample

membrane metal deposition ion beam milling

Figure 6.1: Schematic overview of individual steps in the fabrication process of the EBL and
the FIB antennas.

Naturally, both fabrication techniques have their advantages and disadvantages. In
EBL, final structures can be contaminated by the residual resist or solvents. Lift-off can
exert a pronounced mechanical force that can damage the fabricated structure or even
the substrate, which is particularly dangerous for thin membranes used as the substrate.
In FIB, large-area mechanical effects are absent but the focused ion beam can damage
the sample locally. Redeposition of sputtered-off metal atoms can reduce the quality
of products of the technique. There are no chemicals involved in the process but the
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ions in the milling beam and atoms sputtered from the metal and substrate can still
contaminate the fabricated structures. EBL consists of more steps but is more suitable
for large area lithography as the exposition, the only local process, is considerably faster
than for FIB. On the other hand, FIB is faster when only a single antenna or a small
field of antennas is being fabricated. For example, considering optimal parameters for
FIB and EBL (see the Methods section), FIB milling of one antenna inside a 2 x 2 pm?
metal-free square takes typically 2 minutes. Array of 50 x 50 antennas is fabricated in
84 hours (3.5 days). On the other hand, in EBL the length of chemical processes (resist
coating, development, and lift off) is independent on the number of fabricated antennas
and takes typically 6 hours. Electron beam exposition of one antenna lasts far below 1
second; the array of 50 x 50 antennas is exposed in 5 seconds. FIB enables fabrication
of single crystalline plasmonic antennas when a chemically grown single crystal gold flake
transferred onto a substrate is used as the pristine material instead of a sputtered or an
evaporated polycrystalline thin film [195] 196]. The quality of lithographically fabricated
plasmonic antennas can be further enhanced by annealing which enlarges the grains and
accordingly reduces the number of grain boundaries so the behavior of nanostructures is
closer to a single crystal [43] 144]. Tt is clear that suitability of both methods depends on
specific tasks and experimental comparison of the structures fabricated by both methods
is of high importance for the judicious selection of the optimal method.

Four individual disc-shaped gold plasmonic antennas were studied in detail: two series
prepared by both EBL and FIB consisting of antennas with designed diameters of 120 nm
and 140 nm and with designed height of 25 nm. After their fabrication, several character-
ization methods have been applied. Some of those methods can modify the samples. In
particular, a hydrocarbon contamination is developing during measurements in electron
microscopes using high beam current (i.e., EELS and EDS) [213],214]. For this reason, the
characterization methods have been applied in specific order for all investigated antennas:
EELS, EDS, AFM. As possible contamination is considered to be a part of PA function-
ality, no specific cleaning steps have been applied between individual measurements. In
particular, no plasma cleaning has been applied prior to EELS measurements, although
it is often used to remove the hydrocarbon contamination.

6.1 Methods

Standard 50 nm thick silicon nitride membranes for TEM with a window size of 250 x
250 pm? and frame thickness of 200 pm by Silson Ltd. (UK) were used.

Electron beam lithography (EBL) was performed using the following procedure. As the
resist, we used a 70 nm thick layer of poly(methyl methacrylate) 679.02 all-resist dissolved
in ethyl acetate. The exposition has been performed within the Tescan MIRA3/RAITH
SEM operated at 30 kV with the electron beam current of 100 pA and the dose of 320 nC cm 2.
Exposed samples were developed in the developer AR 600-56 all-resist for 3 minutes, as
the stopper we used isopropyl alcohol for 30 seconds. Afterwards, the sample was cleaned
by demineralized water for 30 seconds. Lift-off was performed by 4 hour acetone bath
applying mega sound for 1 hour finished by acetone stream wash. Finally, the sample
was cleaned by isopropyl alcohol for 30 seconds, followed by cleaning using ethanol for
30 seconds and demineralized water for 30 seconds. To prevent the collective interaction
of the antennas we fabricated individual isolated antennas with a distance between two
nearby antennas of 3 pm.

Metal deposition was done in the electron beam evaporator BESTEC. Pressure during
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the deposition was in the order of 107 Pa and voltage was set to 8kV. We deposited a
5nm Ti adhesion layer at a deposition speed of 0.05nms~! and a 25nm Au layer at
a deposition speed of 0.02nms~!. Metal pellets were purchased from Kurt J. Lesker
Company. Membranes were rotated at a speed of 10 rpm (revolutions per minute) to
ensure the homogeneity of the layers. Both samples were deposited during one session
to have exactly the same metallic layer on both of them. During the deposition, the
thickness of the layer was measured in situ by a quartz crystal microbalance monitor.

Focused ion beam (FIB) lithography was performed in the dual beam FIB/SEM mi-
croscope FEI Helios using gallium ions with the energy of 30keV and ion beam current
of 2.4pA. The energy (the highest available) and the current (the lowest available) are
optimized for the best spatial resolution of the milling. The antennas were located in
the middle of a 2 x 2 pm? metal-free square, which is perfectly sufficient to prevent their
interaction with the surrounding metallic frame [70].

Electron energy loss spectroscopy (EELS) measurements were performed with the
TEM FEI Titan equipped with the GIF Quantum spectrometer operated in the monochro-
mated scanning regime at 300kV. The beam current was set to 0.8 nA and the FWHM
of the ZLP was around 0.18eV. The convergence angle was set to 10 mrad, the collection
angle to 20.5 mrad, and the dispersion of the spectrometer to 0.01 eV /pixel. EELS spec-
trum images were recorded with the size of 300 x 300 nm? (100 x 100 pixels with the pixel
size of 3nm). In every pixel of the spectrum image 30 EEL spectra were recorded within
the total pixel time of 20ms. They were further cross-correlated and summed up. EEL
spectra were integrated over the ring-shaped areas around the disc edge where the LSP
resonance is significant (inner diameter about 50 nm, outer diameter about 200 nm) and
divided by the integral intensity of the whole spectrum to transform measured counts to
a quantity proportional to the loss probability. EEL maps were calculated by dividing
the map of integrated intensity at the plasmon peak energy with an energy window of
0.1eV by the map of the integral intensity of the zero-loss peak. Radial distributions of
LSP resonances were calculated from the EEL maps by rotational averaging (considering
the azimuthal symmetry of a disc) followed by the background subtraction (base level of
the intensity in the EEL maps far away from the antennas).

Energy dispersive X-ray spectroscopy (EDS) measurement was performed on the TEM
FEI Titan equipped with the Super-X spectrometer operated in the scanning regime at
300kV. The electron beam current was set to 2nA. EDS spectrum images were recorded
with the size of 600 x 600 nm? (300 x 300 pixels with the pixel size of 2nm) using integration
of 100 images with the acquisition time of 10 ps per pixel. Spectrum images were post
processed in the Velox software. EDS maps show the net intensity (i.e. background
subtracted and artifact corrected intensity). EDS quantification in atomic percents was
performed in the Velox software using a parabolic background model and Brown-Powell
ionization cross-section model.

Atomic force microscopy (AFM) measurement was performed using the Scanning
Probe Microscope Bruker Dimension Icon in the PeakForce Tapping mode, which en-
ables larger control over applied force to prevent damaging the membrane [215]. The
peak force setpoint was set to 5nN, the scanning window was 400 x 400 nm? (256 x 256
pixels with the pixel size of 1.6 nm).

Numerical simulations of EELS spectra were performed using the MNPBEM toolbox
[151, 152] based on the boundary element method (BEM). The dielectric function of
evaporated gold was taken from Olmon et al. [208] and the dielectric function of the silicon
nitride membrane was set to 4 [I79]. The titanium adhesion layer has been neglected in the
simulations. For the calculations of spectra the electron beam was positioned 2nm from
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the outer side of the antenna. The obtained loss probability density was recalculated
to loss probability at 0.01eV energy intervals (corresponding to the dispersion of the
spectrometer in the experiment 0.01 eV per pixel).

6.2 Results

The three-dimensional (3D) morphology of the antennas measured by EELS in terms of
relative thickness is shown in Figure The average relative thickness is (0.23+0.05) for
120 nm EBL antenna, (0.2040.07) for 120 nm FIB antenna, (0.2340.05) for 140 nm EBL
antenna, and (0.20 & 0.06) for 140nm FIB antenna, see also Figure [6.3d. The relative
thickness is proportional to the absolute thickness of the antenna with the inelastic mean
free path (IMFP) as the constant of proportionality. The IMFP in gold for the actual
parameters of the electron beam (electron energy of 300keV and collection semi-angle of
20.5 mrad) calculated using the software package EELSTools by D. Mitchell [216] applying
the algorithm of K. Takoubovskii et al. [106] equals to 113 nm. Consequently, the absolute
thickness of the antennas is (23 & 7) nm for FIB antennas and about (26 & 6) nm for EBL
antennas, which is in a good agreement with the desired value of 25nm. Diameters of
fabricated antennas measured from TEM micrographs indicate good agreement between
the designed and actual value. They read (125 4+ 5)nm for the 120nm EBL antenna,
(122 £ 6) nm for the 120nm FIB antenna, (140 4+ 6) nm for the 140 nm EBL antenna, and
(142 £ 7) nm for the 140nm FIB antenna.

There is a clear structural difference between EBL and FIB antennas. The EBL
antennas have an irregular shape and their thickness varies rapidly with the position as
the gold layer is polycrystalline with a grain size of about 20nm. The FIB antennas
are seemingly more uniform in the thickness and their edges are smooth and featureless.
Nevertheless, a closer inspection (see Figure ) reveals even more pronounced thickness
profile (i.e. with a larger amplitude) but smoother (i.e. with a reduced slope) variations
of the thickness with a magnitude of nearly 10 nm. The flat boundary is mainly caused by
two reasons. First, the metallic layer is deposited on the flat substrate for FIB but on the
patterned resist for EBL forming a flat layer in the former case and frayed edges in the
latter case. Second, the ion beam has a Gaussian-like profile which leads to smoothing of
the edges. Additionally, the ion beam may result into amorphization and recrystallization
of gold, smoothening its surface [217]. Finally, redeposition of sputtered-off gold may
contribute to the smoothness of the gold surface and might be also partially responsible
for the large magnitude of the thickness variation.

Next, EEL spectra were processed to obtain the loss probability related to LSP res-
onances. This included ZLP and background subtraction. The process is illustrated in
Figure showing the unprocessed low-loss part of the EEL spectrum decomposed into
the contribution of ZLP and background, and signal corresponding to the LSP resonance
for the 120 nm EBL antenna. Extracted EEL signal corresponding to the LSP resonance
is shown in Figure for 120nm antennas and in Figure for 140 nm antennas.
Within the spectra a single broad peak corresponding to the dipole LSP mode is resolved.
This assignment is further supported by the results of numeric simulations, also shown in
Figure [6.3b,c. It is also in agreement with prior investigations of plasmonic disc-shaped
antennas [I75]. The second peak in the calculated spectra corresponds to the quadrupole
LSP mode. Due to its low intensity and instrumental broadening, related to the energy
width of the impinging electron beam with the FWHM of about 0.18eV, this mode is
not resolvable in the experimental data. The simulation predicts an energy of the dipole
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Figure 6.2: Thickness and LSP resonance mapping by EELS. 3D morphology of the antennas
represented by the relative thickness (thickness in units of inelastic mean free path, IMFP)
measured by EELS (left, grayscale) and EEL intensity maps showing the spatial distribution of
LSP resonance at (1.60 £0.05) eV for 120 nm antennas and (1.40 +0.05) eV for 140 nm antennas
(right, color scale). The size of all micrographs is 300 x 300 nm?.
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Figure 6.3: EELS measurement of LSP resonances. (a) Typical raw low-loss EEL spectrum
(black) decomposed into background including zero-loss peak (red) and the signal corresponding
to the LSP resonance (green) for the 120 nm EBL antenna. (b,c) Loss probability related to
LSP measured by EELS in the EBL and the FIB antennas together with the calculated values
obtained by BEM for 120nm (b) and 140nm (c) antennas. (d) Thickness profiles (thickness in
units of inelastic mean free path, IMFP) of the antennas determined by EELS. We note that
EBL antennas have slightly sharper edges. (e,f) The radial distribution of the LSP-related loss
probability (at the energy of its maximum) for 120 nm (e) and 140 nm (f) antennas measured by
EELS for EBL and FIB antennas and calculated by BEM. Antennas have their center at 0 nm
and the edge of antennas is marked by the grey line.
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LSP mode of 1.66eV for 120nm antennas and 1.59¢eV for 140 nm antennas. Measured
LSP resonance energy is (1.56 £ 0.09) eV for 120nm EBL antenna, (1.62 & 0.09) eV for
120nm FIB antenna, (1.43 +0.09) eV for 140 nm EBL antenna, and (1.41 £ 0.09) eV for
140nm FIB antenna. The measured energies are thus systematically red-shifted from
the calculated energies, although the magnitude of the shift is rather minor and ranges
between 0.04eV and 0.18eV. Such a red-shift can be attributed to the deviations of the
actual antenna shape from the ideal disc, inhomogeneous thickness of antennas, modifi-
cation of the dielectric function of gold due to grain boundaries and polycrystallinity of
the antennas [45], 46], or effects induced by the contamination [83] and Ti adhesion layer
41, @2).

If we compare EBL and FIB antennas, we observe more intense peak for EBL antennas.
Figure shows the spatial distribution of the LSP resonance in the form of intensity
maps at the energy of (1.60+0.05) eV for 120 nm antennas and (1.4040.05) eV for 140 nm
antennas. The radial dependences of the intensities averaged over the polar coordinate
are shown in Figure [6.3e,f. The maximal intensity of LSP resonance is confined to sharp
features on the edges of EBL antennas. In the case of FIB antennas, LSP resonance is
less confined to the edges of the structures and the EEL intensity maps are blurred, which
can be caused, for example, by thickness fluctuation or contamination.

Following the EELS measurements the chemical composition of the antennas including
their possible contamination was analyzed by EDS, which enables detection of all elements
heavier than Be in one measurement. We have detected and further focused on the
following chemical elements: Si and N constituting the membrane, Au and Ti constituting
the antenna and the adhesion layer, respectively, Ga that forms the ion beam in FIB and
can be implanted into the sample, C and O as frequent contaminants. Spatial distribution
of the intensity of characteristic X-ray radiation for these elements is shown in Figure |6.4]
for both FIB and EBL antennas with the diameter of 140 nm together with the bright field
TEM and high-angle annular dark field (HAADF) STEM micrographs. We distinguish
in total three areas with different chemical composition, denoted as Area 1 to 3 in the
following. Area 1 corresponds to the antenna and Areas 2 and 3 to its surrounding
exposed and unexposed to the electron beam during EELS measurements, respectively.
We note that the composition of Areas 2 and 3 is almost identical with the exception of
carbon, which has a stronger presence in the Area 2 (exposed to the electron beam) in
the case of FIB antenna (see the intense red square in Figure [6.4). The distribution of
individual elements within each Area is homogeneous. The average relative atomic rate
of each element for each Area is given in Table [6.1] As the thickness of different Areas
is not identical, we note that the atomic rates between different Areas are not directly
comparable but have to be rescaled to the same thickness.

Both Si and N exhibit almost identical X-ray intensity over all Areas for both FIB
and EBL antennas. Slightly increased intensity of Si below the antennas (Area 1) is an
artifact related to the secondary emission of X-rays in the silicon-based EDS detector
associated with larger thickness and density of this Area. Average stoichiometry of the
silicon nitride membrane (neglecting Area 1) reads SizNg g106. Verification measurement
by EELS resulted into average stoichiometry SizNj g+o.3 which is in a very good agreement
with EDS. Gold is present only at the antennas (Area 1), underpinning reliability of both
fabrication techniques. In general, EDS is not accurate enough to assess the thickness of
the gold layer. It is nevertheless illustrative to provide a rough estimate. The atomic rate
of Au is 0.18 + 0.03 and 0.16 4+ 0.03 in the EBL and FIB antenna, respectively. These
values are equal within the experimental error. The atomic rates of Si and N are listed
in Table 1. We now rescale the atomic rates to the volume rates using covalent radii of
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Table 6.1: Chemical composition of the membranes with EBL and FIB antenna in atomic
percents determined by EDS after the EELS measurement. The composition is averaged over
one of three areas with homogeneous chemical compositions: Area 1 corresponds to the antenna,
while Areas 2 and 3 corresponds to their surrounding exposed and unexposed to the electron
beam during EELS measurements, respectively.

EBL antenna FIB antenna

Area 1 Area 2 Area 3 Area 1 Area 2 Area 3
Au | (18+3)% <1% <1% (16 +3) % <1% <1%
Ti| 4£1)% <1% <1% A4+D)% | 2£D)% | 2+£1)%
Si | B5+5)% | (55£5)% | (55 +£5)% | (32+5)% | (40£5)% | (45+5)%
N | (20£3)% | 35£5)% | 35+5)% | (17£3)% | (26£5)% | (33+5)%
C|l(MB3x3)%| U+2)% | A4x£2)% | (25x5)% [ (256£5)% | 8+£3)%
O | 6x2)% | 4£2)% | 4+2)% | GE£2)% | (T£2)% | (T£2)%
Ga <1% <1% <1% <1% B£1% | Bx1)%

Figure 6.4: TEM micrographs and elemental maps showing chemical composition of 140 nm
antennas. Left: TEM bright field micrographs of 140 nm EBL and FIB antennas. Right: STEM-
HAADF image of the antennas presenting the distribution of heavy elements and spatial maps
of element-specific X-ray intensity obtained from EDS for N, Si, Au, Ti, C, Ga, and O.
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N, Si, and Au reading 71 pm, 116 pm, and 124 pm [2I8]. Considering the thickness of
the silicon nitride membrane of 50 nm, we obtain rough estimates of the thickness of the
gold layer equal to 28 nm and 27nm for the EBL and FIB antenna, respectively, in a
good agreement with the designed thickness of 25 nm and EELS measurements of 23 nm
to 26 nm.

Ti is present in the Area 1 for the EBL antenna but in all Areas for the FIB antenna.
Apparently, FIB lithography was unable to fully remove Ti from the desired Areas as
the sputter rate of Ti is much smaller than that of Au. Estimated thickness of the Ti
contamination layer is 1nm to 2nm. Ga ions have been implanted to Areas 2 and 3
(i.e. into the antenna surrounding) for the FIB antenna. The atomic rate of Ga reads
0.03 4+ 0.01. Importantly, no Ga contamination is found directly above or inside antennas
(i.e. in Area 1), suggesting its rather limited influence on the plasmonic response of the
antennas.

Finally, C and O are present as usual contaminants due to several reasons. The EBL
antenna indicates larger contamination in Area 1 (i.e., at the position of the antenna)
where the atomic rate of C reads 0.13 4+ 0.03 and the atomic rate of O is 0.06 & 0.02.
This is probably the result of incomplete resist removal during the development of litho-
graphic pattern. The antenna surrounding (Areas 2 and 3) indicates low level of C and
O contamination with the atomic rate of both elements of 0.04 4+ 0.02. Such low levels
of contamination refers to usual contamination of the sample when it is exposed to air.
The FIB antenna indicates much higher C and O contamination. The sample has been
contaminated by organic residues present in the FIB chamber. C is particularly strongly
present in the areas exposed to the electron beam during the EELS measurement [213], 214]
(Areas 1 and 2 corresponding to the intense red square in Figure and its atomic rate
reads 0.25 + 0.05. Area 3 then exhibits the atomic rate of C of 0.08 £ 0.03 which is a
higher value than for the EBL antenna. The atomic rate of O reads 0.05=+0.02 in Area 1
and 0.07 £ 0.02 in Areas 2 and 3 (i.e., in the antenna surroundings) which may indicate
that Ti and Ga contaminants present in the surroundings are partially oxidized.

Figure 6.5: Thickness profile of a 140nm FIB antenna and the hydrocarbon contamination
on its surface. (a) Relative thickness (thickness in terms of IMFP) of the antenna retrieved
by EELS. (b) Topography of the antenna including the hydrocarbon contamination measured
by AFM. (c) Cross-sections of thickness profiles along the lines shown in (a) and (b). Relative
thickness is recalculated to absolute thickness using the IMFP in gold of 113 nm. Blue line shows
the thickness profile of the antenna determined by EELS, red line shows the thickness profile of
the antenna and the contamination layer determined by AFM.

It is impossible to determine the thickness of hydrocarbon contamination layer on the
FIB antennas using EELS because the contamination would further evolve during the
measurement. Therefore, we have characterized surface topography of antennas by AFM
measurement. Figure compares the thickness of the 140nm FIB antenna measured
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by EELS (assuming low hydrocarbon contamination) and surface topography measured
by AFM after the EELS measurements (with hydrocarbon contamination being fully
developed). The thickness of the hydrocarbon contamination layer is uniform over the
whole area of EELS measurement (Areas 1 and 2) with an average thickness of (18+5) nm
determined as the height difference between Areas 2 and 3.

6.3 Conclusion

The choice of a preferred fabrication technique should also consider the time and potential
risks of the fabrication process. FIB preparation is simple and more straightforward
as no chemistry is used and fast for individual antennas or small series of antennas.
Moreover, FIB lithography exerts low mechanical strain and thus enables processing of
pristine materials with low adhesion to the substrate such as chemically grown single-
crystalline gold flakes. EBL preparation provides generally antennas of a higher quality,
but the lithographic process induces potential risks of damaging the sample as the wet
chemistry is used. EBL is more time consuming than FIB if a small number of antennas
is prepared, but much faster if a large array of antennas is fabricated. In such case, the
volume of material to be removed by FIB is too large. Therefore, either of the techniques
is suitable for a different class of targeted nanostructures. In general, when no specific
issues apply, EBL shall be prioritized over FIB as it produces antennas with stronger
plasmonic response and low contamination.

In conclusion, we have performed the comparative study of plasmonic antennas fabri-
cated by EBL and FIB. We have demonstrated that the EBL antennas have better quality.
First, they have rather homogeneous thickness profile with decent thickness fluctuation,
and sharper edges. Second, they are cleaner, with a moderate contamination of organic
origin evidenced by the presence of carbon and oxygen atoms with the total rate up to
20 %. On the other hand, plasmonic antennas fabricated by FIB lithography have slightly
dull edges and exhibit pronounced thickness fluctuation. They are also strongly contam-
inated not only by organic contaminants forming a continuous layer of the thickness of
about 18 nm, but also by residues of FIB milling including implanted milling ions and
atoms of the titanium adhesion layer, possibly oxidized. In consequence, the plasmonic
response of the antennas characterized by EELS is considerably stronger and slightly bet-
ter localized for the antennas fabricated by EBL than for the antennas fabricated by FIB.
To conclude, while both techniques are suitable for the fabrication of plasmonic anten-
nas, EBL shall be prioritized over FIB lithography due to better quality of the resulting
antennas.
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7 Babinet’s principle for
disc-shaped plasmonic antennas

Babinet’s principle relates the optical response of apertures in thin films and their comple-
mentary analogues — solid barriers or particles. Originating in the wave theory of light and
analysis of diffraction, it has recently entered the field of plasmonics [28]. According to
the Babinet’s principle assuming the metallic layer as infinitesimally thin ideal conductor,
localized surface plasmons in complementary particles and apertures have identical reso-
nance energies and their near fields are closely linked: The electric field distribution with a
specific in-plane polarization for an aperture corresponds to the magnetic field distribution
with a perpendicular polarization for a particle [219]. However, the real metallic layer is
not an ideal and infinitesimally thin conductor, therefore a perfect complementarity is not
fully expected and some differences may arise from the imperfect complementarity. More-
over, some additional differences can be related to fabrication processes and experimental
techniques involved in the characterization of the real structures.

7.1 Methods

To assess the theoretically predicted Babinet’s complementarity, a set of gold disc-shaped
antennas and complementary apertures in a gold layer, schematically shown in Figure
7.1] with various diameters were studied. Plasmonic structures were fabricated by FIB
lithography of the 30 nm thick gold layer on the 3nm thick titanium adhesion layer on
a silicon nitride membrane. EEL and CL spectra have been measured for several disc-
shaped plasmonic particles and apertures with diameters between 43 nm and 164 nm.

Figure 7.1: Schematic representation and dark field micrograph of a gold disc antenna and an
aperture in the gold layer fabricated by FIB lithography.

Raw EEL spectra were processed by ZLP and background subtraction and normalized
by dividing the spectra by the integral intensity of the ZLP with the interval of integration
from —1eV to 1eV. A typical LSP related loss probability spectrum (for a disc with the
diameter of 101 nm) is shown in Figure . The theory predicts two distinct LSP modes
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Figure 7.2: Processing of experimental EEL spectra. First, the EEL spectrum recorded for
a disc with the diameter of 101 nm is decomposed into a zero-loss peak and background (red
area), and LSP related response (green area). Second, the normalized LSP related EEL spectrum
(green area) is decomposed into individual Gaussian peaks corresponding to the dipole mode
(D) and the second peak corresponding to the quadrupole mode (Q) which is also influenced by
the multimodal assembly.

(dipole and quadrupole), but the experimental EEL spectrum features only a single broad
peak due to finite experimental resolution mostly limited by the energy distribution of
the incident electron beam. Therefore, the experimental spectrum is further decomposed
into individual peaks by sequential fitting of two Gaussians. The left side of the peak
is fitted by a single Gaussian and the residual spectrum is processed in the same way.
In this way, two peaks arising from the excitation of two distinct LSP modes or their
superposition can be obtained. The first (lower energy) peak always represents the dipole
LSP resonance. The second peak, however, cannot be always related with the quadrupole
LSP resonance as it is contributed also by higher-order modes and corresponds thus to a
mixture of the quadrupole mode with a multimodal assembly. Further, it is contributed
by the bulk absorption that becomes important above 2¢V.

The loss probability maps were obtained by integration the total loss probability (in-
cluding the ZLP and background) over the 0.1eV wide energy window centered around
the peak energy of the dipole mode and dividing this by the integral of total loss prob-
ability across the ZLP using an energy window from —1eV to 1eV. Such normalization
is important to compensate the intensity differences caused by the different thickness of
the parts of the sample covered and uncovered by gold.

7.2 Results

Experimental EEL and CL spectra of disc-shaped plasmonic antennas of different diame-
ters excited near their edge are shown in Figure [7.3[ and Figure [7.4} respectively. Within
the EEL spectra it is possible to identify two peaks corresponding to the dipole LSP
mode and the quadrupole mode mixed together with the multimodal assembly. In the CL
spectra, just the dipole LSP mode is present as it is optically active, the higher modes
have no net electric dipole moment and are thus optically dark. The peak energies of the
detected LSP modes are displayed as functions of an effective wave number in a form of
dispersion relations. The effective wave number is in the case of the dipole mode equal to
the reciprocal antenna diameter, determined from ADF-STEM images. In the case of the
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Figure 7.3: Measured EEL spectra of LSP resonance in gold nanodiscs and complementary
apertures of different diameters (left) and the dispersion relation of measured LSP resonances
by EELS (right). The peak energy is plotted as a function of the effective wavenumber, which
corresponds to the reciprocal diameter in the case of the dipole mode or to the reciprocal value
of the doubled diameter in the case of the quadrupole mode. To allow a brief comparison with
the theory, BEM simulation of the dipole mode in gold nanodiscs is included.
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Figure 7.4: Measured CL spectra of LSP resonance in gold nanodiscs and complementary
apertures of different diameters (left) and the dispersion relation of measured LSP resonances
by CL (right). The peak energy is plotted as a function of the effective wavenumber, which
corresponds to the reciprocal diameter. To allow a brief comparison with the theory, BEM
simulation of the dipole mode in gold nanodiscs is included.
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quadrupole mode, the effective wave number equals to the reciprocal value of the doubled
antenna diameter. The error bars correspond to circles inscribed and circumscribed to
the STEM micrographs of the antennas. The error bars of the energies include a standard
error of the fit and a systematic error primarily related to the background subtraction and
in the case of EELS to FWHM of the ZLP. To verify the measured results, a set of BEM
simulations was computed. In simulations, the titanium adhesion layer was neglected, the
dielectric function of gold was taken from Reference [206], and the dielectric constant of
the silicon nitride membrane was set equal to 4 (in agreement with Reference [I79]). The
energy of the LSP dipole resonance in discs was calculated and is plotted in Figures
and as the reference. Electron energy loss probability, the reference for EELS, and
the radiative probability, the reference for CL, were evaluated separately. The energy of
the dipole LSP resonance from simulations corresponds quite well to the measured value.

The energies of the dipole LSP mode determined by EELS and CL correspond to
each other within the error bars. The agreement in the plasmon energy of disc and holes
is excellent in the case of CL measurement. However in the case of EELS, a systematic
redshift of apertures is observed. The only exception is the smallest aperture for which CL
features no clear peak and the peak energy determined by EELS is strongly redshifted.
The origin of this difference is at present not fully clear. Babinet’s complementarity
was therefore confirmed for the main LSP properties such as the resonance energies, but
differences were found, for example, for the excitation efficiency as the measured response
of the apertures is higher than for particles. This difference can be attributed to more
efficient coupling of the apertures to the electromagnetic field of the relativistic electron
or to the quality of fabricated antennas.
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Figure 7.5: Measured EEL spectra of LSP resonance in gold nanodiscs corresponding to the
breathing mode and its dispersion relation. In apertures, there was no breathing mode detected.
The peak energy is plotted as a function of the effective wavenumber, which corresponds to
the reciprocal diameter. To allow a brief comparison with the theory, BEM simulation of the
breathing mode in gold nanodiscs is included.

In the case of discs, a radial breathing mode is expected to be detected while the
electron beam is situated in the middle of the structure [I75]. Experimental EEL spectra
of disc-shaped plasmonic antennas of different diameters excited in their center are shown
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in Figure The measured spectra consist of a single peak which corresponds to a
mixture of the breathing LSP mode with a material absorption in gold which has a peak
at 2.5eV. Consequently, the dispersion relation indicates a systematic blueshift of the
measured values. In the case of apertures, there was no breathing mode detected as the
EEL spectra measured in the middle of the aperture did not contain any peak in the
considered spectral region.

The spatial distribution of the dipole LSP mode was mapped by EELS only as CL
suffered from the sample contamination during the long time spectrum image acquisition
and the resulting CL maps can suffer from asymmetry of the collection mirrors. Figure
shows the dark field micrograph of a set of gold disc antennas and apertures followed
by loss probability maps at the peak energy of the dipole mode (extracted from Figure
showing the spatial distribution of the dipole LSP resonance. Figure than shows
the spatial distribution of all LSP modes detected by EELS in the largest antennas.

Figure 7.6: Dark field micrograph of a set of gold disc antennas and apertures followed by loss
probability maps at the peak energy of the dipole mode (extracted from Figure showing
the spatial distribution of the dipole LSP resonance. The cyan circle denotes the edge of the
antenna.

To allow for a quantitative comparison of rather noisy data and taking into account
the radial symmetry, the intensity profile in the loss probability maps in Figure was
averaged over the angular coordinate. The radial dependencies are displayed in Figure
7.8 For both the dipole and the quadrupole mode the loss probability is the strongest
nearby the edge of the antennas, peaking at the inner side of the boundary in the particle
and at the outer side of the boundary in the aperture, it means, inside the metal near
the edge of the structure. As it is expected, the quadrupole modes are more spatially
confined than the dipole modes. The breathing mode in the disc has its maxima in the
middle of the disc and its intensity decreases with the increasing distance. The important
result is that the modes in apertures are considerably more extended and stronger (the
loss probability is higher) than the modes in particles. This can be contributed by two
effects. First, electric near field of the modes is less extended (exhibits faster asymptotic
decay) than the magnetic near field in the particles, while the opposite holds (in line with
Babinet’s principle) in the apertures. In line with this finding the possibility to employ
Babinet’s principle for the imaging of the near magnetic field is revisited. It has been
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Figure 7.7: Dark field micrograph of gold disc antenna and aperture with the diameter of
161 nm and 164 nm, respectively, followed by loss probability maps showing the spatial distri-
bution of the modes: the dipole (1.48 eV disc, 1.32eV aperture), the quadrupole (1.90eV disc,
1.63 eV aperture), and in the case of the disc also the breathing mode (2.37¢V).
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Figure 7.8: Radial dependence of the loss probability at the energy corresponding to the dipole,
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164 nm, respectively, obtained by rotational averaging of the intensity profile in loss probability
maps in Figure[7.7} The black solid line denotes the radius of the disc and the black dashed line
denotes the radius of the aperture, respectively.
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proposed that difficult-to-access magnetic near field can be represented by the electric
near field in the complementary structures [220, 221I]. While this approach was proven
successful in THz [220], the results presented in this Section indicate its rather limited
applicability for the near infrared and visible spectral range and for using EELS as the
magnetic imaging technique.

Differences for the excitation efficiency between particles and apertures can arise due
to several reasons. In case of CL, a possible explanation might be a thermal quenching
of the CL intensity due to local heating by the electron beam. The exposure time of
CL measurements was relatively long (10s per spectrum) and the beam was very intense
(200keV electron beam with the beam current about 30nA), which may lead to the
heating of the investigated structure. When an excited structure is heated, it relaxes
into its ground state with a higher probability through nonradiative processes [125]. If
the CL intensity is thermally quenched, the CL signal of the heated structure should
decrease in time. One may expect that the gold layer around the apertures conducts
the heat away more effectively than the pure membrane around the disc antennas, so
the local temperature of the apertures is lower than the local temperature of the disc
antennas. This would lead to higher thermal quenching for the disc antennas and to
higher excitation efficiency for the apertures. To investigate this, an experiment with a
time series of CL spectra with increasing exposure time was performed. Results measured
on a disc with the diameter of approximately 80 nm and an aperture with the diameter of
approximately 130 nm are summarized in Table [7.1] Note that the normalized counts for
particle and aperture are very similar up to exposure time of 20s and differ slightly for
exposure times 30 s and 1 min. Therefore, thermal quenching does not play an important
role during the presented CL experiments as the exposure time was 10s per spectrum.
The results summarized in Table indicates that if thermal quenching due to different
thermal conductivity of the material around the particle and aperture is present, it may
play non-negligible role for measurements with acquisition time longer than 1 minute.

Table 7.1: Normalized CL intensity with respect to 1s exposure time at the peak position for
a gold disc shaped particle and aperture.

exposure time (s) | particle | aperture
1 1.00 1.00
2 2.08 2.37
5) 5.22 5.77
10 10.87 10.24
20 20.74 22.50
30 29.53 35.05
60 54.41 68.18

7.3 Conclusion

In conclusion, solid and hollow disc-shaped plasmonic antennas exhibit Babinet’s comple-
mentarity. We confirmed the qualitative validity of the Babinet’s principle — both types
of plasmonic antennas exhibit LSP resonances of the comparable energy and the related
near fields have complementary spatial distribution. On the other hand, we have found
quantitative differences. Most prominent differences have been found for the near fields
represented by the spatial distribution of loss probability as the plasmonic response of
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apertures is generally stronger and less confined to the edge of the structure. From the
practical point, the observed differences are rather minor. The validity of the Babinet’s
principle is relevant also for numerous applications. Babinet’s complementarity allows to
toggle between the magnetic and electric response, or between the reflection and transmis-
sion mode. While particles have to be supported by a substrate, substrate-less apertures
self-supported by their frame can be fabricated. Apertures also offer better heat and
charge management as the thin metallic film surrounding the apertures is usually better
conductor than the substrate supporting the particles. This opens the possibility of choice
between both types of plasmonic antennas depending on desired fabrication limitations
and operational conditions in a wide field of applications.
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8 Plasmonic antennas with electric
and magnetic hot spots

This Chapter summarizes a study of nanostructures with electric and magnetic hot spots
— areas of strong local enhancement of electric and magnetic field. Such effects are sup-
ported by bow-tie [210] and diabolo [211] antennas. Four types of plasmonic antennas are
introduced applying bow-tie and diabolo duality together with the Babinet’s principle [82]:
bow-tie and diabolo antenna as plasmonic antennas in the form of particles, and inverted
bow-tie and inverted diabolo antenna as plasmonic antennas in the form of apertures.
These four types of plasmonic antennas are schematically shown in Figure[8.1] Plasmonic
modes in nanoparticle dimers with conductive (diabolo or inverted bow-tie antennas) or
insulating (bow-tie or inverted diabolo antennas) junction has been characterized in our
study combining EELS, optical spectroscopy, and numerical simulations [80].

bow-tie diabolo inverted bow-tie inverted diabolo

atal>4

Figure 8.1: Schematic representation of bow-tie, diabolo, inverted bow-tie, and inverted di-
abolo antenna. The green bar denotes the total length of the antenna which is used as the
characteristic parameter for all antennas.

8.1 Methods

Gold plasmonic antennas were fabricated on a 30 nm thick silicon nitride membrane by
focused ion beam lithography of a deposited 30 nm thick polycrystalline gold layer. It
should be noticed that no adhesion layer was used. Direct antennas were located in the
middle of a metal-free square ranging according to their size between 1pm x 1pm and
4 pm x 4 pm, which is perfectly sufficient to prevent their interaction with the surrounding
metallic frame. Inverted antennas were fabricated as isolated antennas with the distance
between two nearby structures of at least 5pm to prevent their collective interaction.
Figure [8.1] shows the design of the bow-tie, diabolo, inverted bow-tie, and inverted dia-
bolo plasmonic antennas. Particle antennas consist of two metallic wings and a bridge
which is insulating for a bow-tie and metallic for a diabolo. For inverted structures, the
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metallic and the insulating parts are interchanged. The dimensions of the bridge are set
to approximately 30 nm x 30 nm and the total length of the plasmonic antenna is varied.
The wing angle is set to 90° which ensures the maximal complementarity of direct and
inverted antennas. In this case, the area with gold and without gold is in the square with
the edge corresponding to the total length of the antenna nearly the same. Bow-tie and
inverted diabolo antennas concentrate charge and form electric hot spots while diabolo
and inverted bow-tie antennas funnel current and form magnetic hot spots [82].

Plasmon resonances were characterized using EELS and partially CL. EELS mea-
surements were performed with the TEM FEI Titan equipped with the GIF Quantum
spectrometer operated in the monochromated scanning regime at 300kV. The beam cur-
rent was set to 0.4nA and the FWHM of the ZLP was around 0.1eV. The convergence
angle was set to 10mrad, the collection angle to 10.4mrad, and the dispersion of the
spectrometer to 0.01 eV /pixel. EELS spectrum images were recorded with the pixel size
of 5nm (except the largest structures where the pixel size was increased), while the num-
ber of pixels depended on the antenna size. Every pixel of the spectrum image consists
of 30 cross-correlated and summed EEL spectra with the total pixel acquisition time
around 25 ms. EEL spectra were integrated over several pixels around the positions of
interest, background and zero-loss peak subtracted, and divided by the integral intensity
of the whole spectrum to transform measured counts to a quantity proportional to the
loss probability. EEL maps were obtained as energy-integrated intensity at the plasmon
peak energy with the energy window of 0.1 eV divided by the integral intensity of the ZLP
with the integration window from —0.5€eV to 0.5€eV. Such normalization is important to
compensate the intensity differences caused by the different thickness of the parts of the
sample covered and uncovered by gold. CL measurement was performed with the TEM
FEI Tecnai F20 with the Gatan VULCAN spectrometer operated in the scanning regime
at 200kV. The beam current was set to 13nA, the central wavelength was set to 800 nm
which corresponds to the detectable energy range from 1.24 eV to 2.25eV, the acquisition
time was set to 2s/pixel, and the CL signal was collected from both mirrors (upper and
lower) together.

8.2 Bow-tie and inverted bow-tie antennas

A typical bow-tie antenna with the total length of 282nm and a typical inverted bow-
tie antenna with the total length of 300 nm are shown in Figure The EEL spectra
recorded at different positions reveal three distinct peaks. The nature of modes corre-
sponding to these three peaks is revealed in the loss probability maps at peak energies
shown in Figure [8.3]

The first peak in Figure is detected at 1.23eV in the case of bow-tie and at
1.08 eV in the case of inverted bow-tie, respectively. The spatial distribution of the loss
probability at the energy of the first peak exhibits maxima in the corners of the bow-tie
and therefore corresponds to a transverse dipole mode as it is oriented perpendicular to
the total length of the structure. The transverse dipole mode is the lowest mode of this
structure as the wing angle is set to 90° which implies the longest length of the metal piece
of the bow-tie antenna in the transverse direction. It is a mixture of a bonding and an
antiboding mode consisting of parallel and antiparallel alignment of the dipoles in both
wings (Figure shows the antibonding case). Their energy difference is in this case so
low that they are not distinguishable by EELS. In the case of the inverted bow-tie, the
energy of this mode is similar. However, the spatial distribution is rather different. From
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Figure 8.2: Background and ZLP subtracted normalized EEL spectra measured in the corner
(orange), in the gap (green), and on the outer edge (blue) of the bow-tie (left) and the inverted
bow-tie (right) antenna. The color squares in the insets indicate the areas where the respective
spectra were collected. The first peak corresponds to the transverse dipole mode, the second
one to the longitudinal dipole mode, and the third one to the edge mode. For better description
of these modes, see Figure @

structure TD mode LD mode edge mode

Figure 8.3: Schematic representation of detected plasmonic modes in the bow-tie antenna fol-
lowed by experimental data corresponding to the transverse dipole (TD) mode, the longitudinal
dipole (LD) mode, and the edge mode represented by loss probability maps at peak energies
determined from Figure[8.2] placed over a shadow of the micrograph of the antenna shown in the
left column. From the Gauss law it follows that the strongest out-of-plane electric field occurs
just near the areas of the accumulated charge. Note that in the case of the particle antenna,
the measured spatial distribution of the loss probability corresponds to the out-of-plane electric
field distribution of the particle antenna, which is close to the accumulated charge distribution
in the particle antenna. In the case of the inverted aperture antenna, it corresponds to the
out-of-plane electric field distribution, which is close to out-of-plane magnetic field distribution
related to the particle antenna.
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the Gauss law it follows that the strongest out-of-plane electric field, detected by EELS,
occurs just near the areas of an accumulated charge. Therefore, in the case of the particle
bow-tie, the highest loss probability is detected in the corners of the structure, where the
charge is accumulated. In the case of the inverted bow-tie (i.e. aperture), the Babinet’s
principle says that its out-of-plane electric field distribution is the same as the out-of-plane
magnetic field distribution of the particle. As EELS detects the out-of-plane electric field,
in principle, we indirectly detect the spatial distribution of out-of-plane magnetic field
corresponding to the transverse dipole mode in the particle when inspecting the first
peak in the case of the inverted bow-tie. This is perfectly confirmed by the schematic
mode analysis presented in Figure [8.3]

The second peak in Figure has the energy of 1.67 €V in the case of the bow-tie and
1.76 eV in the case of the inverted bow-tie, respectively. The spatial distribution of the
loss probability at the energy of the second peak exhibits maximum in the gap of the bow-
tie and therefore corresponds to a longitudinal dipole mode. Note that in our geometry
the longitudinal length of each wing is shorter than their tranversal length. It is again
a mixture of a bonding and an antibodning mode consisting of parallel and antiparallel
alignment of the dipoles in both wings (Figure shows the antibonding case). Their
energy difference is also in this case so low that they are not distinguishable by EELS. In
the case of the inverted bow-tie, the energy of this mode is similar. However, the spatial
distribution is rather different and again corresponds to the spatial distribution of the
out-of-plane magnetic field of this mode in the particle bow-tie.

The third peak in Figure is detected at 1.95€eV in the case of the bow-tie and at
1.93€eV in the case of the inverted bow-tie, respectively. The spatial distribution of the
loss probability at the energy of the third peak exhibits maxima in the middle of all edges
of the bow-tie and corresponds to a higher order mode — the edge mode.

To explore the tunability of bow-tie and inverted bow-tie antennas, their size was
scaled. A set of bow-tie and inverted bow-tie antennas with the total length from 200 nm
to 1500 nm was studied by EELS. The investigation was focused on detection of the en-
ergy and spatial distribution of all three LSP modes (transverse dipole mode, longitudinal
dipole mode, and edge mode) introduced in Figure . The energies of these modes are
summarized in Table 8.1l for the bow-tie antennas and in TableR.2] for the inverted bow-tie
antennas. The energies of individual modes in particles and apertures are rather similar
(for graphical visualization, see Figure . The transverse dipole mode is tunable in
the respect size region from 0.3 eV to 1.4 eV and the longitudinal dipole mode is tunable in
the respect size region from 0.6 eV to 2.0eV in antennas under study. Consequently, both
modes are easily tunable through the near-infrared and visible red spectral region. More-
over, larger antennas will support LSP resonances tunable in infrared region at energies
which are hardly accessible by electron beam spectroscopy.

Spatial distributions of all three LSP modes is shown in Figure for bow-tie an-
tennas and in Figure for inverted bow-tie antennas. These experimental maps suffer
from two pitfalls. First, LSP modes at energies lower than 0.5€eV are overlapping with a
non-negligible intensity from the ZLP, which leads to a poor signal-to-background ratio
of EELS below 0.5eV. Therefore, the maps corresponding to the modes with the energy
below 0.5eV are not shown. Second, these experimental maps show the loss probability
integrated over the 0.1 eV interval at the peak energy of the respect LSP mode. Therefore,
if the structure supports two different LSP modes at a similar energy, the experimental
map detects the summed loss probability of all overlapping modes in the respect energy in-
terval. Note that such loss probability maps are presented. To show the clear distribution
of the modes it would be necessary to fit all spectra by eigenmodes functions, which would
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ADF micrograph TD mode LD mode edge mode

Figure 8.4: Annular dark field STEM micrographs of a set of gold bow-tie antennas followed
by loss probability maps at the energy of the transverse dipole (TD) mode, longitudinal dipole
(LD) mode, and edge mode listed in Table As the experimental loss probability maps gives
good results just at energies above 0.5 €V, the maps corresponding to the modes at lower energies
are excluded.
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ADF micrograph TD mode LD mode edge mode

Figure 8.5: Annular dark field STEM micrographs of a set of gold inverted bow-tie anten-
nas followed by loss probability maps at the peak energy of the transverse dipole (TD) mode,
longitudinal dipole (LD) mode, and edge mode listed in Table As the experimental loss
probability maps gives good results just at energies above 0.5V, the maps corresponding to the
modes at lower energies are excluded.
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Table 8.1: Bow-tie antennas: total length of the antenna followed by the energy of the peak
corresponding to the transverse dipole (TD) mode, the longitudinal dipole (LD) mode, and the
edge (E) mode.

total length (nm) | TD (eV) | LD (eV) | E (eV)
200 1.41 1.85 2.12
282 1.23 1.67 1.95
419 0.97 1.44 1.62
520 0.79 1.23 1.44
610 0.69 1.08 1.27
825 0.58 0.90 1.08
1030 0.50 0.77 0.93
1275 0.45 0.67 0.81
1490 0.35 0.60 0.72

Table 8.2: Inverted bow-tie antennas: total length of the antenna followed by the energy of
the peak corresponding to the transverse dipole (TD) mode, the longitudinal dipole (LD) mode,
and the edge mode.

total length (nm) | TD (eV) | LD (eV) | Q (eV)
217 1.33 1.95 2.11
300 1.08 1.76 1.93
440 0.87 1.56 1.73
536 0.76 1.38 1.61
652 0.66 1.29 1.53
860 0.56 0.96 1.36
1054 0.45 0.82 1.16
1296 0.39 0.72 0.99
1500 0.35 0.67 0.93

be a rather complicated postprocessing of the experimental data, and to plot the spatial
distribution of fitted amplitudes of these functions. It should be also noticed that the
vertical blue or yellow line going through the maps is an experimental artifact connected
with an insufficiently regenerated CCD camera while recording the EEL spectra.

In the case of bow-tie antennas, the spatial distribution of the modes is the same
through all the structures. However, the edge mode maps in the larger structures are not
as clear as in the case of smaller structures due to overlapping with other modes. In the
case of inverted bow-tie antennas, the spatial distribution of the modes is similar through
all the structures. In the smallest apertures, the longitudinal dipole mode and the edge
mode are not well distinguishable from each other. In the larger apertures, the spatial
maps are different as the loss probability at the energy of the edge mode has maxima in
the middle of outer edges of apertures whereas the loss probability at the energy of the
longitudinal dipole mode has minima there.

8.3 Diabolo and inverted diabolo antennas
A typical diabolo antenna with the total length of 300 nm and a typical inverted diabolo

antenna with the total length of 280 nm are shown in Figure EEL spectra recorded
at different positions reveal four distinct peaks. The nature of modes corresponding to
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Figure 8.6: Background and ZLP subtracted normalized EEL spectra measured in the corner
(orange), in the neck (green), next to the neck (red), and on the outer edge (blue) of the diabolo
(left) and the inverted diabolo (right) antenna. The color squares in the insets indicate the ar-
eas where the respective spectra were collected. The first peak corresponds to the longitudinal
bonding dipole mode, the second one to the transverse dipole mode, the third one to the longi-
tudinal antibonding dipole mode, and the fourth one to the edge mode. For better description
of these modes see Figure @

structure LDB mode TD mode LDA mode edge mode

Figure 8.7: Schematic representation of detected plasmonic modes in the diabolo antenna
followed by experimental data corresponding to the longitudinal bonding dipole (LDB) mode,
the transverse dipole (TD) mode, the longitudinal antibonding dipole (LDA) mode, and the edge
mode represented by the loss probability maps at the peak energies determined from Figure [8.6]
placed over a shadow of the micrograph of the antenna shown in the left column. From the
Gauss law it follows that the strongest out-of-plane electric field occurs just near the areas of
the accumulated charge. Note that in the case of the particle antenna, the measured spatial
distribution of the loss probability corresponds to the out-of-plane electric field distribution
of the particle antenna, which is close to the accumulated charge distribution in the particle
antenna. In the case of the inverted aperture antenna, it corresponds to out-of-plane electric
field distribution of the aperture antenna, which is close to the out-of-plane magnetic field
distribution of the particle antenna.
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these four peaks is revealed in loss probability maps at peak energies shown in Figure 8.7

The first peak in Figure[8.6]is detected at 0.69 €V in the case of diabolo and at 0.73 eV in
the case of inverted diabolo, respectively. The spatial distribution of the loss probability
at the energy of the first peak exhibits maxima at the outer edges of the diabolo and
therefore corresponds to a longitudinal dipole mode. If the diabolo is considered as a
coupled structure consisting of two wings connected by a bridge, this mode corresponds
to the longitudinal bonding dipole mode as the dipoles in both wings are oriented parallel
and acts together to form the basic mode of the diabolo antenna. In the case of the
inverted diabolo, the energy of this mode is similar. However, the spatial distribution is
rather different. From the Gauss law it follows that the strongest out-of-plane electric
field, detected by EELS, occurs just near the areas of the accumulated charge. Therefore,
in the case of the particle bow-tie, the highest loss probability is detected in the corners
of the structure, where the charge is accumulated. In the case of the inverted bow-tie (i.e.
aperture), Babinet’s principle says that the out-of-plane magnetic field of the particle has
the same spatial distribution as the out-of-plane electric field of the aperture. As EELS
detects the out-of-plane electric field, in principle, we detect the spatial distribution of the
out-of-plane magnetic field corresponding to the longitudinal dipole mode in the particle
when inspecting the first peak in the case of the inverted diabolo. This is perfectly
confirmed by the schematic mode analysis presented in Figure [8.7 Note that we observe
the same effect as in the case of the bow-tie and the inverted bow-tie discussed in Section
8.2

The second peak in Figure is detected at 1.09 €V in the case of the diabolo and at
1.18 eV in the case of the inverted diabolo, respectively. The spatial distribution of the
loss probability at the energy of the second peak exhibits maxima in the corners of the
diabolo antenna and therefore corresponds to a transverse dipole mode. It is a mixture
of the bonding and the antibonding mode consisting of a parallel and an antiparallel
alignment of the dipoles in both wings (Figure shows the antibonding case). Their
energy difference is in this case so low that they are not distinguishable by EELS. In the
case of the inverted bow-tie, the energy of this mode is similar. The spatial distribution is
rather different and corresponds to the spatial distribution of the out-of-plane magnetic
field of this mode in the diabolo as expected (see Figure .

The third peak in Figure has the energy of 1.58¢eV in the case of diabolo and
1.83 €V in the case of inverted diabolo. The spatial distribution of the loss probability at
the energy of the third peak exhibits a maximum in the neck of the diabolo and therefore
corresponds to a longitudinal antibonding dipole mode where the dipoles in two wings
are oriented antiparallel. Note that contrariwise to the bow-tie, the longitudinal bonding
dipole mode and the longitudinal antibonding dipole mode are in the case of the diabolo
well separated in energy and easily distinguished by EELS.

The fourth peak in Figure is detected at 1.95eV in the case of the diabolo and at
2.00 €V in the case of the inverted diabolo. The spatial distribution of the loss probability
at the energy of the fourth peak exhibitss maxima in the middle of all edges of the diabolo
and corresponds to a higher order mode — the edge mode.

To explore the tunability of diabolo and inverted diabolo antennas, their size was
scaled. A set of diabolo and inverted diabolo antennas with the total length ranging
from 200 nm to 750 nm was studied by EELS. The shortest length is the same as in the
case of bow-tie antennas as even smaller structures would be rather difficult to fabricate.
The longest length is half of the bow-tie longest length. Note that due to the presence
of the conductive bridge the effective length in the longitudinal direction is different for
the diabolo and bow-tie antenna. In the case of the diabolo antennas, it corresponds to
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Table 8.3: Diabolo antennas: total length of the antenna followed by the energy of the peak
corresponding to the longitudinal bonding dipole (LDB) mode, the transverse dipole (TD) mode,
the longitudinal antibonding dipole (LDA) mode, and the edge (E) mode.

total length (nm) | LDB (eV) | TD (eV) | LDA (eV) | E (eV)
190 0.97 1.52 1.85 2.13
255 0.77 1.30 1.71 2.05
300 0.69 1.09 1.58 1.95
500 0.45 0.81 1.24 1.51
600 0.39 0.72 1.13 1.35
710 0.36 0.66 0.98 1.07
ADF micrograph LDB mode TD mode LDA mode edge mode

Figure 8.8: Annular dark field STEM micrographs of a set of gold diabolo antennas followed
by loss probability maps at the peak energy of the longitudinal bonding dipole (LDB) mode, the
transverse dipole (TD) mode, the longitudinal antibonding dipole (LDA) mode, and the edge
mode listed in Table As the experimental loss probability maps gives good results just at
energies above 0.5eV, the maps corresponding to the modes at lower energies are excluded.
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Table 8.4: Inverted diabolo antennas: total length of the antenna followed by the energy of
the peak corresponding to the longitudinal bonding dipole (LDB) mode, the transverse dipole
(TD) mode, the longitudinal antibonding dipole (LDA) mode, and the edge (E) mode.

total length (nm) | LDB (eV) | TD (eV) | LDA (eV) | E (eV)
220 0.90 1.38 1.95 2.07
280 0.73 1.18 1.83 2.00
320 0.68 1.07 1.78 1.91
430 0.48 0.88 1.57 1.75
530 0.43 0.75 1.41 1.64
630 0.39 0.66 1.26 1.48
770 0.35 0.59 1.15 1.40
ADF micrograph LDB mode TD mode LDA mode edge mode

Figure 8.9: Annular dark field STEM micrographs of a set of gold inverted diabolo antennas
followed by loss probability maps at the peak energy of the longitudinal bonding dipole (LDB)
mode, transverse dipole (TD) mode, longitudinal antibonding dipole (LDA) mode, and the edge
mode listed in Table As the experimental loss probability maps gives good results just at
energies above 0.5eV, the maps corresponding to the modes at lower energies are excluded..
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the total length of the diabolo, whereas the effective length of the bow-tie corresponds
to the half of the total length of the bow-tie. The investigation was focused on detection
of the energy and spatial distribution of all four LSP modes (longitudinal bonding dipole
mode, transverse dipole mode, longitudinal antibonding dipole mode, and edge mode)
introduced in Figure 8.7, The energies of these modes are summarized in Table for
the diabolo antennas and in Table for the inverted diabolo antennas. The energies
of the individual modes in both the diabolo and inverted diabolo antennas of the same
size are rather similar (for graphical visualization, see Figure . For the considered
range of dimensions, the energy of the longitudinal bonding dipole mode is tunable from
0.3eV to 1.0eV, the transverse dipole mode is tunable from 0.6eV to 1.5eV, and the
longitudinal antibonding dipole mode is tunable from 1.0eV to 2.0eV. Consequently, all
the three modes are easily tunable through the near-infrared spectral region while the
longitudinal antibonding dipole mode is tunable in the visible red spectral region, too.

Spatial distribution of all the four LSP modes is shown in Figure |8.8|for diabolo anten-
nas and in Figure for inverted diabolo antennas. Loss probability maps corresponding
to the modes at energies below 0.5¢eV are excluded. In the case of diabolo antennas, the
spatial distribution of the modes is the same for all structures. However, in the larger
structures the edge maps are influenced by a spectral overlap with the longitudinal dipole
antibonding mode. In the case of inverted diabolo antennas, the spatial distribution of
the modes is similar for all structures. The longitudinal dipole antibonding mode and
edge mode are not well distinguishable from each other in smaller apertures as they are
close to each other in energy and the edge mode has lower loss probability (see the height
of the third and the fourth peak in Figure . In larger apertures, the spatial maps are
different as the edge mode has maxima in the middle of outer edges of apertures whereas
the longitudinal dipole mode has minima there.

8.4 Comparison of all four types of the antennas

Figure compares the spatial maps of the loss probability for all detected LSP modes.
The size of the antennas is identical with respect to the fabrication uncertainty: the
total length varies between 280 nm and 300 nm. The duality between bow-tie and diabolo
antennas is clearly observed. The modes that do not involve charge transfer through the
bridge of the antenna (transverse dipole, longitudinal dipole antibonding or longitudinal
dipole, and edge) have identical spatial distribution of the loss probability in both direct
and inverted structures. They also have similar mode energies. The only difference is the
longitudinal dipole bonding mode that includes charge transfer through the conductive
bridge of diabolo antennas. Note that the diabolo antenna has the longitudinal dipole
bonding mode well separated from the longitudinal dipole antibonding mode, whereas in
the case of a bow-tie antenna these two modes are overlapping with each other. The same
duality holds for the direct antennas as well as for the inverted antennas: the inverted
bow-tie and inverted diabolo pair.

Babinet’s complementarity, which was already discussed in the previous Sections, is
clearly visible in Figure too. Figure compares the energy of all detected LSP
modes in all the four types of the antennas in the form of dispersion relations, where the
plasmon energy is plotted as a function of the reciprocal total length of the antenna. This
easily allows to compare the plasmon energy of modes in the antennas of a different total
length. It can be seen, that the corresponding modes in all the four types of the antennas
have the same energy. The best agreement is observed for the transverse dipole mode.
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To sum up, the corresponding modes in the direct and inverted antennas, despite hav-
ing identical energy, strongly differ in the spatial distribution of measured loss probability
or the out-of-plane electric near fields.

structure LDB mode TD mode LDA mode edge mode

Figure 8.10: ADF STEM micrographs of structures with the schematic representation and EEL
intensity maps of all discussed plasmon modes (longitudinal dipole bonding, transverse dipole,
longitudinal dipole antibonding or longitudinal dipole, and edge) in all presented plasmonic
antennas (bow-tie, inverted bow-tie, diabolo, and inverted diabolo) extracted from Figures
and From the Gauss law it follows that the strongest out-of-plane electric field occurs just
near the areas of the accumulated charge. Note that in the case of the particle antennas, the
measured spatial distribution of the loss probability corresponds to the out-of-plane electric field
distribution of the particle antenna, which is close to the accumulated charge distribution in the
particle antenna. In the case of the inverted aperture antennas, it corresponds to the out-of-
plane electric field distribution, which is close to the out-of-plane magnetic field distribution of
the particle antenna.
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Figure 8.11: Dispersion relations showing the energies of plasmon modes as functions of the
reciprocal total length of the antenna for all discussed plasmon modes (longitudinal dipole
bonding — LDB, transverse dipole — TD, longitudinal dipole antibonding — LDA or longitudinal
dipole — LD, and edge — E) in all presented plasmonic antennas (bow-tie — values from Table
diabolo — values from Table [8:3] inverted bow-tie — values from Table [8.2] and inverted diabolo
— values from Table .

8.5 Comparison of EELS and CL measurements

After the EELS measurements a complementary CL measurement of the same antennas
was performed. Our experimental CL setup is restricted to the detection range from
1.24eV to 2.25eV, so the possibilities of this complementary measurement are rather
limited. The lower limit corresponds to a restriction by a significant absorption of the
light in the near-infrared spectral region in the optical fibers as the CL spectrometer is
designed mostly for the visible spectral range. Therefore, the comparison must be done
for the smallest structures. Even in that case the longitudinal dipole bonding mode of
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(a) bow-tie antenna, total length 200 nm
structure TD mode LD mode edge mode
STEM ADF (1.36-1.46) eV (1.80-1.90) eV (2.07-2.17) eV

(b) diabolo antenna, total length 190 nm

structure LDB mode TD mode LDA mode edge mode
STEM ADF (0.92-1.02) eV (1.47-1.57) eV (1.80-1.90) eV (2.08-2.18) eV

EELS

CL

EELS

CL

Figure 8.12: Comparison of the loss probability maps measured by EELS and the CL intensity
maps: Annular dark field STEM micrographs of the bow-tie (a) and the diabolo (b) antenna
followed by the loss probability maps and the CL intensity maps at the peak energy of the
longitudinal dipole bonding (LDB) mode, the transverse dipole (TD) mode, the longitudinal
dipole antibonding (LDA) mode or the longitudinal dipole (LD) mode, and the edge mode.

the smallest diabolo antenna and the smallest inverted diabolo antenna is out of the
detectable energy range.

Figure shows the comparison of loss probability maps measured by EELS and
CL intensity maps at the same energy for direct antennas. As the sample was prepared
by focused ion beam lithography and the EELS measurement was done prior the CL
measurement on the same structure, the developed hydrocarbon contamination plays a
non-negligible role [75]. If the carbon contamination layer is thick enough, it can absorb
the light emitted from the antenna and one detects just the light emitted from the carbon
contamination layer. In the case of CL measurement the spectrum image in Figure |8.12
was recorded from bottom to top. Especially the intensity on the top of the CL image of
the edge mode is strongly affected by the developed hydrocarbon contamination. Despite
that some agreement between the EELS and CL measurements is visible. The signal
corresponding to the transverse dipole mode is affected by a strong luminescence in one
corner of the antenna, but the local maxima of detected CL intensity are slightly visible
in all four corners of the antenna in the respect CL maps, similarly as in the EELS maps.
The signal corresponding to the longitudinal dipole (antibonding) mode has its clear
maximum in the gap or in the bridge of the antenna, which is in a reasonable agreement
with EELS. Finally, the CL map corrsponding to the edge mode is, except the signal
related to developed hydrocarbon contamination, rather similar to the EELS map.

Figure shows the comparison of loss probability maps measured by EELS and CL
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(a) inverted bow-tie antenna, total length 217 nm
structure TD mode LD mode edge mode
STEM ADF (1.28-1.38) eV (1.90-2.00) eV

(2.06-2.16) eV

CL

¥
&
ni
100 nm

(b) inverted diabolo antenna, total length 220 nm
structure LDB mode TD mode LDA mode edge mode
STEM ADF (0.85-0.95) eV (1.33-1.43) eV (1.90-2.00) e

Figure 8.13: Comparison of loss probability maps measured by EELS and CL intensity maps:
Annular dark field STEM micrographs of the inverted bow-tie (a) and the inverted diabolo (b)
antenna followed by the loss probability maps and the CL intensity maps at the peak energy of
the longitudinal dipole bonding (LDB) mode, the transverse dipole (TD) mode, the longitudinal
dipole antibonding (LDA) mode or the longitudinal dipole (LD) mode, and the edge mode.

intensity maps at the same energy for inverted antennas. The correspondence between
EELS and CL maps is generally worse than in the case of direct structures. The main
difference is the gap or the bridge of the inverted antennas. In this position, the EELS
maps reveals maximum of the loss probability for the transverse dipole mode, whereas CL
detects a minimum there indicating that the tranversal dipole excited by an electron beam
positioned in the gap or on the bridge of the antenna is nonradiative. The correspondence
is rather good in the case of the longitudinal dipole (antibonding) and the edge mode.
However, in the case of the inverted bow-tie antenna one can observe the highest CL
intensity on the outer edges of the antenna and the longitudinal dipole and edge modes
are modulated by a three-fold symmetry pattern. The origin of this feature is unclear. It
can be caused, for example, by the asymmetry of parabolic mirrors collecting the emitted
light. It should be noticed that such a three-fold symmetry pattern was observed in all
CL maps recorded on inverted bow-tie antennas.

8.6 Conclusion

To conclude, I have summarized the independent engineering of individual LSP modes in
composite plasmonic antennas based on varying the coupling between the components via
the insulating gap or the conductive bridge. LSP modes in bow-tie and diabolo antennas
and apertures were identified and their properties such as the origin of transverse and
longitudinal dipole modes, the spatial distribution of the modes, their tunability through
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the near-infrared and visible red spectral region, and Babinet’s complementarity between
direct and inverted antennas were described. The corresponding modes in direct and
inverted antennas, despite having identical energy, strongly differ in the spatial distribu-
tion of measured loss probability or the out-of-plane electric near fields. To extend the
available energy range to the whole visible region it would be necessary to replace gold by
another metal, for example, aluminum or silver. This would allow to explore the EELS
and CL complementarity more accurately, too.
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9 Silver amalgam nanoparticles

Silver amalgam is one of the most suitable solid electrode materials in electroanaly-
sis of various reducible organic and inorganic compounds. They include heavy metals,
agrochemicals, colorants, drugs, environmental pollutants, or biologically important com-
pounds such as DNA, proteins and their constituents, and vitamins. The main advantage
of silver amalgam within this context is its wide cathodic potential window, high mechan-
ical stability, adequate sensitivity, and advantageous strong interaction with biopolymers
(e.g. DNA and proteins) [222]. Nanostructuring the amalgam promises improved elec-
trochemical performance and brings along the prospect of plasmonic activity. However,
currently there is a lack of knowledge about the optical properties of nanostructured or
even bulk silver amalgam which prevents its using in spectroelectrochemical and photo-
chemical studies. In this chapter, a study of optical properties of silver amalgam and the
plasmonic nature of its nanoparticles by analytical electron microscopy is presented.

9.1 Methods

Silver amalgam nanoparticles were prepared by chemical synthesis on indium-tin-oxide
(ITO) substrates [222]. To prepare the sample for transmission electron microscopy, the
silver amalgam nanoparticles were washed off the I'TO into demineralized water in an
ultrasonic bath. A few microliters of this suspension was dropped onto a silicon nitride
membrane and dried. We used a standard 30 nm thick silicon nitride membrane for TEM
with the window size of 250 x 250 um? and frame thickness of 200 pm by Agar Scientific.
TEM measurements were performed with the TEM FEI Titan equipped with the GIF
Quantum spectrometer for electron energy loss spectroscopy (EELS) and the Super-X
spectrometer for Energy dispersive X-ray spectroscopy (EDS) operated at 300kV. For
the spectroscopy measurements, a monochromated scanning regime was used, the beam
current was set to 0.4nA, and the FWHM of the ZLP was around 0.13eV. In the case of
EELS, we set convergence angle to 10 mrad, collection angle to 6.6 mrad, and dispersion
of the GIF to 0.01 eV /pixel. We recorded EELS spectrum images with the pixel size of
3nm. At every pixel, 10 cross-correlated EEL spectra with the acquisition time of 0.4 ms
per spectrum were taken. The EEL spectra presented in this chapter were obtained
by integrating the recorded signal over several pixels in the region of interest, ZLP and
background subtracted, and divided by the integral intensity of the whole spectrum to
transform measured counts to a quantity proportional to the loss probability. EEL maps
show the EEL intensity at the plasmon peak energy integrated over the energy window of
0.2eV. In the case of EDS, we integrated approximately 100 EDS spectrum images with
the acquisition time of 10 ps per pixel. Spectrum images were post processed in the Velox
software. The EDS quantification in weight percents was performed in this software using
a parabolic background model and Brown-Powell ionization cross-section model.
Numerical simulations of EELS spectra were performed using the MNPBEM toolbox
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[T51], [152] based on the boundary element method (BEM). The dielectric function of the
thick silver amalgam film was measured using spectroscopic ellipsometry [79] and the
dielectric function of the silicon nitride membrane was set to 4 [I79]. For the calculations
of spectra and surface charge distribution, the electron beam was positioned 20 nm from
the outer side of the antenna. The obtained loss probability density was recalculated to
the loss probability at 0.01eV energy intervals (corresponding to the dispersion of the
spectrometer in the experiment).

9.2 Results

The chemical composition of a silver amalgam nanoparticle measured by STEM EDS is
shown in Figure[9.1] The composition is rather homogeneous and reads in weight percents
(54 £4) % of Ag and (46 + 6) % of Hg. Next to the silver amalgam nanoparticle some
small silver nanoparticles are located with the composition in weight percents reading
(89 +4) % of Ag and (11 +4) % of Hg. Elemental maps of Si and N are homogenous and
correspond to the signal generated by the silicon nitride membrane.

Figure 9.1: STEM HAADF micrograph of the silver amalgam nanoparticle with small silver
nanoparticles around followed by the elemental maps showing the composition in weight percents
of Ag and Hg constituting the nanoparticles together with Si and N from the membrane.

Figure 9.2: TEM micrograph (a) of a silver amalgam nanoparticle on an amorphous silicon
nitride membrane and the diffraction pattern (b) from the imaged area proving the polycrys-
tallinity of silver amalgam nanoparticles.

Figure shows the TEM micrograph of a typical silver amalgam nanoparticle on an
amorphous silicon nitride membrane. Its selected area diffraction pattern consists of two
overlapping parts, the rings corresponding to the amorphous silicon nitride membrane and
the points proving the polycrystallinity of the silver amalgam nanoparticle. Diffraction
patterns of another silver amalgam nanoparticles are similar. Therefore, the particles are
crystalline and usually consist of more grains.
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Figure 9.3: Silver amalgam nanoparticle approximated by a disc with the diameter of 175nm
and the thickness of 80nm: (a) STEM ADF micrograph, (b) ZLP and background subtracted
EEL spectrum integrated over the orange square in (a) complemented by numerical simulation,
(¢) simulation model of the disc with the mesh of boundary elements, (d) measured EEL maps
at the energy of the peaks in (b), (e) calculated EEL maps at the energy of the peaks in (b),
and (f) calculated surface charge distribution at the energy of the peaks in (b) clearly showing
that the first peak corresponds to the dipole mode.

The simplest shape of an silver amalgam nanoparticle found on the sample was ap-
proximated by a disc with the diameter of 175nm and the thickness of 80nm. This
particle was studied by EELS complemented by numerical simulations to describe the
LSP resonances (Figure . The silver amalgam disc-shaped nanoparticle exhibits two
peaks in the EEL spectrum. The first peak at 1.65 eV corresponds to the dipole LSP mode
in the structure and the agreement between the experiment and the theory represented
by the BEM simulation is excellent. The second peak at 3.5V in the experiment and at
3.25¢eV in the theory represented by the BEM simulation show good agreement between
the experiment and the theory. The difference between the experiment and the theory
can be attributed to dielectric functions of silver amalgam and silicon nitride used in sim-
ulations as well as to the difference between the real shape of the particle and its idealized
disc model. However, the simulation of the surface charge distribution (Figure [9.3f) does
not provide much inside into the character of the mode. For better understanding to
this mode a new simulation of a free standing silver amalgam disc, where the membrane
was neglected, was performed. The results summarized in Figure [9.4] are much clearer.
The first peak shifts from 1.65¢eV to 2.1eV and the surface charge distribution evidently
corresponds to the dipole LSP mode. The second peak shifts from 3.25¢eV to 3.65eV and
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the surface charge distribution in this case clearly corresponds to the quadrupole mode.
Therefore, I conclude that the second mode in Figure [9.3] is the quadrupole mode which
is affected by the substrate represented by the silicon nitride membrane. Additionally,
the quadrupole mode can be affected by the absorption in silver amalgam itself as the
imaginary part of its dielectric function reaches rather high values in this spectral region.
Note that the energy of the quadrupole mode in Figure 9.3 is approximately two times
the energy of the dipole mode.

Figure 9.4: Supplementary simulations of a free standing (i.e. with the membrane neglected)
silver amalgam disc with the diameter of 175 nm and the thickness of 80 nm: (a) calculated EEL
spectrum, (b) simulation model of the disc, (c) calculated surface charge distribution at the
energy of the peaks in (a) clearly showing that the first peak corresponds to the dipole mode
and the second peak corresponds to the quadrupole mode. The 300keV electron beam with
FWHM of 0.1eV was located 20nm next to the disc on the right-hand side and only surface
losses were considered.

A lot of silver amalgam nanoparticles have a shape of a rod. Their length ranges
from 50 nm to 500 nm. A typical rod with the length of 170 nm and the width of 120 nm
is shown in Figure [9.5. The chemical composition of this silver amalgam nanoparticle
measured by STEM EDS is again homogeneous and reads in weight percents (55 + 4)%
of Ag and (45 + 6)% of Hg. The small nanoparticle located next to the corner of the
silver amalgam nanoparticle contains silver only. Elemental maps of Si and N are again
homogeneous and correspond to the signal generated by the silicon nitride membrane.
This particle underwent the study by EELS complemented by numerical simulations to
describe the LSP resonances, too. The particle exhibits three different modes which are
presented in detail in Figure . The first peak at 1.77€V in the experiment (1.6€eV in
BEM simulation) corresponds to the longitudinal dipole mode with the loss probability
maxima in the middle of the short edge of the particle. The agreement between the
experiment and the theory represented by the BEM simulation is very good. The second
peak around 2.8 €V in the experiment (2.84 ¢V in BEM simulation) indicates a transverse
dipole mode with the loss probability maxima in the middle of the long edge of the particle.
However, the calculated surface charge distribution is not as clear as in the case of the
longitudinal dipole mode and we observe this mode affected by the substrate represented
by the silicon nitride membrane. The third peak around 3.2 €V in the experiment (3.15eV
in BEM simulation) corresponds to a higher-order (possibly quadrupole) mode. The
calculated surface charge distribution is affected by the substrate, too. Note that the
length of this rod (Figure is close to the diameter of previously discussed disc (Figure
and the energy of the longitudinal dipole mode in the rod is similar to the energy of
the dipole mode in the disc.
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Figure 9.5: Silver amalgam nanoparticle approximated by a rod with the length of 170 nm,
the width of 120 nm, and the thickness of 80 nm: (a) STEM HAADF micrograph and chemical
composition mapped by EDS, (b) ZLP and background subtracted EEL spectra integrated over
the orange squares in (c) complemented by numerical simulation corresponding to the excitation
in the middle of the short edge and in the middle of the long edge of the particle, (¢) STEM
ADF micrograph and measured EEL maps at the energy of the peaks in (b), (d) simulation
model of the disc followed by calculated EEL maps and calculated surface charge distribution at
the energy of the peaks in (b) clearly showing that the first peak corresponds to the longitudinal
dipole mode.
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Figure 9.6: Silver amalgam nanoparticles of different sizes: (a) measured and calculated energy
corresponding to the dipole mode, (b) STEM HAADF micrographs of silver amalgam nanopar-
ticles with their characteristic size from 30 nm to 470 nm and measured EEL maps at the energy
corresponding to their dipole mode.

An important thing for potential application is the spectral range which can be covered
by these silver amalgam nanoparticles. Figure shows the dependency of the energy
corresponding to the dipole LSP mode as a function of the particle size. First, the theo-
retical model represented by BEM simulation of a series of silver amalgam nanoparticles
on a 30nm thick silicon nitride membrane was performed. In total, six simulations were
performed to cover the whole range of sizes and shapes close to the nanoparticles mea-
sured by EELS. The energy of the dipole LSP mode covers the whole visible range from
0.84 ¢V for the largest (400 nm) structure, which is already in the near-infrared region, to
3.7¢V for the smallest (30 nm) structure, which is already in the ultraviolet region. Larger
structures then support LSP resonances in the mid-infrared range. Second, this range was
proved experimentally. A set of silver amalgam nanoparticles of a disc-like and a rod-like
shape with their characteristic size ranging from 30 nm to 470 nm was measured by EELS
(Figure ) In the case of the smallest rod like particle, the longitudinal dipole mode
was not detected, but the transverse dipole mode at the energy of 3.7 eV corresponding to
a characteristic size of 30 nm was measured. The disc with the diameter of 120 nm sup-
ports the dipole mode at 2.15eV. The rod like particles with a length of 160 nm, 170 nm,
180nm, 240 nm, and 470 nm support their longitudinal dipole mode at 1.82¢eV, 1.77¢V,
1.65eV, 1.35eV, and 0.85€eV. Therefore, the measured dipole LSP resonances covered the
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whole visible range with an overlap to ultraviolet and near-infrared region. It should be
noticed, that larger structures, which are not optimal for EELS measurements with our
TEM microscope, have their resonances in the mid-infrared region [79]. The agreement
between the simulation and the experiment is reasonably good.

9.3 Conclusion

To conclude, silver amalgam is a novel and very promising plasmonic material. By chang-
ing the size of nanostructures the dipole LSP resonance can be tuned from ultraviolet
through the whole visible to infrared region. A minor disadvantage is the absorption in
the silver amalgam itself as the imaginary part of its dielectric function reaches rather
high values in the visible region. The main advantage is that silver amalgam is well in-
vestigated in the field of electrochemistry so the silver amalgam nanoparticles opens a
possibility to combine plasmonics and electrochemistry together.
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10 Conclusion

To summarize, this thesis was focused on electron and ion beam techniques for fabrication
and characterization of plasmonic nanostructures. Analytical electron microscopy was
discussed focusing on applications in the field of plasmonics. The emphasis was given
to electron energy loss spectroscopy (EELS) and cathodoluminescence. Fabrication of
plasmonic samples for transmission electron microscopy was introduced while the focus
was given to focused ion beam lithography and to sample preparation using chemically
synthesized particles in water solution. This thesis had four main research results.

The first result is a comparative study of plasmonic antennas fabricated by electron
beam and focused ion beam lithography. While both techniques are suitable for the fabri-
cation of plasmonic antennas, electron beam lithography shall be prioritized over focused
ion beam lithography due to better quality of the resulting antennas and considerably
stronger plasmonic response in EELS. Antennas fabricated by focused ion beam lithog-
raphy have slightly dull edges, exhibit pronounced thickness fluctuation, and they are
also strongly contaminated not only by organic contaminants, but also by residues of FIB
milling including implanted milling ions and atoms of the titanium adhesion layer.

The second result is a study of Babinet’s principle of complementarity for gold disc-
shaped plasmonic antennas. The emphasis was given on experimental study using spatially-
resolved EELS and cathodoluminescence to investigate the electromagnetic response of
elementary plasmonic antennas: gold discs and complementary disc-shaped apertures in
a gold layer prepared by focused ion beam lithoghraphy. I have experimentally verified
that solid and hollow disc-shaped plasmonic antennas exhibit Babinet’s complementarity.
The complementarity was confirmed for fundamental plasmon properties such as reso-
nance energies, but differences rising from the limited validity of Babinet’s principle were
found, for example, for the spatial distribution of the near-field of plasmon polaritons.
Observed differences were from the practical point of view rather minor. The validity of
Babinet’s principle is relevant also for numerous applications. Babinet’s complementarity
allows to toggle between the magnetic and electric response, or between the reflection and
transmission mode. While particles have to be supported by the substrate, substrate-less
apertures self-supported by their frame can be fabricated. Apertures also offer better heat
and charge management as the thin metallic film surrounding the apertures is usually a
better conductor than the substrate supporting the particles.

The third result is the independent engineering of individual localized surface plas-
mon modes in composite plasmonic antennas based on varying the coupling between the
components via insulating gap or conductive bridge together with Babinet’s principle of
complementarity. I have studied bow-tie and diabolo plasmonic antennas, both in the
form of particles and in the form of apertures, which exhibit particularly strong local
field enhancement. I have identified several modes of localized surface plasmons in these
antennas and characterize their properties including mode energy, near field electric and
magnetic field distribution, and the qualitative distribution of charge nodes and current
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associated with electron gas oscillations. I have studied mode energy tunability in near
infrared and visible spectral regions and Babinet’s complementarity between direct and
inverted antennas. The corresponding modes in direct and inverted antennas, despite
having identical energy, strongly differ in the spatial distribution of measured loss prob-
ability or the out-of-plane electric near fields, respectively. From the Gauss law it follows
that the strongest out-of-plane electric field occurs just near the areas of the accumulated
charge. Note that the measured spatial distribution of the loss probability corresponds,
in the case of a particle antenna, to the out-of-plane electric field distribution in this
antenna, which is close to the accumulated charge distribution of the particle antenna.
In the case of an inverted aperture antenna, it corresponds to the out-of-plane electric
field distribution of the aperture antenna, which is close to the out-of-plane magnetic field
distribution of the particle antenna.

The fourth result is the characterization of a novel plasmonic material — silver amal-
gam. [ have studied nanparticles made of silver amalgam. I have experimentally proved
that by changing the size of nanostructures the dipole localized surface plasmon resonance
can be tuned through the whole visible and infrared region. A minor disadvantage is the
absorption in the silver amalgam itself as the imaginary part of its dielectric function
reaches rather high values in the visible region. The main advantage is that silver amal-
gam is well investigated in the field of electrochemistry so the silver amalgam nanoparticles
opens a possibility to combine plasmonics and electrochemistry together.

To conclude, in this Thesis I have introduced the application of analytical electron
microscopy in the field of plasmonics covering both the fabrication and characterization
processes. [ have fully covered all five main aims: (i) to introduce analytical electron
microscopy and its prospective for plasmonics and to give a brief overview of fabrication
of plasmonic antennas for electron beam spectroscopy investigations focused on focused
ion beam lithoghraphy, (ii) to investigate elementary gold plasmonic antennas with focus
on Babinet’s principle of complementarity, (iii) to study nanostructures with functional
properties related to the local enhancement of electric and magnetic field, (iv) to explore
the possibility of fabrication of plasmonic antennas using based on a frequently used
material, and (v) to study coupled structures. Finally, my work have contributed to
the publication of several manuscripts, and paved the way for a wide use of presented
techniques at CEITEC BUT in the future.

Further research in this field may deal, for example, with the following topics. Gold
can be replaced by another metal, for example, aluminum or silver to extend the available
energy range to the whole visible region. This would be necessary to explore the EELS
and CL complementarity more accurately. Second, the strong coupling phenomena with
the substrate is observed in the infrared range, which was not accessible by available
analytical transmission electron microscopes as it requires either an ultra high energy
resolution EELS, or CL spectrometer designed for the respect infrared spectral region.
However, it is not impossible to measure it in the near future in a laboratory with a
suitable microscope. Another possibility is to use phase shaped electron beams for EELS
or cathodoluminescence. To summarize, analytical electron microscopy in plasmonics will
deal with many interesting topics in the future.
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ADF annular dark field

AES Auger electron microscope/microscopy
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BEM boundary element method

CCD charge-coupled device
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A Additional equations

A.1 Low-loss EELS
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Figure A.1: Schematic sketch of the sample geometry. The electron beam goes through the
sample with the thickness ¢ and the dielectric function € located in vacuum inclined at the angle
« to the z axis perpendicular to the sample.

The differential energy loss probability assuming the electron beam with the momentum
po inclined at the angle a to the z axis perpendicular to the sample with the thickness ¢
and the dielectric function € located in vacuum (see Figure[A.1)) is expressed by Equation
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where the following abbreviations are used:
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The first row in Equation (A.1) corresponds to volume losses and all the other rows
correspond to surface losses such as surface plasmon and light guiding modes. In the case
of normal incidence « & 0, the last three rows in Equation (A.1) equal to zero.

A.2 Coherent cathodoluminescence

The photon flux of transition radiation in forward direction is [97, [131]

2

PN o« (%)2 7 (A.3)
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(617627 29 C)

where
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(A.4)
a = 1/137 is the fine structure constant, €; and €, are the dielectric functions of media 1

and 2, ny is the refractive index of medium 2 and 65 is the emission angle measured from
the boundary normal in the direction v.
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The transition radiation at two boundaries, where the medium 1 and 3 is the vacuum,
which corresponds to a standard TEM sample, is described by the formula for forward
emission [97, 137]

2
3N o v
;;@Q = 47(52\ sin? 05 | By + By exp(2i6) + Bsexp [i(6 — n)]|°, (A.5)
with
Bl = A <€27 17937 Z) )
1 v
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A
_ 2n
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S ng cos 8; — n; cos 0y,
kT npcosf; +n;cos B
where the angles are connected by the Snell law sinfy, = ngsinfly = sinfs, d is the

thickness of medium 2 and function A(ey, €2, 69, v/c) is defined in Equation (A.4)).

Cerenkov radiation is included in term B, [97]. To obtain the formula for backward
emission, Equation must be modified by replacing the indices 1, 2, 3 by 3, 2, 1 and
changing v/c to —v/c. The angles 6 are then measured from the direction —#. For normal
incidence, the light is p-polarized.
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