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Abstract

Plasmonic Phenomena in Multi-Dimensional
Nanostructures Characterized Using Advanced

Electron Microscopy

by
Robin Lingstädt

Submitted to the Department of Materials- and Geosciences at the

Technical University of Darmstadt on July 20th, 2023 in partial Ful-

fillment of the Requirements for the Degree of Doctor of Natural

Science in Materials Science

Plasmonic phenomena have been used unknowingly of their scientific origin
for more than thousand years for the production of colored glass by adding
metallic salts during the melting process. Since investigations of electromagnetic
properties at metal-dielectric interfaces over the last century have revealed
that localized surface plasmon resonances on subwavelength-sized nanoparticles
lead to optical absorption in the visible spectral range, the research field of
“plasmonics” has evolved. As interconnect for light-matter interactions at the
nanoscale, it has attracted significant attention due to its great potential for
scientific and technological applications, such as guiding and focusing of light
beyond the diffraction limit, realization of nanoantennas for optical probes in
near-field imaging or surface-sensitive spectroscopic measurements.

To achieve a fundamental understanding of macroscopic phenomena, it is essen-
tial to study the underlying mechanism for individual nanoscopic objects. This
has become possible through the development of advanced fabrication methods
such as atomic evaporation, ion beam milling and lithography procedures,
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as well as the availability of suitable characterization tools that provide the
necessary spatial resolution and stability.

In this dissertation, the plasmonic properties of two-dimensional, three-dimensional
and true chiral nanostructures were explored, mainly by using advanced analyti-
cal electron microscopy techniques, including electron energy-loss measurements,
cathodoluminescence spectroscopy and angle-resolved polarimetry. Numerical
calculations were performed to confirm the experimental findings and enhance
the comprehension of the underlying physics.

Regarding the mentioned guiding capabilities, the propagation of plasmonic
modes along clean and artificially structured edges of Bi2Se3 nanopatelets
revealed the capability to cope with the presence of defects, which is highly
beneficial for the realization of nanooptical circuits.

Plasmonic gold tapers enable the nanoscale concentration of electromagnetic
energy. Excitation mechanisms through fast electrons were reviewed and the
“phase-matching” interaction experimentally confirmed via measurements for
different kinetic energies of the incident electrons.

Left- and right-handed gold nanohelices were fabricated and optically character-
ized to reveal their chiroptical response. Upon electron irradiation, longitudinal
plamonic modes of multiple orders are excited along the helical windings. Their
decay in combination with the chiral geometry leads to directional emission of
circularly polarized light, that is strongly correlated both with the handedness
of the investigated structure and the excitation position by the electron beam.
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Zusammenfassung

Charakterisierung plasmonischer Phänomene in
mehrdimensionalen Nanostrukturen mit Hilfe
von spezialisierter Elektronenmikroskopie

Robin Lingstädt
von

Plasmonische Phänomene wurden bereits vor über 1000 Jahren ungeachtet
der zu Grunde liegenden naturwissenschaftlichen Ursache genutzt, wie zum
Beispiel für die Herstellung farbigen Glases durch Beimischung metallischer
Salze während des Schmelzvorgangs. Erst seit der Erforschung elektromag-
netischer Eigenschaften an metallisch-dielektrischen Grenzflächen im Laufe
des letzten Jahrhunderts ist bekannt, dass Resonanzeffekte lokalisierter Ober-
flächenplasmonen an Nanopartikeln mit Abmessungen unterhalb der Wellen-
länge des sichtbaren Lichts für die Farbgebung verantwortlich sind. Dieses
sich entwickelnde Forschungsgebiet der “Plasmonik” stellt eine Schnittstelle
dar für die Wechselwirkung von elektromagnetischer Strahlung mit Materie
beziehungsweise nanoskopischen Strukturen und hat einen großen Stellen-
wert erlangt auf Grund vielfacher naturwissenschaftlicher oder technologischer
Anwendungsmöglichkeiten. Dazu zählt die Möglichkeit, Licht unterhalb der
Beugungsgrenze zu fokussieren und seine Ausbreitung zu leiten, Nanoantennen
als sensitives Element im Bereich der optischen Rasternahfeldmikroskopie zu
realisieren oder die Verwendung bei Oberflächen-sensitiven Spektroskopiever-
fahren. Für ein grundlegendes Verständnis der makroskopischen plasmonischen
Phänomene ist eine Untersuchung der zu Grunde liegenden Vorgänge für indi-
viduelle Nanoobjekte unerlässlich. Dies wurde möglich durch die Entwicklung
moderner Fabrikations- und Präparationsmethoden, wie beispielsweise Wachs-
tum durch atomares Verdampfen, mechanische Bearbeitung mit fokussierten
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Ionenstrahlen oder diversen Lithografieverfahren. Für die experimentelle Unter-
suchung bedarf es Analysemethoden, welche über die benötigte hohe örtliche
Auflösung und Stabilität verfügen.

In dieser Dissertation wurden zweidimensionale, dreidimensionale und chi-
rale Nanostrukturen hinsichtlich ihrer plasmonischen Eigenschaften untersucht,
hauptsächlich durch die Verwendung analytischer Techniken der Elektronen-
mikroskopie, wie Elektronenenergieverlustspektroskopie und Kathodolumi-
neszenzspektroskopie und -polarimetrie. Numerische Simulationen wurden
durchgeführt, um die experimentellen Messungen zu validieren und ein tieferes
Verständnis der zu Grunde liegenden Physik zu ermöglichen.

Die Ausbreitung plasmonischer Moden entlang künstlich strukturierter Kan-
ten von Bi2Se3 Nanoplättchen zeigte ein hohes Maß an Resistenz gegenüber
diesen Defekten, was für die Realisierung von nano-optischen Schaltkreisen sehr
vorteilhaft ist.

Feine Goldspitzen ermöglichen die Fokussierung von elektromagnetischer En-
ergie auf der Nanoebene. Die Wechselwirkung mit relativistischen Elektronen
wurde erläutert und ein experimenteller Nachweis für den Mechanismus der
“Phasen-Überlagerung” präsentiert.

Die elektronenoptische Anregung einzelner chiraler Gold-Helices initiierte plas-
monischen Resonanzen entlang der Windungen, deren Dämpfung zur Ab-
strahlung von gerichtetem zirkular polarisiertem Licht führte. Die Richtung
der zirkularen Polarisation hing dabei sowohl von der untersuchten Struktur
als auch von der Anregungsposition durch den Elektronenstrahl ab.
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1 Introduction

This chapter is dedicated to introduce the research field of plasmonics and
suitable nanoscopic characterization tools. After introducing the fundamental
principles of plasmonic excitations, their scientific investigation via analytical
electron microscopy techniques is motivated. This includes a discussion of
the technical setup and different imaging modes in an electron microscope,
followed by the introduction of key analytical capabilities: electron energy-loss
spectroscopy (EELS) and the study of emitted cathodoluminescence (CL)
radiation. These two techniques were mainly used in this work. After a
theoretical description of fast moving electrons and their interaction with
excited plasmons, an outline of the dissertation is provided.

1.1 Motivation

Optical phenomena that are related to light-matter interactions are part of
everyday life and have been used also technologically for more than thou-
sand years. The fabrication process of colored glass is a suitable example in
this regard. However, underlying physical principles could only be explained
through scientific investigations of optical and electronic material properties.
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The research field of plasmonics in particular deals with the generation, detec-
tion and manipulation of signals at metal-dielectric interfaces on nanoscopic
scales. [4] It has also attracted significant attention, owing to the general trend
towards miniaturization. The macroscopic response of a sample may be in-
fluenced by processes that occur on a length scale far below the diffraction
limit and are therefore unaccessible by traditional light-based spectroscopic
techniques. Besides being one of the pioneering methods to unravel the exis-
tence of plasmon oscillations at metal surfaces, [5–11] electron microscopy allows
for a spatial resolution down to the atomic level due to ultra-short equivalent
deBroglie-wavelengths. [12] The ability to map localized surface plasmon reso-
nances (LSPRs) for individual nanoparticles was achieved in the year 2007
via energy-loss measurements. [13–15] As spatial and energy-resolution have been
improved since then, EELS is still one of the best methods to map plasmon
resonances of metallic nanostructures. [16–18]

1.2 Plasmonic excitations

For an intuitive explanation, a neutral metal can be considered as a three-
dimensional (3D) arrangement of positively charged atomic nuclei, that are
surrounded by a reservoir of delocalized negatively charged electrons. Unlike
for phonons, which describe lattice vibrations, the comparably heavy atomic
cores are assumed to be stationary. When electrons are locally displaced, the
field of electric dipoles induces a restoring force that results in a collective
oscillation. The term plasmon refers to its quantized energy EP (similar to a
photon for electromagnetic radiation) and is defined via the plasma-frequency
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Fig. 1.1: (a) SPPs can be excited at a metal-dielectric interface. Longitudinal
charge oscillations occur along the propagation direction with an
evanescent electric field in the out-of-plane direction. (b) LSPRs are
excited for small nanoparticles by an applied electric field. Figures (a)
and (b) are adapted from Wikipedia (public domain) and the original
publication, respectively. [19]

ωP , that depends on the free-electron density n, following

EP = h̄ωP = h̄

√
ne2

ε0m
, (1.1)

where h̄ is the reduced Planck constant, ε0 the vacuum permittivity, e the
elementary charge andm the electron mass. Besides these bulk plasmons, charge
oscillations can be confined to only two dimensions, for example by considering
a metal-dielectric interface. Such surface plasmon polaritons (SPPs) can couple
to external electric fields and propagate evanescently bound to the interface with
a decaying electric field in the perpendicular direction (figure 1.1 a). For particle
sizes with similar or smaller dimensions than the SPP wavelength, LSPRs occur
in the form of local charge displacements (figure 1.1 b) that strongly depend
on the sample size and geometry and its dielectric environment. [20] Secondary
effects include an enhancement of electric fields near the surface and optical
absorption at the resonance energy. Specifically in the case of gold nanoparticles,
this resonance energy falls within the visible spectral range, contributing to the
vibrant colors observed in stained glass, such as those commonly found in church
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windows. Analytically, the excitation of SPPs is used for surface plasmon
resonance (SPR) measurements and experimentally realized via a glass prism
either in the Otto [21] or Kretschmann-configuration [22], which both generate an
evanescent wave through total reflection to fulfill the momentum-conservation
criterion. Another possibility to generate the necessary in-plane momentum
can be achieved by coupling light to a grating with a suitable reciprocal lattice
vector. In addition to these conventional techniques using electromagnetic
radiation, plasmons can be efficiently excited by fast electrons due to their
inherent momentum. In addition, the excitation can occur locally and studied
with a high spatial resolution, as provided by electron microscopy.

1.3 Electron microscopy

The achievable resolution of optical microscopes has been continuously improved
and transformed the first simple instruments of the 16th century into complex
optical systems. However, the maximum resolution for conventional microscopy
is theoretically limited, as described by Ernst Abbe for a condensor-based
illumination with the formula

dmin = λ

2 · n · sin(α) , (1.2)

where the smallest detectable separation dmin of two features is calculated by
the wavelength λ and the numerical aperture (NA) with NA = n · sin(α) of
the optical system. Here, n is the refractive index of the immersive medium
and α the semi-collection angle of the objective lens. When operated in air
with n = 1, features as small as half of the wavelength could be in principle
resolved. With visible light, this is in the range of several hundred nanometers.
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According to formula 1.2, the resolution limit is improved by either increasing
the refractive index n or using a shorter wavelength λ. The former is achieved
for example by oil immersion microscopy, where a transparent medium is used
between the sample and the objective lens, which is in turn accompanied by
shortcomings in terms of sample preparation and ease of use. On the other
hand, instruments using ultraviolet (UV) light were developed in the early
20th century and could push the resolution limit even further. However, direct
observation by the human eye was not possible anymore and because of other
experimental disadvantages, this technique did not prevail.

In electron microscopy, a totally different technique is used to dramatically
decrease the wavelength. Its functionality is based on the physical principle,
known as the wave-particle duality, according to which fast moving particles
can be described as a wave. For electrons, this effect was postulated by Louis
de Broglie in his PhD thesis in the year 1924. [23] He described the correlated
wavelength λdB by the formula

λdB = h

p
, (1.3)

where h is the Planck constant and p the mechanical momentum of the moving
particle. For his discovery, he was awarded the Nobel prize for physics in
the year 1929 after its experimental prove. [24] Although the raypath of a
conventional electron microscope is in principle similar to optical systems, the
use of accelerated particles instead of electromagnetic waves implies different
requirements and techniques ranging from the electron source, deflective optics,
imaging systems and an entirely evacuated beampath. The first transmission
electron microscope (TEM) was built by Ernst Ruska (Nobel prize for physics
in the year 1986) and his colleague Max Knoll in the early 1930s. [25] The
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instrument outperformed optical light microscopes of their time in terms of
magnification and the potential to reach atomic resolution with this new
technique was discussed. For an assumed acceleration voltage of 200 kV the
electrons reach a velocity of approximately

v = c

√√√√1− 1
(1 + Ekin

mec2 )2 ≈ 2.08× 108 m s−1,

where c is the speed of light, me the electron rest mass and Ekin = 200 keV the
kinetic energy. For this high speed of v ≈ 0.7 c, the momentum in equation (1.3)
as well has to be considered relativistically as

prel = mev√
1− (v

c
)2
.

The resulting de Broglie wavelength is in the range of a few picometers and
can reach values even below 1 pm for dedicated ultra-high voltage electron
microscopes as shown in figure 1.2 b. However, atomic resolution is not as easily
achievable as implied by these calculations. The major limiting factor is the
quality of round magnetic lenses, that are used to deflect the electrons and form
a beam path. Otto Scherzer identified geometrical aberrations, that reduce the
image quality as electrons with different trajectories are not focussed in the
same focal plane. He realized that the unavoidable and most relevant spherical
aberration (i.e. electrons further away from the optical axis are deflected more
strongly) is a practicle but not fundamental limitation. [26] His experiments with
compensating elements marked the beginning of aberration-corrected electron
microscopy. [27] This idea was continued by his student Harald Rose [28] and
finally realized in the year 1998. [29,30] Even though atomic resolution below 1Å
had been demonstrated shortly before with an uncorrected 1.25 MeV instrument
(its accelerator is shown in figure 1.2 c), [12] modern corrected machines do not
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Fig. 1.2: Relativistic effects on velocity (a) and correlated de Broglie wavelength
(b) of an electron in dependence of the acceleration voltage. (c) The
accelerator of the JEOL JEM-ARM1250 electron microscope provided
a voltage of 1.25 MeV.
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require ultra-high acceleration voltages above 1 MV to reach the required
resolution.

The implemented technology and consequently performence has improved over
time. However, the basic principle and constructional parts of modern machines
are still the same. In close similarity to light microscopes, a TEM consists of
five main components, namely the electron source, the illumination system, the
imaging system, followed by the magnifying part and terminated by means for
visualization.

A beam of electrons is provided by the electron gun, where they are extracted
from a sharp cathode electrode and accelerated by high electric fields. De-
pending on the filament design, the extraction occurs either thermally or via
tunneling out of the material. The subsequent condenser system shapes the
beam to either provide an almost parallel illumination of various sizes and
intensities in the (conventional) TEM mode or to form a convergent electron
probe for scanning transmission electron microscopy (STEM), as it will be
explained later. The electron-transparent sample is positioned between the
pole pieces of the objective lens and is precisely adjustable in all directions.
Two operational modes are possible for the imaging system and are shown
in figure 1.3. The objective lens deflects parallel rays to a crossover in the
back focal plane (BFP) and forms an image of the specimen. An adjustable
intermediate lens is used to either project the image plane or the BFP to the
subsequent cascade of magnifying lenses and therefore determines, whether the
microscope is operated in imaging mode or in diffraction mode. The latter is
especially useful for the investigation of crystalline samples, where the periodic
arrangement of atoms results in a diffraction pattern. Considering the electron
beam as a wave, constructive interference, following Braggs law, leads to this
arrangement of spots with high intensities that in turn contains information
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Fig. 1.3: In the TEM image forming system, the intermediate lens projects
either the BFP (a) or the image plane (b) of the objective lens to
the magnifying system and hence switches between diffraction and
image mode, respectively. In the former, a selected-area diffraction
(SAD) aperture can be used to artificially mask the region of interest
(ROI) that contributes to the signal. In the latter, an objective
aperture (OA) selects axial rays and hence increases the contrast.
Image adapted from a textbook. [31]
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Fig. 1.4: (a) Images in a STEM are generated by correlating the dark-field
signal of elastically scattered electrons with the electron beam position.
Through inelastic interactions with the specimen, some electrons lose
energy, which can be spectroscopically analyzed. Graphic adapted
from Hugo Lourenco Martins (b) Upon electron irradiation, both
elastic and inelastic interactions with the specimen generate signals,
that can be used for imaging and analytical measurements.

about the underlying crystal structure. Irrespective of the operation mode,
electrons are visualized through a fluorescent screen for visual observation, a
scintillator in front of a charge-coupled device (CCD) or complementary metal
oxide semiconductor (CMOS) camera and recently also via direct electron
detectors.

As mentioned before, a different approach in electron microscopical imaging
utilizes a convergent beam that is raster-scanned over the sample (figure 1.4 a).
In contrast to conventional imaging, the resolution is determined by the quality
of the focused electron probe and can nowadays reach spot sizes below 1Å in
modern STEMs and hence atomic resolution. Spatial contrast is generated by
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correlating the intensity of elastically scattered electrons with the electron beam
position. For high-angle annular dark-field (HAADF) imaging, the detected
signal is based on incoherent Rutherford scattering at the atomic nuclei of the
investigated material with the atomic number Z. Because of its proportionality
to roughly Z2 it is termed “Z-contrast imaging”. [32] Inelastic interactions with
the specimen (as sketched on the left side in figure 1.4 a) lead to an energy-loss
of the incident electrons, which can be spectroscopically analysed in an energy-
dispersive detection system (as introduced in section 1.3.1). Other primary and
secondary signals, including emitted electromagnetic radiation, are generated
upon electron irradiation and can be used either for imaging or analytical
purposes (figure 1.4 b). While characteristic X-rays allow for elemental mapping
via energy-dispersive X-ray (EDX) measurements, light emitted in the visible
spectral range is analysed in the scope of CL investigations. Secondary electrons
(SEs) and backscattered electrons (BSEs) are both emitted from surface regions
and do not require an electron-transparent specimen. They are used in scanning
electron microscopes (SEMs) for topographic imaging. BSEs originate from a
deeper interaction volume and provide additional Z-contrast.

1.3.1 Electron energy-loss spectroscopy (EELS)

Although the technique was already developed in 1944, [33] its popularity started
to increase in the 1990s with the technical improvement of electron micro-
scopes. Until today, EELS has become a widely used and highly capable
analytical tool for scientific investigations in materials sciences. Electrons that
interact inelastically with the specimen lose a small amount of their initial
energy and are detected in an energy-dispersive spectrum (figure 1.5). The
measured energy-loss is related to the scattering event and can be assigned to
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Fig. 1.5: The energy-loss spectrum can be devided into the low-loss regime
(<50 eV) which contains the very intense ZLP and plasmonic excita-
tions and the core-loss region with element-specific ionization-edges
and additional spectroscopic information. The experimental data
shown was acquired on a diamond nanoparticle.

corresponding energy ranges. Energy-loss spectra can be phenomenologically
devided into three parts, namely the zero-loss peak (ZLP), the low-loss and
core-loss regions.

The ZLP contains most of the incident electrons and consequently exhibits an
intensity that is orders of magnitude higher than the rest of the spectrum. Its
full width at half maximum (FWHM) also influences the achievable energy-
resolution, which can be increased by using a monochromator (MCR).

The low-loss regime covers energies up to 50 eV, including plasmonic excitations
of outer-shell electrons, and contains information about excitons, inter- and
intra-band transitions, bandgaps and phonons. [34–36] Practically, low-loss spectra
can be used to determine the thickness t of a specimen via the log-ratio technique
according to

t

λMFP
= ln

(
I

I0

)
, (1.4)

where λMFP is the inelastic mean free path (MFP) of a material and I0 and I
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denote the integrated intensity of the ZLP and the complete spectrum. [37]

Energy-losses higher than 50 eV are part of the core-loss regime. As implied by
the name, it contains information about element-specific ionization energies
that are required to remove inner-shell electrons from the atoms and hence
can be utilized for elemental mapping, nowadays at the atomic level. These
energies appear as edges in the spectrum with subsequent energy-loss near-edge
structure (ELNES) and extended energy-loss fine-structure (EXELFS). Their
spectral features allow for further characterization regarding chemical, physical
and structural properties.

1.3.2 Cathodoluminescence (CL)

CL describes the optical phenomenon that electromagnetic radiation is emitted
by a luminescent material upon electron irradiation. Therefore, it is the inverse
to the photoelectric effect, which was first discovered by Heinrich Hertz in the
year 1887 [38] and later theoretically described by Albert Einstein (Nobel prize
in physics 1921). [39] The name originates from cathode ray tubes that were
technically used to realize the first monitors via raster-scanning accelerated
electrons over a phosphor screen. Meanwhile, technologies for CL detection
have been implemented in electron microscopes, enabling the local excitation
of specimens with high spatial resolution, while analyzing the emitted light
spectroscopically, directionally or regarding its polarimetric properties. While
EELS probes the primary excitation of a specimen, luminescence results from
a subsequent relaxation process, for example, when an excited electron of the
conduction band recombines with a hole in the valence band in a semiconduc-
tor. [40–42] The difference in energy is emitted in the form of electromagnetic
radiation at the corresponding wavelength. Especially the combined study
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of an object by EELS and CL gives complementary insight into its physical
properties. [43–47] However, it is important to note that only the radiative decay
of excitations contributes to the measured far-field signal. In the scope of
plasmonic excitations, these “bright modes” are detectable in the CL mea-
surements, [48,49] while “dark modes” can only be probed via their excitation
signature in EELS. [50–53]

1.4 Plasmons excited by fast electrons

Beam electrons inside a TEM are considered to propagate along a straight
trajectory with constant velocity. The electric field accompanying these fast
moving point charges in vacuum decays exponentially away from the trajectory
and does not radiate to the far-field. For an imaginary observer, the passing
electron appears as an ultra-short pulse on the time scale of only a few fem-
toseconds. In return, its broadband spectral characteristic allows for excitations
in the energy range from meV to keV. [54] As the electric field strength of the
electron’s evanescent field in radial direction decays more slowly for lower
frequencies, low-loss excitations occur more delocalized. In the case of SPPs or
LSPRs, the interaction with the plasmonic specimen happens via long-range
Coulomb fields and can be achieved even without penetrating the material
in an aloof configuration. During the excitation process, the induced local
polarization causes a scattered electromagnetic field, which acts back on the
electron. The accumulated energy-loss, as experienced by the incident electron,
is directly related to the photonic local density of states (LDOS) projected
along the electron trajectory [40,55,56] and enables mapping the spectral and
spatial distribution of surface and localized plasmon polaritons. [40,42] For gold,
this spectral information is accessible up to the interband transition threshold
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of about 2.38 eV, [57–59] beyond which interband absorption results in a uniform
intensity distribution. [60]

1.5 Dissertation outline

After introducing the basic concepts of plasmonic excitations and electron
microscopy with its analytical capabilities in the form of EELS and CL

measurements, the following chapter 2 covers the performed experimental
work on a practical level. In the scope of this thesis, three different systems
were investigated regarding their plasmonic properties and phenomena. The
fabrication and sample preparation processes of these three nanostructures are
described, followed by an introduction of the utilized equipment and applied
measurement techniques in the field of analytical electron microscopy and
optical spectrometry. Digital processing procedures and simulations were used
to improve the data quality and to confirm experimental findings, respectively.
The scientific outcome of all three projects is presented in chapter 3 in close
relation to the original publications, starting with the investigation of plasmonic
edge modes and their interaction with defect structures in Bi2Se3 nanoplatelets.
In section 3.2, the two interaction mechanisms “reflection” and “phase-matching”
of fast electrons with plasmonic modes on gold tapers and their dependence
on the opening angle are reviewed. New measurements that directly prove the
“phase-matching” mechanism through the use of variable acceleration voltages
are presented. The investigation of true chiral plasmonic structures in the form
of left- and right-handed gold nanohelices is summarized in section 3.3. In
this comprehensive study, both excitation and radiative decay of longitudinal
plasmonic modes are investigated via EELS and CL in combination with
optical measurements and simulations. Special attention is payed to the

23



polarimetric characterization of the emitted far-field radiation regarding its
circular polarization state. Finally, a conclusion of the thesis is provided in the
last chapter 4.
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2 Experimental methodology

The scientific investigation of nanomaterials and 3D structures on the nanoscale
is an interesting and promising research area. Especially electron microscopy
provides highly capable analytical tools in this regard. However, experimental
investigations on such small scales require specialized techniques, instruments
and processes. This involves the sample fabrication and subsequent preparation
for experiments, as described in the following section 2.1 for Bi2Se3 nanoplatelets,
plasmonic gold tapers and chiral nanohelices, and the actual measurements.
Foremost, section 2.2 on page 31 covers all techniques related to analytical
electron microscopy, that were utilized in this work. This includes EELS

measurements in the form of energy-filtered transmission electron microscopy
(EFTEM) series and STEM-EELS spectrum image (SI) acquisition with the
ZEISS sub-electronvolt sub-angstrom microscope (SESAM), as well as spectral
and angle-resolved CL measurements including polarimetric investigations,
that were performed on a ZEISS SEM. The 3D shapes of nanostructures were
reconstructed via electron tomography (ET), as described in section 2.2.5 on
page 39. For the same reason, but in two dimensions, atomic force microscope
(AFM) was used to investigate the structural quality of defect structures
in Bi2Se3 nanoplatelets. Optical measurements in the form of generalized
spectroscopic ellipsometry to determine the dielectric tensor of grown Bi2Se3

thin films and circular dichroism (CD) spectroscopy to measure the chiroptical
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response of left- and right-handed nanohelices were performed to link nanoscopic
phenomena to observable macroscopic material properties. The acquired raw
data need to be processed to some degree, either for calibration purposes or to
improve the spectral quality. Finally, simulations were performed as described
in the last section of this chapter on page 45, to confirm the experimental
measurements and give further insight into the underling physical processes.

2.1 Sample fabrication and preparation

2.1.1 Bi2Se3 nanoplatelets

The synthesis of thin Bi2Se3 platelets was accomplished through a catalyst-free
vapor transport method. [61–63] The process is sketched in figure 2.1. Ultra-pure
Bi2Se3 is placed inside a quartz tube and positioned in the hot zone of a tube
furnace. The glass cylinder is iteratively evacuated and purged with pure argon
(Ar) gas prior to the growth process to remove residual oxygen. While being
heated to 590 °C for several minutes, the constant Ar-flow of 50 sccm transports
the evaporated (semi-)metal atoms around 10 cm down the gas-stream, where
they are deposited on a Si/SiO2 wafer-plate. As they preferably attach to the
dangling bonds at the side walls of already grown crystals, nanoplatelets are
formed, consisting of a single or only a few quintuple layers (QLs).

The 2D crystals were transferred onto a TEM sample grid by an all-dry
technique to minimize contamination due to solvents. [64] After positioning the
wafer upside down on the amorphous carbon support film, a small amount of
applied downward pressure is sufficient for the transfer of nanoplatelets to occur
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Fig. 2.1: Nanoplatelets of Bi2Se3 are grown through a catalyst-free vapor trans-
port method. (a) Pure Bi2Se3 is placed in the hot zone of a quartz
tube furnace. Under vacuum conditions and a constant flow of
pure Ar gas, material is deposited on a Si/SiO2 substrate approxi-
mately 12 cm away (b), where two-dimensional (2D) crystals form. (c)
Nanoplatelets are transferred onto TEM sample grids via solvent-free
stamping. Images a) and b) are adapted from the original publica-
tion. [62]

through adhesive van der Waals (vdW) forces. On the other hand, lateral
movement has to be avoided in order not to damage the support film.

Creating defect structures at clean edges of large nanoplatelets was performed
by milling with the focused ion beam (FIB) Raith ionLine Plus system in the
nanostructuring lab at the 4th Physics Institute at the University of Stuttgart. In
this instrument, dedicated for high-resolution structuring, double-charged gold
ions (Au++) are accelerated by an applied voltage of 35 kV. Ion implantation
was unproblematic, as milling was performed through the entire material of
very thin nanoplatelets and the amorphous carbon support film, rather than
into bulk material. However, milling doses needed to be adjusted very carefully
and were in the range of 0.05 nC µm−2 with a beam current of 11.3 pA. Larger
doses than required for milling through a nanoplatelet result in damage of the
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Fig. 2.2: (a) A fabricated gold taper is installed on a copper ring for further
SEM and TEM investigations. (b) The sharp tip has an opening
angle of 13° and a radius of curvature at the apex of 30 nm, as
determined from the the magnified image (c).

support film. Especially, when holes are in close proximity to the particle to be
structured, the film folds away, leaving behind an unsupported and consequently
unstable Bi2Se3 nanoplatelet.

2.1.2 Single-crystalline gold tapers

Nanoscopic gold tapers were produced and provided by collaborators, [65] fol-
lowing the production process as described earlier. [66–68] The initial material
in the form of pure poly-crystalline gold wires with a diameter of 125 µm is
annealed at 800 °C for 8 h and slowly cooled down to room temperature. The
transformation to the conical shape is achieved by electrochemical etching in
hydrochloric acid (HCl) with an aqueous solution of 37 %, through the applica-
tion of rectangular voltage pulses between the wire and a concentrical platinum
ring, serving as cathode. The resulting tapers with apex curvature-radii down
to 25 nm terminating the gold wires were centrally mounted on TEM copper
rings with an electrically conductive epoxy (figure 2.2). [69,70]
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Fig. 2.3: The production of gold nanohelices is achieved in three main steps.
After patterning the seed array of gold dots via BCML (a), helices
are grown by shadow-growth GLAD while rotating the sample stage
(b). The fabricated structures are immersed into aqueous solution by
ultrasonic treatment (c). Graphics taken from the original publica-
tions. [75,76]

2.1.3 Chiral gold nanohelices

A combination of block copolymer micellar nanolithgraphy (BCML) [71,72] and
glancing-angle deposition (GLAD) [73] in a shadow-growth technique, [74] where
the physical vapour deposition (PVD) of the material occurs under a dynamic
oblique angle of incidence, was utilized to grow the nanoscopic gold helices. [75,76]

The three main production steps are shown in figure 2.3. In an initial step, a
solution of self-assembled spherical inverse block copolymer micelles, containing
gold salts in their centers, is spin-coated on a silicon wafer, where a monolayer
with a quasi-hexagonal pattern is formed. Subsequent plasma etching removes
the polymer and reduces the metal salt cores. The resulting gold dots with
17 nm size are arranged in an array with 90 nm distance to each other and act

29



as seeds for the following growth process. Both parameters are adjustable by
varying the experimental conditions.

The material of choice, in this case gold, is vaporized by electron beam heating
and deposited onto the seeded substrate, which is tilted to the oblique angle of
incidence of 85° and slowly rotated around its normal axis during the growth
process. Geometrical parameters such as length, thickness, pitch or handedness
of the helices are further controlled through the combination of evaporation
rate, deposition time and rotation speed and direction.

The diffusion of deposited gold adatoms negatively influences the structural mor-
phology and is effectively suppressed by cooling the substrate to a temperature
of −10 °C by an Peltier element.

Both left- and right-handed gold helices were fabricated on wafers under equal
conditions and immersed into pure water by ultrasonic treatment.

Helix samples were supplied in a concentration of 1.85× 109 ml−1 and further
diluted by a factor of 5, yielding an appropriate solution for TEM sample
preparation on mesh-200 copper grids with an amorphous holey-carbon film
(Plano GmbH, Item S147-2), following the procedure as shown in figure 2.4.
After ultrasonic treatment for 30 s, the sample-containing solution is applied on
the hydrophobic surface of a paraffin film, resulting in a round droplet due to
surface tension effects. The TEM grid is brought into contact and consequently
retracts a small amount of the liquid. Single particles are distributed over the
membrane and remaining solvent is soaked off by a tissue. These steps can be
repeated iteratively to increase the concentration.

The prepared TEM sample grid is dried in vacuum and subsequently mounted
on a sample holder with temperature control. Being inserted into the microscope,
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Fig. 2.4: Drop-and-soak procedure to prepare a TEM sample grid with
nanoparticles supplied in aqueous solution. A droplet of the liquid is
applied to a paraffin film (1) and partly exposed to the membrane of
a TEM grid (2) and (3). Remaining solvent is retracted with a tissue
(4). Steps (2), (3) and (4) can be repeated iteratively to increase the
overall density of particles.

it is slowly heated to 400 °C to remove any residual mobile hydrocarbons and
thereby prevent critical contamination problems during the measurements.
After returning to room temperature, the system needs time to reach thermal
equilibrium for mechanical drift to decay.

2.2 Analytical electron microscopy measurements

Modern electron microscopes enable imaging on a nanoscopic or even atomic
level through their high resolving capabilities either in the conventional mode
with a close-to-parallel beam illumination or by scanning the ROI with a
focused electron probe at high spatial sampling. As described in section 1.4
on page 22, the inelastic interaction of the fast electrons with the specimen
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generate many different kinds of signals, that can be detected (in most cases)
simultaneously to the imaging process. As a result, their analysis not only
provides scientific information about intrinsic material properties, but in ad-
dition this information is linked to the spatial excitation position, which is
highly beneficial for phenomena that are related to geometrical properties of
nanostructures, as investigated in the scope of this thesis.

The following sections provide descriptions of how these analytical measure-
ments are performed with the dedicated instruments. In general, all techniques
have in common to store the acquired signals in a multi-dimensional dataset.

2.2.1 ZEISS SESAM electron microscope

EELS measurements were performed using the ZEISS SESAM (figure 2.5 a). [77]

This instrument is ideally suited for low-loss investigations because of its high
energy dispersion at good stability. Electrons are extracted from a Schottky
field emission gun (FEG) and pass through an electrostatic Ω-type MCR,
before they are accelerated via a stabilized high-tension of 200 kV. After
interacting with the sample, which is located between the two pole pieces
of the objective lens, the trajectories of inelastically scattered electrons are
dispersed by multipole magnets within the unique in-column MANDOLINE
energy filter (figure 2.5 b). In combination with the MCR, an energy resolution
of slightly below 70 meV can be achieved, measured as FWHM of the ZLP

(figure 2.5 c). This performance is still impressive, especially for a comparably
old instrument. Only recently, investigations with an energy resolution below
10 meV have become accessible by state-of-the-art electron microscopes, which
corresponds to the energy range used in THz spectroscopy and enables the
study of lattice-vibrations (phonons) by analytical electron microscopy. [79]
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Fig. 2.5: (a) ZEISS SESAM microscope with implemented sketch of the col-
umn. (b) MANDOLINE in-column energy filter. (c) Possible energy-
resolution, measured for an unaffected electron beam. The technical
sketches are adapted from the original publication. [78]

Energy-loss measurements are possible in two significantly different configura-
tions that are linked to the operation modes TEM and STEM of the electron
microscope and are described in the following sections. Both methods result in
a 3D data cube with two spatial dimensions and one energy-dispersive axis.

2.2.2 Energy-filtered transmission electron microscopy

For EFTEM measurements, the electron microscope is operated in conventional
TEM mode, where the area of interest is irradiated with a close-to-parallel
electron beam (figure 2.6 a). Energy filtering is achieved through a combination
of suitable slit apertures that are inserted into the beam path at the position of
the MCR and the exit plane of the MANDOLINE energy filter. As defined by
their widths, only electrons within a limited kinetic energy range are transmitted
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Fig. 2.6: (a) For EFTEM imaging, the ROI is irradiated with a monochro-
mated close-to-parallel electron beam. Only electrons that have
experienced an energy-loss within a certain range are transmitted
by the filter and contribute to the image. (b) The 3D data cube
is formed via offsets to the initial kinetic energies. (c) For STEM-
EELS measurements, the ROI is raster scanned by a monochromated
convergent electron beam. (d) Electrons are energetically dispersed
by the energy filter and detected as spectrum per spatial pixel. The
technical sketches are adapted from the original publication. [78]
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and contribute to the captured image (figure 2.6 b). For experimental reasons,
the beam path and the apertures are optimized for the zero-loss electrons. To
acquire EFTEM images at certain energy-loss ranges, this amount is added to
the initial kinetic energy at the acceleration stage. The 3D data cube with two
spatial axes and one energy-loss axis is formed, by capturing images filtered for
different energy-loss ranges with a step width of 200 meV. With this method,
comparably large areas up to several micrometers can be investigated at good
spatial sampling, however, with the drawback of limited energy resolution.
Within this work, EFTEM imaging was performed to investigate clean and
artificially structured edges of Bi2Se3 nanoplatelets (section 3.1 on page 49)
and plasmonic modes on gold tapers (section 3.2 on page 72).

2.2.3 Electron energy-loss spectroscopic imaging

SIs are acquired in STEM mode, where the ROI is raster scanned with a
convergent electron beam (figure 2.6 c) and energy-loss spectra are measured
for each spatial pixel in the 3D data cube (figure 2.6 d). Similar to EFTEM

images, slices with adjustable energy-loss ranges can be extracted in post to
generate spatially resolved intensity distributions. This technique is mostly
used today in modern analytical TEMs and the only possible implementation
in dedicated scanning instruments. As technology has improved over time and
the efficiency of electron detection has increased, for example through the use of
modern direct electron detetors, also large areas can now be investigated with
good spatial sampling in a reasonable time. In addition, different signals and
detectors are simultaneously used for imaging and analytical measurements, so
that drift-correction algorithms can be applied to keep the ROI centered.

For the ZEISS SESAM, the implementation of STEM-EELS measurements
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is less advanced and comes with several drawbacks. The detector for HAADF

imaging is located after the energy filter in the microscope column and partly
covers the CCD, on which the energetically dispersed electrons are projected
and hence must be retracted for energy-loss measurements. In addition, a
different operation mode of the filter itself and an entrance aperture is required
for spectral acquisitions. For the given reasons it is not possible to measure
spatial and spectral data simultaneously and an in-situ drift-correction is not
applicable. The accumulated drift can only be determined after a measurement
by comparison with an initial image. In contrast to the aforementioned EFTEM

measurements, the much higher energy-resolution for STEM-EELS around
70 meV is achieved by using the smallest MCR slit aperture and a spectral
dispersion of 5 meV per channel on the CCD.

2.2.4 Cathodoluminescence measurements

The original CL measurements on plasmonic gold tapers [70] were conducted
with a STEM Vacuum Generator HB501, which is equipped with a cold field
emission electron gun and operated at an acceleration voltage of 100 kV. For
spatial mapping, a few-nanometer-sized electron probe with a beam current of
around 1 nA was used and the emitted far-field radiation was analyzed with
the Attolight Mönch STEM-CL setup.

All other CL measurements were performed using a ZEISS SIGMA field
emission SEM (figure 2.7 a). Optical spectroscopy capabilities are achieved by
the implementation of a parabolic mirror that is positioned below the pole piece
(figure 2.7 b). The specimen in its focal point is excited by the electron beam
that passes through a hole in the mirror with a diameter of 0.6 mm. Emitted far-
field radiation is collected and guided outside the microscope chamber, where it
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Fig. 2.7: (a) ZEISS SIGMA scanning electron microscope. (b) The parabolic
mirror is placed directly below the polepiece. The specimen in its focal
point is excited by the electron beam and the emitted CL radiation
guided towards the external spectrometer (c).

is analyzed in the attached delmic SPARC system (figure 2.7 c). Measurements
can be performed in several experimental configurations. Two of them were
used in the scope of this work and are described in the following sections.

2.2.4.1 Cathodoluminescence spectroscopy

In the spectroscopic mode, the emission is detected per spatial pixel of the
scanned ROI either as a dispersed spectrum or filtered for certain wavelength
windows with a high signal-to-noise ratio (SNR). The resulting dataset contains
also spatial information as provided by the SE detector. It is very important
to note that the intensity, mapped to a certain spatial pixel, is not emitted
at this position but rather from the entire structure or specimen. What can
be investigated is the relation between the spatial excitation position by the
electron beam and the amount of light that is generated and can be interpreted
as spatial excitation efficiency.

In this work, CL spectroscopy was used for all three projects to characterize
the emission of Bi2Se3 thin films (section 3.1 on page 49), plasmonic gold
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tapers (section 3.2 on page 72) and nanohelices (section 3.3 on page 89). The
microscope was operated at an acceleration voltage of 20 kV and a resulting
probe current of 10.4 nA. Spectra were acquired with an exposure time of
200 ms, a 220 µm entrance slit aperture and a grating with a line density of
150 mm−1.

2.2.4.2 Angle-resolved polarimetry

In a second configuration, the detected signal is related to its emission direction
for a fixed excitation position and wavelength window with a bandwidth of
50 nm. These angle-resolved measurements [80,81] can be complemented by insert-
ing a quarter wave plate (QWP) and a linear polarizer into the beam path, [82]

which allows for a full characterization of the polarization state via Stokes
parameters (figure 2.8). Especially important regarding the characterization
of chiral nanostructures, as performed in this work, is the different behavior
concerning left circularly polarized (LCP) and right circularly polarized (RCP)
light. Their normalized differential intensity defines the Stokes parameter S3
according to

S3 = ILCP − IRCP

ILCP + IRCP
. (2.1)

The characteristics of circularly polarized light (CPL) and its interaction with
a QWP and linear polarizer are described in more detail in section 2.4.2 on
page 44.

As the directional information is linked to different ray paths, the intensity can
not be accumulated over the entire accessable angular range, which results in
a significantly reduced SNR of the detected signal. Therefore, measurements
were performed with an exposure time of 30 s for each filter configuration.
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Fig. 2.8: The emitted light is reflected by the mirror and subsequently analyzed
through a combination of a QWP and a linear polarizer. The resulting
signals are detected separately with spatial resolution and allow for the
reconstruction of emission directions. Image adapted from the delmic
technical note about “Polarization-Filtered Cathodoluminescence
Imaging”. [83]

Leaving the electron beam stationary over such a long time may lead to a
contamination of the investigated ROI by accumulated mobile hydrocarbons.
For the given reasons, measurements of left- and right-handed chiral nanohelices
were limited to a promising wavelength range around 800 nm and only a few
efficient excitation positions, as determined by preceding spectroscopic CL

measurements.

2.2.5 Electron tomography

In the usual imaging processes of a 3D object of interest, either in conventional
light microscopy or by using fast electrons, the volumetric information is lost,
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as only a 2D projection along the viewing direction is captured. Similar to
the requirements for stereoscopic vision, additional perspectives are needed to
reconstruct the 3D information. For ET, this is achieved by rotating the object
of interest under electron-beam irradiation and acquiring images at various tilt
angles.

In the scope of this thesis, ET was utilized to reconstruct the 3D shape
of left- and right-handed nanohelices to experimentally confirm the different
handedness of the chiral structures. Therefore, TEM grids containing the
nanohelices were cut in an orientation to enable the maximum accessible tilt
range before shadowing occurs (figure 2.9 a) and glued onto the grid support rod
of the dedicated tomography holder GATAN Model 912 (figure 2.9 b). Images
of left- and right-handed nanohelices were acquired as tilt-series in 1° steps over
the accessible angular range from 77° to −58° and 84° to −66°, respectively.
Turning nanoscopic structures over high angular ranges while being viewed
at high magnifications requires a good mechanical alignment of the sample
stage inside the electron microscope. In order to avoid strong sample shifts, the
nanoscopic object must be placed in the rotation axis of the goniometer. This
is achieved by stage movements in z- and y-direction, when rotated around
the x-axis. The alignment can be optimized iteratively for both directions by
reducing relative sample shifts compared to the neutral position (figure 2.9 c).
Most importantly, in case the object of interest needs to be brought back to the
field of view, this compensation needs to be done by an artificial image shift,
so that the mechanical alignment is not affected. Imaging was performed in
conventional illumination mode with a JEOL ARM-200F electron microscope
operated at 200 kV. The acquired image stacks were spatially aligned by cross-
correlation filtering and used to reconstruct the 3D shape of the structure by
applying the weighted back projection (WBP) algorithm. The subsequently
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Fig. 2.9: (a) Sample grids containing the particles of interest for electron
tomography are cut in a way that shadowing effects during the tilt
series acquisition around the rotation axis (green dashed line) are
minimized. (b) The prepared grid is mounted onto the tip of the
tomography holder that allows for tilt angles between ±70° inside
the electron microscope. (c) Expected relative sample shifts when
tilted away from the neutral position for assumed positive (red) and
negative (red) misalignments along the z- and y-axis as shown in the
upper lower graphics, respectively.

applied simultaneous iterative reconstruction technique (SIRT) optimized this
initial model further by continuously comparing slices of the reconstructed
volume with the original images of the tilt series. [84]

2.3 Atomic force microscopy

The AFM was invented by Gerd Binnig [85] and realized together with colleagues
at IBM in the year 1986 [86]. Interestingly, the Nobel prize for physics was
awarded to him and Heinrich Rohrer in the same year for their earlier invention
of the scanning tunneling microscope (STM) [87,88] that was also implemented
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Fig. 2.10: In an AFM, the ROI is raster scanned with a sharp tip located
at the end of a cantilever. Interatomic interactions between the
surface and the tip lead to small perturbations in the z-height,
which are measured optically and transformed into a height-profile
via feedback-electronics.

in the first version of this new type of scanning probe microscope. A sketch
of the very basic priciple of an AFM is shown in figure 2.10. A sharp tip
at the end of a cantilever is lowered and brought in contact with the sample
surface. Strong short-range repulsive forces between atoms at the tip and the
sample surface slightly deflect the cantilever, which is detected optically, for
instance by a reflected laser and a photodiode. One way to extract the height
information of the surface while spatially scanning the ROI is to restore the
original signal by adjusting the physical z-height via feedback electronics.

In the scope of this work, atomic force microscopy was used to characterize
the structural quality of engineered defects, that were created at clean edges of
Bi2Se3 nanoplatelets via FIB milling.
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2.4 Optical measurements

Electron microscopy with its high spatial resolution and analytical possibilities
is a very powerful technique for investigations on the nanoscale. It enables
further insight and deeper understanding of phenomena that on the one hand
occur on a nanoscopic level, but on the other hand do have an influence on
macroscopic material properties, which are accessible by well-established optical
characterization techniques.

2.4.1 Generalized spectroscopic ellipsometry

Ellipsometry in general is an optical technique to investigate the dielectric
properties of materials and is based on the change of polarization states when
interacting with a sample thin film or surface. In the typical experimental
realization of specular reflection, the incident and reflected light beams span
a plane of incidence. The light can be decomposed into p-components (po-
larization parallel to the plane of incidence) and s-components (polarization
perpendicular to the plane of incidence and parallel to the interface) and their
reflection at the surface treated separately following the Fresnel formalism. [89]

Experimentally, the amplitudes of both polarization states are measured after
reflection and subsequently used to indirectly determine material properties
such as the dielectric tensor via a model-based interpretation.

In this work, the technique of generalized spectroscopic ellipsometry was utilized
to determine the dielectric functions for the in-plane and out-of-plane directions
of grown Bi2Se3 thin films and identify spectral regions with hyperbolic behavior
as described in section 3.1 on page 49.
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Fig. 2.11: (a) For linearly polarized light, the electric field (red arrows) oscillates
in a plane perpendicular to the propagation direction. (b) For
circularly polarized light, the electric field vectors rotate at full
amplitude in a plane perpendicular to the propagation direction.
Images adapted from Wikipedia (public domain).

2.4.2 Circular dichroism spectroscopy

The principle of CD measurements is based on the different amount of ab-
sorption of left and right CPL. In contrast to linearly polarized (LP) light,
where the electric field vector oscillates in one plane, it rotates in the plane
perpendicular to the propagation direction with full amplitude (figure 2.11 a
and b). For a wave propagating towards the observer, this circular motion
occurs clockwise or anticlockwise for RCP or LCP light, respectively.

Experimentally, CPL can be realized by sending LP light through a QWP

with an angle of 45° between the plane of polarization an the optical axis of
this optical element. Other angles result in elliptically polarized light. The
required thickness of the QWP can be optimized for one “color” only, as the
effect is wavelength-dependent.

While passing through optically active media, such as solutions of chiral
molecules or nanostructures, both propagation speed, wavelength and absorp-
tion coefficients differ for LCP and RCP light, resulting in the measureable
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differential CD signal according to

CD = ExtLCP − ExtRCP

ExtLCP + ExtRCP
, (2.2)

where ExtLCP and ExtRCP denote the extinction cross sections for LCP and
RCP light, respectively. [90,91] A related effect concerns the rotating plane of
polarization of LP light passing through a chiral medium, which is known as
optical rotation (OR), and its wavelength-dependence as optical rotatory disper-
sion (ORD). [92] These techniques are widely used as powerful characterization
tools in biological, medical, chemical or physical applications. [93]

In the scope of this work, CD measurements were performed to obtain the
chiroptical response of left- and right-handed gold nanohelices, which were
sonicated off a cut substrate into 1 ml of purified Milli-Q® water. Assuming a
hexagonal array of nanoparticles, the colloidal concentration is around 1.85×
109 ml−1. Left- and right-handed helices were measured separately with a Jasco
J-810 CD spectrometer as reported in previous work. [75]

2.5 Data processing

Some of the acquired raw data need to be processed, either to correct for
measurement-related issues, to improve the quality via noise reduction tech-
niques or extract hidden spectral details.

EELS For energy-loss measurements performed at the SESAM, the spectral
data must be calibrated after the acquisition with the ZLP and the correct
dispersion. For experimental reasons as described in section 2.2.2 on page 33,
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Fig. 2.12: (a) EELS linescans displayed as energy-distance maps before (upper
graphic) and after background subtraction (lower graphic). (b) for
CL

slices of an EFTEM series are separated by 0.2 eV. Because of instabilities
during the measurements, all spectra contained in a SI must be calibrated
individually. This is done via a plugin script in the Digital Micrograph (DM)
microscopy software that identifies and centers each of the zero-loss peaks at
0 eV and needs to be applied three times to yield good results. Consequently,
the very intense ZLP must be measured together with the spectral data and
limits the possible exposure time to prevent damaging the CCD camera. An
option to acquire both spectral parts separately with different exposure times
(dual-EELS) is not available at this microscope.

Plasmonic spectral features at low energy losses might be overshadowed by the
bright ZLP (figure 2.12 a). Their visibility can be increased by subtracting the
background signal which is related to its tail, in this case by fitting a power-law
function. However, many other approaches are discussed in the literature,
including mirroring the spectrum in the case of symmetric monochromated
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ZLPs and machine learning algorithms. [94]

CL The emitted far-field radiation of an excited nanostructure is measured
at a comparably large distance with intensities that are only a few percent
above the dark signal of the detector (figure 2.12 b, lower graph). Reference
measurements with a blanked beam are required for each experimental setting
to extract the signal of interest (upper graph).

Noise reduction Data with a low SNR were treated with a combination of
principle component analysis (PCA) [95,96] and subsequent smoothing via the
application of a Savitzky-Golay algorithm (blue line in the upper graph of
figure 2.12 b).

2.6 Simulations

In the scope of this work, different kinds of numerical simulations were per-
formed to complement the experimental results. They are all based on solving
Maxwell’s equations under boundary conditions as given by the experimentally
determined geometries of the structures. Besides confirming the experimental
measurements, simulations contribute to a deeper understanding, for example
through visualizations, that are experimentally either difficult or even impossible
to realize, such as movies of propagating plasmonic modes via finite-difference
time-domain (FDTD) simulations [97] or dispersion diagrams by using the
finite-difference frequency-domain (FDFD) approach. [98] For numerical EELS

calculations, the anisotropic permittivity of Bi2Se3 was described by the Drude
model in combination with a function to implement interband transitions. [60]
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For gold nanohelices, a tabulated dielectric function in the energy range from
0.1 eV to 6 eV was used. [99] To account for substrate effects, the structures were
embedded in an effective medium with a dielectric constant of 2.8. Electron
energy-loss spectra were simulated by the boundary element method (BEM) us-
ing the MNPBEM toolbox. [100] For CL simulations, the COMSOL Multiphysics
software package with its radiofrequency (RF) toolbox was used.
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3 Results

This chapter is dedicated to present the scientific results that were acquired
in the scope of this thesis. The three projects are summarized in sections 3.1,
3.2 and 3.3 and are based on my own first-author publications (B), (A) and
(D), respectively, as listed on page xiv. Therefore, large parts are implemented
without rephrasing or rewording.

3.1 Interaction of hyperbolic edge exciton

polaritons with defects

Hyperbolic materials exhibit unique properties that enable intriguing applica-
tions in nanophotonics. The topological insulator Bi2Se3 represents a natural
hyperbolic optical medium, both in the terahertz and visible range. Here,
using CL spectroscopy and EELS, we demonstrate that Bi2Se3 supports
room-temperature exciton polaritons and explore the behavior of hyperbolic
edge exciton polaritons (HEEPs), which are hybrid modes resulting from
the coupling of the polaritons bound to the upper and lower edges of Bi2Se3

nanoplatelets. Although polaritons in Bi2Se3 and Bi2Te3 have been demon-
strated before, [101–103] the origin of the observed polaritonic behavior had not
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been revealed. Similar direct and indirect band gap excitonic excitations with
strong oscillator strengths up to room temperature exist in either engineered
heterostructures [104,105] or natural layered materials with vdW bindings. [106–110]

We compare Fabry-Pérot-like resonances emerging in edge polariton propagation
along pristine and artificially structured edges and experimentally demonstrate
the possibility to steer edge polaritons by means of grooves and nanocavities.
The observed scattering of edge polaritons by defect structures and their inter-
action with localized polaritons is found to be in good agreement with FDTD

simulations. [111] Our findings reveal the extraordinary capability of hyperbolic
polariton propagation to cope with the presence of defects, providing an excel-
lent basis for applications such as nanooptical circuitry, nanoscale cloaking and
nanoscopic quantum technology.

3.1.1 Hyperbolicity in Bi2Se3

In the past few years, anisotropic media with a hyperbolic dispersion have
attracted significant attention due to their unique electromagnetic and optical
properties. [112] A material is called hyperbolic, when its isofrequency surface
given by

k2
‖

ε⊥
+ k2

⊥
ε‖

=
(
ω

c

)2
(3.1)

forms a hyperboloid. Here, c is the speed of light and k‖ and k⊥ are the
in-plane (x-y-plane) and out-of-plane (z-direction) components of the wave
vector, respectively, describing the planewave propagation in the material at
frequency ω. This hyperbolic condition is fulfilled, when at least one prin-
ciple component of the dielectric tensor ε is negative. [113] A material with a
negative real part of the dielectric function in the isotropic plane parallel to
the surface (ε‖) is referred to as hyperbolic type-2 (HB2), whereas a material
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displaying a negative value in the out-of-plane direction (ε⊥) is of hyperbolic
type-1 (HB1) character. In contrast to closed isofrequency sheets, in hyperbolic
materials propagation can occur at arbitrarily large wave vectors, resulting in a
number of peculiar nanophotonic properties and applications such as negative
refraction [114] or subdiffraction super-resolution imaging [115–118] right at the
transition to the hyperbolic dispersion. [113] The main criterion for hyperbolicity
is the motion of free electrons being constrained in one or two spatial dimen-
sions, which can be experimentally realized by the construction of artificial
metamaterials such as layered metal-dielectric structures [119–122] or based on
silicon carbide particles. [123] Besides such artificial engineering, and even more
intriguing, natural hyperbolic behavior has also been predicted and experimen-
tally demonstrated, for example in graphite for UV frequencies, [124] in layered
vdW materials in the visible range [125] and hexagonal boron nitride (h-BN) in
the terahertz regime. [126–129] Tetradymites like Bi2Se3 structures are another
class of hyperbolic materials in the visible range, as confirmed by spectroscopic
ellipsometry measurements (figure 3.1). [130,131] Due to the anisotropic dielectric
properties of the material, it becomes hyperbolic within distinct energy ranges
between 1.06 eV and 1.74 eV and above 1.9 eV with type-1 and type-2 character,
respectively.

3.1.2 Far-field radiation

We first investigate Bi2Se3 nanoplatelets using CL spectroscopy. Electrons
traversing semiconducting materials undergo a series of inelastic events. Par-
ticularly, a number of electron–hole pairs is generated per electron excitation,
which strongly depends on the energy of the incident electron and the band gap
of the material. Therefore, CL spectroscopy is a deterministic tool for detecting

51



Fig. 3.1: (a) Relative permittivity of bulk Bi2Se3, acquired by ellipsometry
measurements. Anisotropic guided waves (D), hyperbolic type-1 (HB1)
and hyperbolic type-2 (HB2) waves are supported at the energies
highlighted by blue, orange and green colors, respectively. (b) In-
plane and out-of-plane directions within the layered vdW crystal and
isofrequency sheets related to hyperbolic type-1 and type-2 behavior
are shown in addition.

exciton-mediated radiation of the material. The CL intensity, emitted by an
excited Bi2Se3 nanoplatelet was measured and spectroscopically analyzed in
the visible range. The spectrum in figure 3.2 particularly shows two exciton
peaks at the energies of 1.5 eV and 1.95 eV. These peaks are associated with
the exciton transitions around the Q and F points of the Brillouin zone. [132]

Exciton excitation between the quintuple layers (located at the Γ point of
the Brillouin zone) happens at energies below 0.5 eV and is affected by the
spin–orbit interactions, similar to the exciton peaks in MoS2. [133] However, this
energy range is out of reach of the used CL spectrometer.

The combination of excitonic excitations together with the hyperbolic nature
of this material, thus leads to the emergence of hyperbolic exciton polaritons
and in particular HEEPs. In the following, the properties of HEEPs and their
interaction with anomalies will be discussed.
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Fig. 3.2: CL spectrum (a) of a Bi2Se3 nanoplatelet (b), summed over the spatial
points marked in yellow color (c). Two peaks are observed, which are
associated with direct exciton transitions at the F and Q points of
the Brillouin zone, that are related with in plane (within quintuple
layers) bound exciton excitations. Interplanar exciton transitions
(between quintuple layers) occur at the Γ point as well, however,
their energy is out of range of the used spectroscopic instrumentation.
Scale bars are 200 nm. Inset of panel (a) is adapted from the original
publication. [132]
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3.1.3 Edge exciton polaritons

Thin Bi2Se3 nanoplatelets were investigated further experimentally by means
of analytical transmission electron microscopy. For that purpose, the area of
interest was both irradiated with a parallel beam of fast electrons and spatially
scanned by a focused electron probe. The energy-loss experienced by the
electrons through their inelastic interaction with the specimen were analyzed
with an energy-dispersive detection system (figure 3.3 a). Electron beams
interacting with nanoplatelets in an aloof trajectory, [134] i.e., traversing the
mode volume surrounding the side planes without passing through the material,
can launch both surface waves and HEEPs. As will be discussed here, we
observe a stronger coupling of the electron beam to HEEPs rather than surface
waves. HEEPs in nanoplatelets propagate along the edges with their mode
volume being sharply confined (figure 3.3 b). [135] In addition, those propagating
at the upper and lower edges hybridize, very similar to surface polaritons in thin
films, and form symmetric and antisymmetric modes. It should be mentioned
though, that in contrast to directional zigzag-like propagation and scattering of
surface phonon polaritons along the side surfaces of h-BN nanoparticles, [136]

the investigated edge polaritons here are hybrid modes that are tightly bound
to the edges of the material, rather than 2D surfaces.

Partial reflections of propagating modes at corners to adjacent side planes result
in the formation of standing-wave patterns with a finite standing-wave ratio.
This modulation of the photonic LDOS is visible in the EELS signal. [13,56]

Fabry–Pérot-like resonances of several orders were observed along edges at
distinct energy values, depending on their length (figure 3.4). From the distance
between the maxima, the wavelengths and corresponding propagation constants
of the excited modes were extracted, which show very good agreement with the
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Fig. 3.3: (a) Excitation of polaritons in Bi2Se3 by an electron beam. During
the inelastic interaction of fast electrons with the specimen, both
surface polaritons and edge polaritons are excited and consequently
the electrons experience energy loss. The electron energy-loss spec-
trum is then acquired by the energy-dispersive detection system. (b)
Simulated z-component of the electric field associated with edge po-
laritons propagating along the edges of a Bi2Se3 large cube, at the
energy of 4.0 eV. In thin films the edge modes are hybridized and
form symmetric and antisymmetric modes, here at E1 = 4.3 eV and
E2 = 3.8 eV for a thickness of 60 nm. Red and blue colors represent
positive and negative values, respectively.
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Fig. 3.4: (a) TEM images of a Bi2Se3 nanoplatelet at different magnifications
and (b) EELS intensity acquired along its edge, as marked with a
red arrow in (a). The intensity profiles were extracted from slices
of an EFTEM series, which was acquired with a step width and
energy-window of 200 meV. Spatial averaging was applied over 10
pixels as it is represented by the thickness of the red arrow in (a).
Fabry-Pérot-like resonances are observed at specific energies, due to
reflections from the corners. These resonances are used to calculate
the effective wavelength and hence the phase constant of the excited
mode.
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Fig. 3.5: (a) Dispersion diagram of the different optical modes, supported by
a Bi2Se3 nanoplatelet in the form of a channel waveguide (only lower
order modes are shown. HE1 and HE2 indicate hybrid magnetic-like
modes. The inset graphic shows the simulated spatial distribution
of the z-component of the electric field associated with the HE1
mode, which propagates in the x-direction along an infinitely long
waveguide. (b) The z-component of the electric field at the cross-
sections associated with the anisotropic guided wave, hyperbolic
type-1 HE2 and hyperbolic type-2 HE1 channel modes, are shown at
the depicted energies from top to bottom, respectively.

computed dispersion (figure 3.5 a). For energies below 1.06 eV, channel modes
are excited that have field profiles confined to the upper and lower surfaces. At
higher energies, when the material becomes hyperbolic, HEEPs are excited
with longer propagation lengths (inset of figure 3.5 a) and therefore reduced
attenuation constants, particularly at energies above 3.0 eV.

Two coexisting HEEP modes with symmetric and antisymmetric field distribu-
tions are supported (3.5 b). Both modes are hybrid in nature, meaning that they
have both electric and magnetic field components in the longitudinal direction
and cannot be described by either transverse magnetic (TM) or transverse
electric (TE) mode profiles, but rather a superposition of both solutions is
required. Intriguingly, they can be described by HE mode profiles, which have
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a dominating TE characteristic. HE1 and HE2 modes are associated with
symmetric and antisymmetric HEEPs, respectively, where by symmetry, we
refer to the spatial distribution of the induced charges.

3.1.4 Interaction with engineered defects

Launched optical modes that propagate along the edges of a nanoplatelet are
partially reflected at corners, partially guided around them or couple to far-field
radiation (figure 3.6 a). The realization of nanocircuitry devices for applications
such as polaritonic cloaking [137] in the general field of transformational flat
optics [138,139] requires tunable steering of the propagating modes to desired
locations under the possible influence of interactions with local topological
anomalies.

Here, we aim at understanding the interaction of HEEPs with such anomalies.
For this purpose, different defect structures were created at clean edges of
Bi2Se3 nanoplatelets using FIB milling. In the following, two examples are
discussed, which are sketched in figure 3.6 a. The real structures are located on
two different nanoplatelets, as displayed in SEM images in figure 3.6 b. Binary
images have been extracted as a topological basis for FDTD simulations.

Finite grating structure The structure with round-shaped grooves (fig-
ure 3.6 b, left panel) was experimentally analyzed by EFTEM, which yields
better spatial sampling over this large investigated area and reduces the risk
of contamination and beam damage compared to scanning the ROI with a
focused electron beam. While there is no spatial intensity modulation present
at 1.0 eV, a high intensity is observed along the structured side planes with
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Fig. 3.6: (a) The interaction of HEEPs at corners and with precisely engineered
scatterers of different topology causes reflection, transmission and
radiation of partial waves. (b) SEM images of the investigated
structures “finite grating structure” and “circular nanocavities”, that
are located on two different nanoplatelets.
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Fig. 3.7: (a) Schematic of the finite grating structure, consisting of round-
shaped grooves. The investigated area is marked by a red frame.
(b) EFTEM images at different energy-losses (3.0 eV and 4.0 eV)
acquired with an energy window of 0.2 eV width. The intensity
variation indicates the relative local absorption probability. Big
and small blue arrows point towards intensity maxima and minima,
respectively. (c) Intensity modulation along the structured edge for
different energy-loss values. The analyzed spectra were extracted
from positions marked in (d) and averaged spatially over an area of
10 by 10 pixels. Grey shaded areas in (c) emphasize the positions of
the bridges between grooves.

60



maxima inside the grooves and minima at the corners at 3.0 eV, which are
marked with big and small blue arrows in the EFTEM image (figure 3.7 b,
left panel). These intensity modulations are caused by the interaction of HE1

and HE2 modes with discontinuities like sharp corners and partial reflections
from them. Missing intensity modulations at 1.0 eV is understood from the
fact that at this energy, the dispersion of the HEEPs is located inside the light
cone (figure 3.5 a); therefore, electron-induced excitations strongly couple to
radiation. The perimeter of each groove structure is approximately 700 nm, that
is equal to 2λeff at this energy, where λeff = 2π/β (ω) is the effective HEEP

wavelength and β (ω) the phase constant. Interestingly, despite the relatively
large size of the groove, only one single maximum is observed. We associate
this behavior to the coexistence of two HE1 and HE2 modes at this energy
with slightly different propagation constants, in such a way that interference
between these two optical modes leads to a beating frequency observed as a
low-frequency spatial modulation. At 4.0 eV, absorption maxima are measured
at the narrow bridges between the grooves (big blue arrows in figure 3.7 b,
right panel). At this energy, HE1 and HE2 modes become degenerate and
the effective wavelength associated with both modes is approximately 350 nm,
that is two times the length of the narrow bridges. At energies higher than
4.0 eV, the EELS signal for electrons traversing the Bi2Se3 film becomes more
prominent, highlighting the existence of surface plasmons (SPs).

Additional measurements were performed on a second finite grating structure,
with grooves separated by 300 nm gaps from the edge, (figure 3.8). EELS data
were acquired in STEM mode in an aloof configuration, where the electron
probe is positioned in close vicinity to the specimen. Indeed, in a modal
description, electron beams can couple both to the surface and edge polaritons.
In addition, also scattering of surface waves at the edges excites polaritons
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Fig. 3.8: (a) Bright-field (BF) TEM image of the nanostructure. It is com-
posed of an edge with elliptical grooves. The form of the boundaries
was extracted as a binary image (d) and used for simulations. (b,e) Ex-
perimental and simulated energy-distance maps, showing absorption
probabilities depending on the energy-loss value and probe position,
were extracted from the area marked with red boxes in the survey
images. (c,f) Line profiles at selected energies (1.0 eV blue, 1.4 eV
black, 2.2 eV green, 3.5 eV red) are shifted vertically for clarity. The
experimental profiles (c) were processed by applying a Fourier trans-
form smoothing algorithm in the plotting software, using a 5-point
window (solid lines).
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propagating along the edges. In an aloof experiment, like the EELS scan
data in figure 3.8, electrons can only couple to edge polaritons. A spectral
line scan along the structured edge was obtained from a spectrum image
by averaging over four pixel rows to increase the SNR. Subtracting a first-
order log-polynomial background, fitted to the tail of the monochromated
ZLP within the DM software, resulted in the EELS intensity distribution
of figure 3.8 b,c. The color-coded absorption probabilities versus the probe
position show intensity maxima at 1.0 eV and 2.2 eV at the centers and at 1.4 eV
at the corners of the bridges. The spatial modulation of distinct energy-loss
values along the edge was extracted as line profiles (figure 3.8 c) that are in
good agreement with the simulations (figure 3.8 f). For the simulations, we
have directly used the TEM dark-field (DF) image to extract the structural
topology with high accuracy (figure 3.8 d). Additionally, at energy-loss ranges
∆E < 1.0 eV and 1.1 eV < ∆E < 1.7 eV, we observe the first-order and
second-order Fabry–Pérot-like resonances with one and two intensity maxima
along the bridges, respectively (figure 3.8 b,c and e,f for experimental data
and simulations). At energies 1.7 eV < ∆E < 2.2 eV, however, we observe
again a first-order mode. This is particularly due to the change in the material
dispersion from HB1 to HB2 and also corresponding changes in the phase
constant and effective wavelength of the hyperbolic polaritons.

Circular nanocavities To investigate the propagation around defects in detail,
open and closed circular nanocavity structures were created at the edges of
nanoplatelets to study the interference of localized polaritons with propagating
modes. Holes with a diameter of 200 nm and a side-to-side distance of 350 nm
were milled at different distances from the edge, resulting in two open cavities
with opening gaps of 150 nm and 100 nm and edge distances of 50 nm, 100 nm
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and 150 nm. A 3D sketch of the structure is shown in figure 3.9 a. The red frame
marks the area containing the first three holes, which has been investigated via
STEM-EELS spectral imaging, where the electron probe is scanned over the
specimen, while detecting a complete electron energy-loss spectrum for each
pixel. Color-coded energy-filtered images have been extracted from the 3D

data cube at selected energy-loss values in the range between 1 eV and 4 eV. As
for the finite grating of the grooves discussed before, the measured EELS signal
is mainly confined to the shaped edge of the nanoplatelet and the intensity
exhibits maxima within the holes and minima at the corners. Interestingly, this
is also the case for the isolated hole, which is located at a distance of 50 nm
away from the edge. As discussed before, Fabry–Pérot-like resonances that
occur at finite edges are detectable via spatial intensity modulations in the
EELS signal. This intensity modulation is observed along the edge between
the two open holes with a maximum in the center for 1.0 eV, two maxima at the
corners for 1.5 eV and three maxima (one in the center and two at the corners)
for 2.0 eV. Interestingly, the same modulations, though with less visibility, are
detected along the edge between the second and the third hole, which clearly
reveals an influence of the latter isolated resonator on the propagating edge
polaritons.

Simulated spectral line scans confirm these experimental findings (figure 3.9 b–
e). Nevertheless, the contrast of the EELS signal along the edge relative to the
signal from the open cavities is more pronounced in the FDTD simulations.
At higher energies, this contrast is significantly altered, which is due to an
enhanced coupling between the edge polaritons and localized SPs within the
nanocavities, as will be discussed later. Moreover, at energies above 4 eV, there
is no significant intensity modulation observable along the edges at the location
of the 3rd and 4th isolated nanocavity. Nevertheless, even at energies below 4 eV,

64



Fig. 3.9: (a) Schematic of the defect structure with the investigated area
being marked by a red frame and slices of the 3D data cube at
the indicated energy-loss values (1.0 eV, 1.5 eV, 3.0 eV and 4.0 eV).
The color scale indicates the relative local absorption probability for
the displayed energy-loss. (b,c) Experimental and (d,e) simulated
EELS intensities acquired along a Bi2Se3 nanoplatelet having holes
at different distances from the edge. The exact shape of the structure
was extracted from the BF TEM image and used for the simulations.
Line profiles at selected energies (i) 1.0 eV, (ii) 1.5 eV, (iii) 2.0 eV
(iv) 3.0 eV and (v) 4.0 eV are shown in (c) and (e).
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the influence of the third hole on the intensity modulations is more pronouncedly
observed in the experimental results when compared to the simulations. This
discrepancy can have several reasons: (i) Due to the weak vdW forces between
layers, the material forms a layered structure; therefore, reaching a perfectly
aligned edge by milling is not possible. However in simulations, a vertical
hole configuration is assumed. (ii) In contrast to the experimental results,
simulations show more pronounced influences of the first and second nanocavity.
This results in more contrast in the intensity and as such, the rather faint
effect of the first and second hole is not as pronouncedly observed as in the
experiment. (iii) The exact topology of the holes, formed by ion milling, is not
cylindrical with vertical walls as considered in the simulations, but rather has
some small inclined angles leading to a truncated conical topology, which has
not been considered in the simulations. Additionally, other reasons might also
slightly alter the simulation results compared to the experiments, such as the
existence of pollutant and dopants inside the material that could slightly change
its optical response compared to the expected perfect Bi2Se3 single-crystalline
structure.

Discussion Fast electrons interact with uniaxial crystals of Bi2Se3, resulting in
a variety of collective modes being excited within the bulk, at the interfaces and
along the edges of the nanoplatelets. Because of electromagnetic interactions
between the electrons and launched polaritons, the electrons lose energy, which
is detected by an electron energy-loss spectrometer. Electrons propagating
in the bulk along the z-axis launch longitudinally oscillating charge density
waves, resulting in an absorption peak at the bulk plasmon energy of 2 eV, as
well as Cherenkov radiation at energies below 1 eV, where the material is still
dielectric. At the interfaces to a dielectric medium, surface modes, ranging
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from channel waveguide waves [140] in the dielectric to hyperbolic polaritons [112]

in the hyperbolic energy regime, transfer electromagnetic energy in lateral
directions. Within the context of SPPs, the hybridized even and odd modes of
thin metallic films are well known and extensively discussed in the literature.

The dynamics of edge polaritons and the phase distribution of optical near
fields could convey more insight into the time-varying propagation mechanisms
to understand for instance the multipole distributions of localized resonances
in our cavities. In contrast to EELS experiments that show time-averaged
photonic LDOS, simulations using the FDTD approach are a powerful tool to
give insight into the dynamics and propagation mechanism of the polaritons and
their interactions with structured defects. By exciting the specimen at certain
energies with an electron at a defined impact position (marked with a white
dot in figure 3.10), the propagating modes can be visualized by calculating the
z-component of the electric and magnetic field strength in finite time intervals.
When the moving electron interacts with the Bi2Se3 nanoplatelet at its edge,
various energy-loss channels become possible, ranging from diffraction radiation
to surface and edge polariton excitations. The dominant mechanism is the
transition radiation, whereas only less than 10 % of the generated photons are
converted to the propagating polaritons.

We start our analysis with the structure shown in figure 3.7. While propagating
modes are observed along the edges of the grooves for higher energies, this
is not the case at 1 eV. Instead, dipolar excitations are visible inside defects
that couple to the edge polaritons. The magnetic field is confined inside the
defect with asymmetric orientation related to the position of the excitation,
pointing inside and outside the plane, respectively (figure 3.10 a, right panel).
As such, the defect structure behaves similarly to a split ring resonator at
low energies. Hence, the mechanism of the propagation of the polaritons at
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Fig. 3.10: FDTD simulations for the investigated “finite grating structure”
(a) and structure with “circular nanocavities” (b) being excited by
fast electrons at the positions marked in white color. The color-
coded images show the z-component of the electric (left panels) and
magnetic (right panels) field strength for different excitation energies.
The images depict temporal snapshots. Movies are available online. [2]

this energy is via dipole-dipole interactions. At energies higher than 3 eV, the
effective wavelengths of the edge polaritons are smaller than the size of the
grooves. Edge polaritons are therefore partially transmitted around the corners
into the grooves and are partially coupled to the next defect via radiation
transfer. However, the latter mechanism contributes more strongly to the
coupling between the defects at higher energies. Particularly at energies greater
than 4 eV, edge polaritons can penetrate into the grooves around bending edges
as sharp as 90° and couple to the next gap as well.

For the structure with embedded circular nanocavities at varying distances from
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the edge, we observe the surprising ability of the edge polaritons to cope with
the presence of smaller defects. Even for the case of open nanocavities touching
the edge, edge polaritons can efficiently couple to the next bridge at low-loss.
At energies greater than 4 eV, the attenuation constant of the HE1 edge mode is
significantly reduced (compare figure 3.10 b with figure 3.5 a). Hyperbolic SPPs
are purely transverse modes and do not sustain the z-component of the magnetic
field (Hz). In contrast, edge polaritons demonstrate a strong localization along
the edges (figure 3.10 b, right panels). Edge polaritons can also be localized
inside isolated nanocavities in the form of dipolar and quadrupolar magnetic
resonances, at the energies of 3 eV and 5 eV, respectively. In comparison with
SPPs, the spatial distribution of edge polaritons is quite confined to the edges,
which makes them suitable candidates for engineering localized nanoresonators
made of Bi2Se3.

3.1.5 Conclusions

Our overall observations highlight unique features of optical excitations in
tetradymites and in particular in Bi2Se3. Distinct from surface and edge
plasmon polaritons, the visibility of the spatial interference fringes caused by the
Fabry–Pérot-like resonances in Bi2Se3 nanoplatelets are much less pronounced.
As discussed here, this is due to the coexistence of various optical modes
and therefore low beating frequencies caused by the phase differences between
the optical modes. Moreover, exactly this competition between the different
optical modes helps for a higher transmission through discontinuities, simply
by facilitating the modes couplings and various energy transfer mechanisms
as discussed above. Moreover, we do not observe a zigzag-like propagation of
the sort normally observed in h-BN and other materials supporting phonon
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polaritons. In other words, the optical response of Bi2Se3 sustains a combination
of plasmonic-like propagation concomitant by a large number of photonic states,
supported along surfaces, edges, as well as in the bulk of the material.

Finally, we would like to point out that our observations regarding the behavior
of edge polaritons support the ellipsometry model used in treating the material
as a uniaxial anisotropic material, in a sense that the in-plane dispersion of the
optical waves is completely isotropic. We did not observe any evidence that
the behavior of edge polaritons along certain in-plane edges, regarding their
orientation with respect to the in-plane crystallographic direction, is different.
However, natural nanoplatelets do behave differently from long milled edges,
highlighting the fact that due to the layered nature of the material, milling the
structure to achieve a perpendicularly aligned edge is challenging.

Our results show that Bi2Se3 can host room-temperature polaritons, similar to
other classes of vdW materials such as transition metal dichalcogenides. The
excitonic optical response of Bi2Se3, in combination with its hyperbolic behavior,
allows for the excitation of HEEPs. Their interaction with engineered defects of
different topologies is revealed here in detail. We were able to directly visualize
standing-wave patterns resulting from the reflection of hyperbolic polaritons
from edges and corners and furthermore to experimentally demonstrate steering
of the edge polaritons by means of grooves and nanocavities in the vicinity
of edges. Supported by numerical simulations, we could show that at higher
energies, edge polaritons can avoid defects and that unexpectedly the standing-
wave ratio associated with the reflection from such defects is smaller than at
lower energies. Remarkably, due to the large number of hybrid optical modes,
which are excited at higher energies and also the low attenuation constant
of edge polaritons excited above 4 eV, embedded discontinuities are overcome
by coupling between various edge and radiation modes. This characteristic is
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promising for the implementation of data transmission lines as interconnects
between electronic counterparts and opens up possibilities for coherent and
efficient transfer of optical energy similar to topological photonics, albeit within
a natural material such as Bi2Se3. Moreover, the principal possibility to tune
hyperbolic polaritons in vdW materials via doping and defect engineering
renders Bi2Se3 and related tetradymites into promising platforms for future
configurable optical waveguides, both in the reststrahlen bands as discussed
elsewhere [136,141] and at visible frequencies as demonstrated here. Our concept
provides an excellent basis for future applications such as nanooptical circuitry,
cloaking at the nanometer scale, as well as quantum technology by steering
emission of quantum emitters on the nanoscale.

Contributions to this project The underlying research article to this section
was written by Robin Lingstädt together with Nahid Talebi, who performed
the theoretical and numerical investigations and supervised the entire work
together with Marko Burghard, Harald Giessen and Peter A. van Aken. Optical
ellipsometry measurements were carried out by Bruno Gompf. Nanoplatelets
were grown by Soudabeh Mashhadi, who also performed AFM measurements
of the defect structures that were created by Mario Hentschel. Robin Lingstädt
prepared the samples for TEM investigations and performed the EELS and
CL measurements.
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3.2 Plasmonic excitation and far-field radiation of

gold tapers

In the field of nanophotonics, metallic nanostructures are well-known functional
elements. In such structures, SPs can strongly interact with photons and there-
fore propagate and transport electromagnetic energy on the nanoscale, reaching
confinements even substantially below the diffraction limit. [142–146] In the case
of surface plasmon, [147–149] channel plasmon [150] and wedge plasmon [151,152]

polaritons, long-range propagation has been found in planar geometries. [153]

One of the most established and widely used 3D nanostructures are conically
shaped metallic tapers, as their plasmonic properties show interesting character-
istics in strong correlation with their geometrical properties and favourable reso-
nance behavior can be tailored by optimizing structural parameters like surface
roughness or opening angle. Their practical application ranges from waveguides
or nanoantennas in scanning near-field optical microscopy (SNOM) [154–163] to
ultra-fast photoemission sources in point-projection microscopes. [164–173]

To investigate the underlying physical principles of these technologically impor-
tant nanophotonic devices, several characterization techniques and numerical
simulation methods have been employed to further understand excitation and
propagation processes and the mechanism of focusing electromagnetic energy
to the nanoscale. [65,154,159,166,174–177]

Interestingly, for mesoscopic rather than nanoscopic specimen dimensions, as
will be discussed here, a dynamic exchange of momentum and energy is observed
along the electron trajectory. Theoretical investigations revealed that the
fundamental TM SPP mode with vanishing angular momentum m = 0 is able
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to propagate along the taper shaft and concentrate the carried electromagnetic
energy at the apex, while its radially symmetric electric field is evanescently
bound to the surface. [155,174,178] This coupling to localized plasmons at the tip is
termed as adiabatic nanofocusing. [65,143,154] By contrast, other plasmon modes
with higher angular momentum order |m| > 0 do only propagate above certain
critical radii (i.e. the local radius of the cross section normal to the taper
axis), where they radiate off the taper and couple to the far-field. [174,176,177,179]

For realistic taper geometries with a limited radius of curvature at the apex,
both reflection and radiation of the m = 0 mode have been observed. [164,167] In
general, the behavior of the different plasmonic modes, sustained by metallic
tapers, is strongly affected by varying parameters like apex curvature, opening
angle or surface quality, which was addressed by recent studies. [70,167,176,180,181]

3.2.1 Back-reflection and phase-matching mechanism

3D single-crystalline gold tapers with different opening angles were investigated
experimentally by both EELS and CL, supported by numerical calculations.
The proposed theoretical model reveals a dynamic interplay of the plasmonic
modes with the exciting swift electron, which results in the observed interfer-
ence pattern in the EELS signal. In general, two coexisting mechanisms are
identified, that are more or less dominant, depending on the taper geometry.
While the reflection of plasmonic modes from the apex plays the major role for
tapers with small opening angles (below 10°), the phase-matching between the
electric fields of plasmonic modes with higher-order angular momentum and
the passing electron becomes dominant for large opening angles (above 20°),
due to the longer interaction time.

Single-crystalline gold tapers [65,66] with a particularly smooth surface were used
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for the experiments in order to minimize scattering losses and localization of
SPPs. [182] EELS measurements were performed at an acceleration voltage
of 200 kV with the ZEISS SESAM (see section 2.2.1 on page 32 for details).
The spatially resolved intensity variations reveal resonance effects and give
insight into the strong dependence of plasmonic modes on taper geometries.
For gold, however, this spatial information is limited to energies below 2 eV,
where interband absorptions set in and result in a homogeneous EELS intensity
distribution. [60,183] Detecting the energy-loss spectrum continuously while scan-
ning the electron probe over a certain distance L along the taper shaft results
in an energy-distance map (figure 3.11 b). A very intense signal is detected at
the apex, which is associated with highly confined localized SPs. Its spectral
intensity is almost constant over a wide energy range, in contrast to results of
earlier work on metallic nanoparticles and conical tapers, where this broadband
characteristic has not been observed. [184]

Moving the electron probe further away from the apex, distinct maxima are
observed in the spectra below 2 eV that shift towards lower energies. These
resonances are related to higher-order angular momentum taper eigenmodes,
as will be discussed below. The individual modes can be identified by tracing
maxima in the spectra over L and fitting the data with hyperbolic functions
E = E0 + κ/L, with E0 and κ being constants (figure 3.11 c). Moreover, the
fitting parameters were found to linearly depend on the mode number m,
resulting in the empirical relation

E = (0.105m− 0.098) eV + (0.105m− 0.098)
R

µm eV, (3.2)

with R = L · sin (α/2) as the local radius at a certain distance from the apex
of a taper with the opening angle α. Numerical calculations revealed that the
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Fig. 3.11: (a) HAADF image of a taper with an opening angle of 49°. The
scale bar is 500 nm. (b) Local EELS measurements along the taper
shaft. The energy-distance map shows the EELS intensity over the
scanning distance L. A very intense broadband signal is detected
at the taper apex and higher-order angular momentum eigenmodes
become apparent. (c) Taper eigenmodes with higher-order angular
momentum numbers m = 1, ..., 6 are identified by least-squares fits
of hyperbolic functions to the maxima in the energy-loss spectra
and traced over the scanning distance L. Adapted and reused with
permission from the original publication. [176]
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observed resonances can be attributed to a phase-matching mechanism between
the electric fields of taper modes and the exciting electron and will be discussed
in the following.

Aiming for a more fundamental level of understanding the physical principles
behind these experimental observations, conical structures have been extensively
studied theoretically in the past. Although rather complex mathematical
methods and novel approximation schemes have been applied, the determination
of explicit solutions is still a matter of ongoing research. [185–187] Following
the comparably intuitive approach of viewing the taper as a combination of
infinitely thin slices of metallic fibers with continuously varying radii, the
near-field properties of a conical structure can be effectively modelled by a
superposition of fiber eigenmodes. [176] After solving the Helmholtz equation in
cylindrical coordinates, they can be characterized by the complex wavenumber
kz along the fiber axis and the azimuthal angular momentum number m =
0, ± 1, ± 2, . . . . [188,189] Interestingly, higher-order modes can only propagate
evanescently bound to the metallic surface above a certain mode-dependent
critical local radius, where they radiate off the taper and couple to the continuum
of photonic modes. By contrast, it is only the rotationally symmetric m = 0
mode that is not restricted in this regard. This lowest-order angular momentum
mode is therefore able to transport electromagnetic energy to the apex and
focus it adiabatically. [143,190–192]

The conducted experiments were evaluated theoretically by FDTD simulations.
The ability to calculate electric field distributions and their evolution with high
temporal resolution gives insight into the very fast interaction processes of the
passing electron with the investigated structure. Of course, it is essential to
model the entire experimental setup very accurately, including the 3D taper
itself and the relativistic electron source. [41,193] The results of a dynamic simu-
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lation for a gold taper with an opening angle of α = 45° in the aforementioned
local radius approximation are shown in figure 3.12 a,b. The structure is excited
by a fast-moving electron, which passes the surface at a minimum distance of
1 nm. Its speed is set to roughly 70 % of the speed of light, which corresponds to
an acceleration voltage of 200 kV in an electron microscope. A detailed analysis
of the temporal and spatial evolution of the fields revealed that most of the
transferred energy is radiated in the form of an ultra-short light pulse, whereas
only a minor amount couples to evanescent surface modes. Although initially a
wave packet with a broad energy distribution and wide range of mode numbers
m and wavenumbers kz is launched, only modes up to a certain mode order m
can propagate towards the apex due to the limiting local radius at the impact
position. Energy-loss spectra were simulated for infinitely long fibers with vary-
ing radii (figure 3.13 c,d,e). The calculated results clearly reveal a resonance
characteristic in good agreement with the experimental findings (figure 3.11).
The observed hyperbolic dispersion of energy-loss maxima depending on the
local radius were analysed carefully with regard to the underlying model of
infinitely long fibers. [176] The development of an analytical description revealed
two different mechanisms as reasons for EELS resonances. Firstly, absorption
maxima are expected, whenever the spatial profile of the scattered field of an ex-
cited fiber matches closely with the field of one of its eigenmodes that propagate
along the taper (or fiber) axis. [188,189] Secondly, by evaluating overlap integrals
along the electron trajectory, it was shown that the spatial phase pattern of
the passing electron can resemble one of the rotating eigenmodes with higher
angular momentum orders for certain energies. Whenever this phase-matching
occurs, energy is resonantly transferred from the electron to the structure
and an absorption maximum is observed in the energy-loss spectrum. This
case is exemplarily shown for an assumed frequency ω = 1.6 eV h̄−1, for which
the electron field oscillates along its trajectory with a wavelength of 539 nm
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Fig. 3.12: (a) 3D sketch (left panel) and dynamic simulation for a taper with
an opening angle of 45° (right panel), showing the Ez-field on its
surface, while an electron passes the structure 900 nm away from
the apex. The color code maps the field distribution 1 fs before the
electron reaches its closest distance of 1 nm from the surface. (b)
Scattered electric field component Ez, calculated for an energy-loss
of 1.6 eV, induced by an electron that passes the taper at the local
radii of 383 nm (left panel) and 612 nm (centre panel). The plane-
wave component of the electric field, corresponding to the moving
electron, is displayed on the right. Scale bars are 500 nm. Adapted
and reused with permission from the original publication. [176]
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Fig. 3.13: (a) A fast electron passes an infinitely long metallic fiber at a close
distance. Due to the interaction, evanescent SPP modes are excited
that propagate along the fiber (kz), as well as radiative modes with
different angular momentum numbers m. (b) Energy-loss spectra
simulated for different fiber radii including (left panel) and excluding
(right panel) modes with kz > k0 for an electron that passes at
a distance of 1 nm from the surface. Experimentally determined
values (circles), measured along a taper with an opening angle of
49°, resemble the theoretically predicted EELS maxima very well
(dashed lines). (c) Simulated contribution of the individual modes
with angular momentum numbers m = 0, ..., 8. Adapted and reused
with permission from the original publication. [176]
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(figure 3.12 b). Fourier transformations of the FDTD simulations revealed a
strongly scattered field for that particular frequency only, if the electron passes
the taper at specific local radii. In addition, the field distributions closely
resemble the field pattern of the fiber eigenmodes with m = 4 and m = 6,
respectively. A rather rough approximation can be made by evaluating the
aforementioned overlap integral only over a reduced interaction length, as the
interaction is the strongest close to the surface. Phase-matching resonances
are observed whenever the phase of the electron field matches with the phase
of a fiber mode field over the interaction length. The obtained hyperbolic
dependence of resonance energies on local radii h̄ω ≈ (m± 1) h̄vel/R, where
vel is the electron velocity, resembles the empirically determined dispersion
relation (equation 3.2) qualitatively quite well.

In addition to the EELS experiments, where the absorption probability is
dispersed into energy spectra, the theoretical model allows for further analysis
regarding the decomposition versus longitudinal and angular momenta along and
around the fiber axis, respectively. The calculations show that for comparably
thin fibers (R = 50 nm) the rotationally symmetric m = 0 eigenmode most
dominantly contributes to the EELS signal and phase-matching resonances
are not relevant. For larger radii, however, the situation is completely different.
Due to the increased interaction length along the electron trajectory, the EELS

signal is most strongly influenced by the phase-matching mechanism rather
than the excitation of fiber eigenmodes. As it was shown for the fiber radius
R = 400 nm, resonance energies, surprisingly, correspond to highly radiative
modes with kz < k0, where k0 = E/h̄c is the wavenumber of light in vacuum.
For the interpretation of EELS data of conical tapers and finite structures in
general, with dimensions that exceed multiples of the electron field oscillation
wavelength along its trajectory, the phase-matching mechanism definitely has
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to be taken into account. It should be noted, however, that the results depend
on the electron velocity and that standing-wave patterns may arise due to the
reflection of the propagating fundamental mode at the apex, especially for
tapers with narrow opening angles. [167]

Analytical models for conical metal tapers confirmed the coexistence of the two
mentioned mechanisms and their effect on the EELS signal. [177] To investigate
their origin further, single-crystalline gold tapers with various opening angles
ranging from 5° to 47° were studied both experimentally by EELS and theo-
retically by FDTD simulations. [69] The simulated results for the two extreme
geometries 5° and 30° are shown in figure 3.14 a and b, respectively. The
structures were excited by relativistic electrons with a kinetic energy of 200 keV
that pass the tapers at a distance of L = 1460 nm from the apex. In the chosen
orientation of the coordinate system, the x-component of the scattered electric
field exclusively contributes to the EELS signal, as it is oriented parallel to the
electron trajectory. Its value is plotted on a logarithmic scale in dependence
of the x-position along the electron trajectory and the evolved time. The
time dependence of the reemitted fields of both structures shows similarities
on the one hand, but also fundamentally different characteristics. In both
cases, plasmonic modes with higher-order angular momentum are excited that
result in the formation of a complex interference pattern. In addition, they
radiate off the taper and launch electromagnetic fields that propagate through
free space at the speed of light (yellow dashed lines in figure 3.14 a,b). For
the narrow taper with an opening angle of 5°, only the fundamental mode
with m = 0 is evanescently bound to the surface and can propagate to the
apex, where it is partly reflected and results in an evanescent field burst, that
arrives at the excitation location with a time delay of approximately 11 fs
(figure 3.14 a). [194] At the position where the electron comes closest to the
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Fig. 3.14: FDTD simulations for gold tapers with 5° (a) and 30° (b) opening
angles that are excited by a fast electron at a position 1460 nm
away from the apex. The scattered electric field, projected along the
electron trajectory |Ex|, is plotted against the x-position and time
on a logarithmic scale. Plasmon oscillations lead to the emission
of electric fields that propagate away from the structure at the
speed of light (yellow dashed line). In addition, higher-order angular
momentum modes result in a complex interference pattern. A clear
time-delayed signature of the fundamental mode, being reflected at
the apex, is observed for the taper with 5° opening angle (a). For
the taper with large opening angle (b), also modes with higher-order
angular momentum (m = 1 and m = 2) can propagate along the
shaft. They are evanescently bound to the surface as a SPP wave
packet, with spatio-temporal dynamics that depend on the electron
velocity (black dashed line). Adapted and reused with permission
from the original publication. [69]
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surface, both longitudinal and radial components of the propagating mode
vanish when projected onto the electron trajectory, resulting in a centred line
of zero intensity. For the taper with 30° opening angle, also higher-order modes
are evanescently bound and can propagate away from the impact position. As
a result, their propagation occurs in the form of a wave packet. Due to the
increased interaction length with the electron along its trajectory for larger
local radii, the resulting interference pattern is inclined by a different angle
(black dashed line in figure 3.14 b), which in turn depends on the electron
velocity.

The gradual transition from phase-matching-dominated resonances to a reflection-
based origin can be illustrated in a simplified picture, as tapered structures
more and more resemble a semi-infinite whisker by decreasing the opening
angle. For a gold whisker with a radius R = 50 nm, only the fundamental
m = 0 order mode can propagate. Comparing the total scattered field projected
along the electron trajectory |Ex| at a distance of L = 1460 nm from the end,
the purely reflection-based response of the whisker is gradually suppressed
by the phase-matching mechanism for tapers with increasing opening angle,
which finally evolves to be the dominant feature for the taper with 50° opening
angle.

3.2.2 Phase-matching at variable electron speeds

The aforementioned hyperbolic equation for phase-matching resonances contains
a scaling factor that in turn depends on the relativistic speed vel of the swift
electron. Lowering the acceleration voltage of the electron microscope therefore
implies a redshift of the resonance dispersions. By contrast, effects caused by the
reflection mechanism remain constant, as they explicitly depend on the taper
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geometry. Spectral EELS line scans were performed, using a monochromated
JEOL electron microscope, along a gold taper with an opening angle of 19°
for both 200 and 60 keV electrons (figure 3.15). Tracing the maxima in the
experimental spectral dispersions for the first two mode orders clearly reveals a
redshift for the lower acceleration voltage (figure 3.15 c), as confirmed also by
numerical calculations for various acceleration voltages (figure 3.15 e). These
measurements therefore directly prove the existence of the phase-matching
mechanism in plasmonic gold tapers.

3.2.3 Far-field radiation of plasmonic gold tapers

In addition to EELS experiments, where energy-loss probabilities due to
local excitation processes are probed, the aforementioned far-field radiation
of plasmonic tapers was spectroscopically analysed by CL measurements for
two tapers with opening angles of 13° and 47°. [70] Highest CL intensities were
measured for probe positions at certain distances to the apex, which result
from a more efficient plasmonic excitation of the structure. This observation
is confirmed by spectral line scans of the electron probe along the shaft of
both tapers, as shown in figures 3.16 and 3.17, respectively. For the 13° taper
(figure 3.16 a), strong CL intensities arise for wavelengths in the range between
500 and 700 nm, when the taper is excited at a distance of roughly 300 nm
from the apex. Furthermore, a redshift is observed for larger apex distances
up to 800 nm, beyond which the intensity decreases due to damping effects.
In addition to the experimental results, CL spectra were simulated based on
numerical solutions to Maxwell’s equations for the specific taper geometry and
show a good qualitative agreement (figure 3.16 b). Interestingly, although the
local field enhancement is huge at the very apex, [195,196] no significant radiation
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Fig. 3.15: Experimental EELS line scans along a taper with an opening angle
of 19° for acceleration voltages of 200 kV (a) and 60 kV (b). The
dispersions of extracted maxima (c) show a clear redshift for 60 keV
electrons (dashed lines) for the first two mode orders (lower red
curve and upper blue curve) compared with 200 keV electrons (solid
lines). The associated relativistic electron velocities and correlated
de Broglie wavelengths are shown in (d), where c0 is the speed of
light in vacuum. (e) Simulated EELS line scans for the depicted
electron energies reveal a blue shift of the resonance dispersions with
increasing electron velocity.
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Fig. 3.16: (a) Experimental and (b) simulated CL spectra as a function of the
probe distance to the apex for a taper with an opening angle of 13°.
The corresponding local radii are shown on the second ordinate of
the diagrams. The scale for the spectral domain is indexed for both
wavelength (at the bottom) and energy (on the top). Adapted and
reused with permission from the original publication. [70]

Fig. 3.17: (a) Experimental and (b) simulated CL spectra as a function of the
probe distance to the apex for a taper with an opening angle of 47°.
The corresponding local radii are shown on the second ordinate of
the diagrams. The scale for the spectral domain is indexed for both
wavelength (at the bottom) and energy (on the top). Adapted and
reused with permission from the original publication. [70]
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is observed for this particular excitation position. However, as only the m = 0
order mode can propagate for local radii below 50 nm, energy is being carried
away from the apex through backpropagation. This mechanism can be seen as a
reciprocal process to the principle of adiabatic nanofocusing. In the case of the
47° taper, a similar radiation pattern is observed above a certain critical local
radius for both experimental and simulated results (figure 3.17 a,b). In addition,
a broad spectral feature between 600 and 800 nm arises for an excitation position
at the very apex. For the drastically changing local radius, the adiabaticity
condition fails and the excited mode radiates to the far-field. For both taper
geometries, the major radiation is observed for excitation positions above a
certain distance from the apex and originates from the decay of higher-order
angular momentum modes with |m| > 0. [154]

3.2.4 Conclusions

Conical metallic nanostructures in the form of single-crystalline gold tapers
were investigated experimentally by means of EELS and CL spectroscopy
inside electron microscopes. Supported by analytical and numerical FDTD

simulations, it could be shown that resonances in the EELS signal originate
from taper eigenmodes with higher-order angular momenta that interact with
the exciting electron via a phase-matching mechanism. This effect was proven
by measurements at different acceleration voltages, as it depends on the electron
velocity. Modelling conical tapers in a local radius approach by infinitely long
fibers along with measurements of tapers with various opening angles revealed
that the back reflection of the fundamental mode at the apex becomes the
dominant effect for narrow opening angles. The plasmonic excitation is most
efficient at a certain distance to the apex and adiabatic nanofocusing fails
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for large opening angles, as it could be shown by spatially resolved far-field
measurements.

Contributions to this project This chapter is based on a review article that
was originally published in the frame of the discussion meeting issue “dynamic
in situ microscopy relating structure and function”. [1] Robin Lingstädt drafted
and wrote the manuscript, summarizing partly new experimental results, but
mainly work that had been carried out and published previously by colleagues
at the MPI-FKF and other institutes, who are listed as coauthors. The project
was supervised by Peter A. van Aken and Nahid Talebi, who also performed
the numerical calculations. EELS measurements were conducted by Wilfried
Sigle and Surong Guo, who also performed the CL experiments together with
Alfredo Campos and Mathieu Kociak. Fabrication and optical measurements
on gold tapers were done by Martin Esmann, Simon F. Becker and Christoph
Lienau. The new EELS measurements on gold tapers at variable acceleration
voltages were done by Eiji Okunishi and Masaki Mukai at the Japan Fine
Ceramics Center (JFCC) in Nagoya.
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3.3 Directional far-field radiation of chiral gold

nanohelices

Chiral plasmonic nanostructures possess a remarkable chiroptical response,
orders of magnitude stronger than that of natural biomolecular systems, making
them highly promising for a wide range of biochemical, medical, and physical ap-
plications. Despite extensive efforts to artificially create and tune the chiroptical
properties of chiral nanostructures through compositional and geometrical mod-
ifications, fundamental understanding of their underlying mechanisms remains
limited. In this study, we present a comprehensive investigation of individual
gold nanohelices using advanced analytical electron microscopy techniques.
Our results, as determined by angle-resolved CL polarimetry measurements,
reveal a strong correlation between the circular polarization state of the emitted
far-field radiation and the handedness of the chiral nanostructure both in terms
of its dominant circularity and directional intensity distribution. Further anal-
yses, including electron energy-loss measurements and numerical simulations,
demonstrate that this correlation is driven by longitudinal plasmonic modes
that oscillate along the helical windings, much like straight nanorods of equal
strength and length. The underlying mechanism of the observed emission in
the visible range is based on the radiative decay of transverse dipolar charge
oscillations along the short axis of the helices that form for certain higher-order
modes. Our findings provide new insight into the fundamental mechanisms of
chiral plasmonic nanostructures and pave the way for their future development
and application in a wide range of fields, such as nano optics, metamaterials,
molecular physics, biochemistry and, most promising, chiral sensing via new
plasmonically enhanced chiral optical spectroscopy techniques.
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The concept of chirality is a fundamental property that refers to an object’s lack
of mirror or inversion symmetry. This results in an object and its mirror image
being not transformable through rotational or translational symmetry opera-
tions. Despite its seemingly abstract definition, the distinction between these
two enantiomorphs is fairly important and chiral objects are surprisingly present
in everyday life. Besides staircases, screws, or human hands, chirality in nature
plays an important role down to the nanoscale, as most important biomolecules
exhibit exclusively one handedness, including essential amino acids and sugars
in deoxyribonucleic acid (DNA) that form the basis of life. [197,198] In addition to
these geometrical and biochemical considerations, also physical properties are
affected and result for instance in chiroptical phenomena, e.g. LCP and RCP

light interact differently with chiral nanoobjects. This effect can be spectroscop-
ically analyzed via CD measurements. In contrast to most chiral biomolecules
or natural media, which only show a comparably weak chiroptical response,
this effect is increased by several orders of magnitude for chiral plasmonic
nanostructures or metamaterials, where electrons can be collectively excited
to perform harmonic oscillations at the surfaces. [199] As a consequence, major
efforts have been made to create artificial chiral nanostructures via various
methods [200–207] and characterize them through chiroptical measurements. [208]

As an example for 3D and hence true chiral structures, gold nanohelices have
been fabricated in a top-down approach to study the influence of structural
variations such as pitch or helical radius on chiroptical effects. [209,210] A shift
of the response in the dichroic signal from the infrared to the visible spectral
range could be achieved for even smaller helices, produced via an alternative
shadow-growth technique, following a bottom-up approach. [75,76] Optical CD

measurements that revealed strong chiroptical effects were performed on en-
sembles but also on freely diffusing single nanohelices, [211] as well as on other
single nanocrystals and fabricated nanostructures. [212] Consequently, the inves-
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tigation of individual chiral plasmonic structures with high spatial resolution,
as provided by electron microscopy, gives additional insight, especially as the
aforementioned LSPRs can be excited by electron beams in a wide energy
range and analyzed via EELS. [8–11,40,50–53,213–216] Furthermore, the generated
CL radiation [48,217] carries valuable polarization information, also in relation to
the chirality of the underlying structure. [82,218,219] In contrast to previous works,
where these analytical techniques were mainly applied to arrays or individual
chiral nanostructures with a planar geometry, in the present study, individ-
ual 3D chiral gold nanohelices are investigated with high spatial resolution
inside transmission and scanning electron microscopes. The combination of CL

polarimetry and EELS is used to measure angle-resolved far-field radiation
patterns of left- and right-handed structures and unravel the underlying plas-
monic modes. Numerical simulations reveal that the observed CL emission in
the visible spectral range originates from the decay of transverse dipolar modes
that arise due to the 3D helical shape. We show that excited nanohelices emit
directional CPL and that its circular polarization state is correlated both with
the handedness of the structure and the electron beam position.

3.3.1 Optical and structural characterization

The fabrication of chiral gold nanostructures was achieved through a com-
bination of BCML and GLAD. This process is described in more detail in
section 2.1.3 on page 29. It allowed for the creation of helical nanostructures
with a height of approximately 240 nm and an outer diameter of 140 nm. The
pitch between two windings is 110 nm, with a thickness ranging from 20 nm
to 40 nm. Importantly, both left- and right-handed helices were successfully
synthesized by selecting the corresponding rotation direction during the growth.
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Fig. 3.18: (a) CD measurements in solution revealing the optical activity of the
fabricated chiral nanostructures. The extinction of LCP and RCP
light is related to the handedness of the measured structures. (b,c)
Individual nanohelices were geometrically characterized by STEM
techniques. HAADF images show 2D projections for a right-handed
helix (R) at the top and a left-handed one (L) at the bottom. The
corresponding models of the 3D structures and their orientation
were determined by perspective mapping.

CD extinction measurements were conducted in metafluids containing the
helices with different handedness, revealing their optical activity. As shown in
figure 3.18 a, the relative extinction strength for LCP and RCP light correlates
with the handedness of the chiral structure. The change in the sign of the
CD signal, commonly referred to as the Cotton effect, has been reported for
similar nanohelices [75] and other plasmonic chiral nanostructures. [204,220,221] In
comparison to the aforementioned previous studies on gold nanohelices with
smaller dimensions, the overall dichroic response of the helices produced in this
study was found to be redshifted towards longer wavelengths in the spectrum.
Individual chiral gold nanohelices were investigated further by means of ana-
lytical transmission electron microscopy, both regarding their geometrical and
inherent material properties. HAADF images were acquired with a STEM

for right- and left-handed structures (figures 3.18 b and c). From these 2D
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Fig. 3.19: Reconstructed 3D nanohelices show the expected handedness of the
chiral structures. Movies of the rotating 3D reconstructions are
available online.

projections, some of the geometrical properties like helical radius, number of
windings and their thickness can be measured directly. For a full geometrical
characterization, however, the 3D shape of the structures and their orientation
on the flat amorphous carbon substrate have to be considered. Perspective
mapping of constructed model helices revealed a flat orientation with a rota-
tion around the long axis as shown by the illustrations next to the STEM

images. The created models resemble the real helices in an idealized and,
hence, simplified form and are used as a basis for theoretical calculations and
simulations. A qualitative confirmation that the experimentally grown helices
indeed show the expected handedness was achieved by ET, where images of
the structure of interest are acquired under various tilt angles over a wide
angular range and spatially aligned by cross-correlation filtering. The 3D

models of the underlying structures are then reconstructed via the application
of different algorithms as described in section 2.2.5 on page 39. The results for
both left- and right-handed helices are shown in figure 3.19, unavoidably again
in a 2D projection. Movies of the rotating reconstructed volumes give a better
impression of their 3D shape and will be available online after publication.
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3.3.2 LSPRs investigated by EELS

The plasmonic properties of individual gold nanostructures were investigated
via electron energy-loss measurements that were conducted using the ZEISS
SESAM. To obtain spatio-spectral information about the localized plasmons,
spectrum images were acquired with a spatial sampling of 7 nm, providing a
3D data cube, where each voxel contains a low-loss spectrum with an energy
resolution of approximately 80 meV, as determined by the FWHM of the
ZLP. The EELS findings are confirmed through simulations based on the
BEM, [100,222] which solve Maxwell’s equations with respect to the real 3D

shape of the sample. The distinct architecture of the helix comprises two
full windings with a consistent pitch of 105 nm and a clearly defined outer
helical diameter of 135 nm. Its thickness was measured, with an averaged
value of 36 nm in diameter. These dimensions were crucial in further BEM

simulations of the helix’s material properties and plasmonic resonance effects.
The experimentally acquired and simulated electron energy-loss spectra for
the left-handed helix are depicted in figures 3.20 a and b, respectively. The
similar spectroscopic data for a right-handed structure is shown in figure 3.24
at the end of this section on page 100 for comparison. Spectra were extracted
at the most significant excitation positions at the end of the helix (position 1,
black line) and at the center winding (position 2, red line), both in an aloof
configuration, i.e. the electron passing by the specimen in close proximity,
as marked in the inset graphics. The experimental SNR was improved by
averaging over four neighboring pixels. Overall, experimental and simulated
results agree very well with only slight deviations, that can be attributed to
experimental conditions and an idealized and hence simplified sample geometry
assumed in BEM simulations.

94



Fig. 3.20: (a) Experimental electron energy-loss spectra of a left-handed
nanohelix, being excited at positions 1 at the end of the struc-
ture (black curve) and 2 at the center winding (red curve) in an
aloof configuration, as marked in the inset graphic. A strong spec-
tral peak at the lowest resonance energy around 0.6 eV is observed
at the end of the structure, whereas the second resonance around
0.9 eV is stronger at the center. (b) Simulated electron energy-loss
spectra obtained via the BEM. (c) A straight nanorod with iden-
tical thickness and center path length as the helix reveals that the
observed resonances originate from “antenna modes” of multiple
orders. While the spectral peak of the fundamental dipolar mode is
located at the same energy around 0.5 eV like the one of the helix,
all higher-order modes appear redshifted. The scale bars are 100 nm.
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In figures 3.20 a and b, the pronounced spectral peak at the lowest energy around
0.6 eV (black triangles) is mainly present at excitation position 1 with a redshift
of only 100 meV in the simulated spectrum. Both datasets show the highest
excitation efficiency for the second resonance at around 0.9 eV (red triangles)
close to the center winding at position 2. The third resonance at 1.25 eV
(blue triangles) is found to be blueshifted at 1.43 eV in the simulation, with a
discernible decrease in intensity near the center winding. Both experimental
and simulated data show a fourth resonance around 1.8 eV (green triangles),
with the experimental data presenting a less distinct peak. A shallow maximum
in the experimental spectrum around 2 eV, mainly visible at position 2, is
associated with the fifth and sixth resonances, which are close in energy in the
simulation (orange and yellow triangles).

In a comparison of a helical nanostructure with a straight nanorod of equiva-
lent strength and length (figure 3.20 c), we observe remarkable similarities in
resonance behavior, as both systems exhibit “antenna modes”, that have been
reported also for silver helices. [223] However, there are also notable differences,
such as all higher-order resonances in the simpler straight rod geometry being
redshifted at lower energies, due to the lack of interwinding interactions. For
the same reason, the selection rule that the lowest-, third- and fifth-order modes
are not excitable at the center of a rod (position 2) is weakened and, even more
intriguingly, reversed for higher-order resonances, as transverse dipolar charge
oscillations arise for the 3D helical geometry. These findings suggest that
interwinding interactions play a significant role in determining the excitation
behavior of helical nanostructures.

The spectra exhibit weaker resonances at higher energies. However, the spatially
resolved EELS probability maps, extracted over a 100 meV range at the
depicted resonance energies (figure 3.21 a), showcase the characteristic pattern
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Fig. 3.21: (a) Energy-filtered images at the indicated resonance energies over
a width of 0.1 eV, mapping the spatial EELS probability and em-
phasizing the character of multiple-order plasmonic resonances. (b)
Simulated surface-charge distributions and underlying plasmonic
eigenmodes computed for the depicted resonance energies. The
excitation position of the electron beam is marked with a red dot.
The scale bars are 100 nm.

of dipolar and multiple-order LSPRs, a well-known phenomenon supported
by previous theoretical studies and experimental observations, for example
in gold nanorods. [18,43,224–230] Furthermore, the relation between the lowest
(dipolar) resonance energy and the real 3D path length of each investigated
helical structure aligns with the values determined for gold nanorods through
theoretical and experimental investigations (figure 3.22).

The validity of the hypothesis that charge oscillations occur along the helically
twisted rod is substantiated by simulated surface-charge distributions and
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Fig. 3.22: The resonances of the lowest-order dipolar plasmonic modes are
compared for gold nanorods and nanohelices. Their experimentally
measured or theoretically predicted energies are plotted against the
lengths of the rods and path lengths along the helical windings,
respectively. [18,225,226,229,230]

plasmonic eigenmodes, computed for the specified resonance energies and
excitation positions, as marked in figure 3.21 b. The plasmonic eigenmodes
are labeled with the relative path length of the helical structure in comparison
to the corresponding wavelength λ at the resonance energy. The simulations
reveal a consistent pattern of longitudinal multiple-order LSPRs along the
helical windings, with only a localized perturbation observed at the excitation
position. This provides strong evidence for the occurrence of charge oscillations
along the helically twisted rod. In addition, the 2λ- and higher-order plasmonic
eigenmodes result in transverse dipolar LSPRs, oriented along the short axis
of the nanohelices. In other words, in addition to the longitudinal dipole-dipole
interactions due to Fabry-Pérot-like resonances along the windings, the helical
geometry leads to secondary charge oscillations with a dipolar character, as
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Fig. 3.23: Electron energy-loss intensity distribution filtered at the resonance
energy of 1.7 eV of the underlying plasmonic eigenmode 2λ as shown
on the right. Although this higher-order longitudinal plasmonic
mode follows the helical windings, a secondary charge oscillation
forms due to the 3D geometry of the structure. Its characteristic
corresponds to a dipole that is oriented along the short axis of the
helix. The scale bar is 100 nm.

illustrated in figure 3.23. A similar transverse dipole distribution has been
reported for nickel and silver nanohelices. [231]

3.3.3 Angle-resolved CL polarimetry

The optical activity of an ensemble of the gold nanohelices was previously
confirmed by CD measurements (figure 3.18 a on page 92). Here, we further
explore the properties of the light emitted upon electron impact for individual
nanohelices at the nanoscale by CL spectroscopy techniques within an SEM.
While raster scanning a focused electron beam over the ROI, multiple signals
including SEs for imaging and the emitted CL light are detected and analyzed.
The far-field radiation of the nanostructure, excited by the electron beam,
is collected by a parabolic mirror, as shown in figure 3.25 a, and directed
outside the microscope for further analysis. In the spectroscopic imaging mode,
emission spectra are measured for each spatial pixel, with the highest intensity
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Fig. 3.24: (a) Experimental electron energy-loss spectra of a right-handed
nanohelix, being excited at positions 1 at the end of the structure
(black curve) and 2 at the center winding (red curve) in an aloof
configuration, as marked in the inset graphic. A strong spectral peak
at the lowest resonance energy around 0.7 eV is observed at the end
of the structure, whereas the second resonance around 1.2 eV and
all higher-order resonances are stronger at the center. (b) Simulated
electron energy-loss spectra obtained via the BEM. (c) A straight
nanorod with identical thickness and center path length as the helix
reveals that the observed resonances originate from “antenna modes”
of multiple orders. While the spectral peak of the fundamental
dipolar mode is located at the same energy around 0.6 eV like the
one of the helix, all higher-order modes appear redshifted. (d)
Simulated surface-charge distributions and underlying plasmonic
eigenmodes computed for the depicted resonance energies. The
excitation position of the electron beam is marked with a red dot.
The scale bars are 100 nm.
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Fig. 3.25: (a) Schematic of the experimental setup. The nanostructure is
excited by the electron beam that passes through a hole in the
parabolic mirror. The specimen, precisely positioned in the focal
point of the parabolic mirror, emits light that is transformed to
a parallel beam and directed outside the microscope for in-depth
analysis. (b,c) SE images were used to determine the circumference
(grey line) of the left- (L) and right-handed (R) structures. CL
spectra, extracted at the excitation positions marked with dashed
and solid green lines, reveal strongest emission between 600 nm
and 700 nm (orange color) and above 800 nm (red color). The
corresponding excitation efficiency maps are shown in addition. The
scale bars are 100 nm.
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recorded for wavelengths between 600 nm and 700 nm and above 800 nm. The
spectra shown in figure 3.25 b and c were extracted at the positions that are
marked with dashed and solid green lines on the SE images. The correlation
between electron beam position and the emission intensity, filtered for these
wavelengths, results in a set of spatially resolved excitation efficiency maps,
displayed in corresponding colors in arbitrary units. The intensity distribution
reveals five key positions, the two ends and the three most extended points
along the helical windings. This information is crucial to the subsequent
angular and polarimetric measurements, that are beneficially acquired at the
positions demonstrating the highest excitation efficiency and spectrally filtered
around the peaks of the CL spectra. We note that the higher-order plasmonic
modes 5/2λ and 3λ (orange and yellow triangles in figure ?? on page 95), that
correspond to radiation around 600 nm, are expected to be non-radiative in
CL experiments. [43] However, due to the 3D shape of the structure, secondary
transverse dipolar charge oscillations form and their decay results in the observed
radiation, making the otherwise dark modes bright upon the electron excitation
at specific positions of the nanohelix.

In contrast to the aforementioned spectroscopic imaging mode, where the
far-field radiation is accumulated over the entire accessible angular range, the
differentiation of radiation directions in the angle-resolved configuration adds
multidimensionality to the measured signal itself. In combination with band-
pass and polarizing filters, the emitted light of an excited structure can be
characterized in great detail. The chiral nature of the nanostructures under
investigation requires particular focus on their circularly polarized components
(figure 3.26 a). The normalized differential signal between the LCP (red
color) and RCP (blue color) emission defines the normalized Stokes parameter
S3 and provides insight into the directional emission properties concerning
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Fig. 3.26: (a) Polarimetric characterization of the emitted light is achieved
through filtering for different polarization states, such as LCP (red)
or RCP light (blue). (b) 3D plot of an angle-resolved far-field
intensity pattern on a fictional hemispheric detection plane. The
light is emitted by the nanoscopic sample in its center, being excited
by the electron beam at the position marked in the inset graphic.
The color code shows the normalized differential signal (Stokes S3)
between the emission intensity of LCP (red) and RCP light (blue).

these polarization states (figure 3.26 b). The position of the actual excitation
is marked in the inset graphic. A quantitative 2D representation of the
hemispherical intensity distribution for both left- and right-handed helices is
given by spherical polar plots (figure 3.27 a and b), with the polar angle on
the radial axis and the azimuthal angle clockwise along the circumference.
The structure is located in the center and oriented as shown in the inset
graphics along with the marked excitation position. Analyzing the angle-
resolved differential signal between LCP and RCP light intensities reveals two
intriguing effects, consistent over all investigated structures. The first being
that the strongest effect is observed in the direction of the long axis of the
helical structure for polar angles approaching 90° and towards the opposite
side of the excitation position at one end of the helix. The second is that the
dominating handedness of the CPL emitted in this direction coincides with
the handedness of the chiral structure itself. Line-scans following the polar
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Fig. 3.27: Plots of the same dichroic signal like in figure 3.26 b in a more
quantitative 2D representation and for nanohelices with different
handedness. (a) When exciting at the ends of a left-handed structure,
relatively more LCP light is emitted in the opposite direction, which
is the “pointing-direction” of the helix. This effect is visualized
through line plots along the long axis of the helices. (b) The same
effect, but with reversed circular polarization is observed for a right-
handed helix.

104



Fig. 3.28: Spherical polar plots of the simulated angle-resolved Stokes pa-
rameter S3 for the left-handed (a) and right-handed nanohelix (b),
showing whether more LCP or RCP light is emitted in certain di-
rections. The excitation positions by the electron beam are marked
on the 3D models below each plot.

angle over the hemisphere in parallel orientation to the long axis emphasize
this effect. The differential signal in the excitation direction (dashed line) and
in the opposite direction (solid line) is plotted below each graph, with the
same behavior observed in the reversed circular polarization for right-handed
helices (figure 3.27 b). For excitation positions at the center winding (position
2) no such consistent effect is observed. To validate these experimental findings,
numerical calculations were conducted using idealized 3D models, consistent
with those used in the EELS analysis in section 3.3.2. Spherical plots that
show the computed angle-resolved intensity distribution of the dichroic signal
are provided in figure 3.28. The results confirm the experimentally observed
opposite effect for left- and right-handed helices and visualize the gradual
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transition to the inverted polarization distribution for each structure, when
the excitation position is shifted towards the opposing end of the helix. These
extreme positions result in the strongest effect with an almost symmetric
distribution along the long axis. The slight geometrical differences between left-
and right-handed helix do not affect the qualitative outcome of the simulation.
In addition, the potential effect of the helical winding direction in relation to
the moving electron can be neglected.

According to theoretical predictions, based on a separate discussion of the full
and radiative electromagnetic local density of states (EMLDOS) of metallic
nanoparticles, at the length scales discussed here, a direct link can be assumed
between the resonance energies in EELS and the intense far-field radiation in
CL measurements at corresponding wavelengths. [43,44] The emission in the visi-
ble spectral range from the investigated helical nanostructures is attributed to
plasmonic modes with resonance energies between 1.4 eV and 2 eV. Meanwhile,
lower-order modes radiate in the infrared, which cannot be detected by the
spectrometer used in this study. Numerical calculations were utilized to predict
the emitted far-field radiation from individual left- and right-handed nanohe-
lices also spectroscopically at characteristic excitation positions (figure 3.29).
We thoroughly compared emission peak positions in the simulated CL spec-
tra (figures 3.29 d and e) with measured and simulated resonance energies in
EELS (figures 3.20 a and b), paying special attention to the spectral shape
and excitation efficiency in relation to the excitation position. Our findings
indicate that for the left-handed helix, the enhanced emission around various
wavelengths, including 900 nm, 730 nm, 640 nm and 610 nm, corresponds to
plasmonic resonances at 1.43 eV, 1.78 eV, 1.98 eV and 2.04 eV, respectively,
which are marked with triangles in the corresponding colors blue, green, orange
and yellow. In particular, the highest-order mode 3λ, marked with a yellow
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Fig. 3.29: (a,b,c) 3D models of the left-handed and right-handed nanohelix,
being excited at different positions by the electron beam (illustrated
in green color). (d,e,f) CL spectra in the visible range reveal emission
maxima that are related to plasmonic resonance energies (figure 3.20
on page 95) and marked with triangles in corresponding colors.
(g,h,i) Ratio between LCP and RCP components of the emitted
far-field radiation, integrated over the entire accessible angular range.
Positive (red color) and negative (blue color) values indicate whether
LCP or RCP emission is dominant for a given wavelength.
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triangle, radiates more strongly around 610 nm than the neighboring one 5/2λ
(orange triangle) around 640 nm. However, the former is exclusively excitable at
the center winding (position 2). Conversely, the radiation around 900 nm (blue
triangle) only occurs when the helix is excited at the end (position 1), which
is represented in the simulated energy-loss probability of the corresponding
resonance of 3/2λ at 1.43 eV as well (figure 3.20 b). The most dominant 2λ
mode, which most likely corresponds to the one observed in the CL experiment
(figure 3.25 b), radiates around 730 nm (green triangle) and is excitable both at
the end and center winding of the helix. The spectral features in the experiment
do appear slightly redshifted at longer wavelengths. However, these deviations
can again be attributed to the simplified geometrical assumptions made in
the simulation environment and the used dielectric function. The simulated
CL spectra for the right-handed structure, shown exemplarily for excitation
position 1 at the end of the helix (figures 3.29 c and f), exhibit similar spectral
features. In the collective agreement of measured and simulated EELS and
CL spectra, the plasmonic resonances appear blueshifted at higher energies
and shorter wavelengths, as compared to the left-handed structure, due to its
slightly different geometry.

In addition to the total emission intensity, further information is contained in
the intrinsic polarimetric properties of the radiation. Of particular interest for
chiral structures is the relation between LCP and RCP light. The simulated
dichroic signal is plotted below each intensity curve for the different helices
and excitation positions (figures 3.29 g, h and i). In our simulation, we
utilized a boundary probe to capture the CL polarimetry spectra. This probe
integrated the Poynting vector of the three coordination components of the
emitted light across the entire top surface of the hemisphere. The radiation of
the aforementioned dominant 2λ mode around 730 nm clearly shows a LCP
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characteristic, whereas this tendency switches to RCP light for the radiation
close to 600 nm, which is associated with higher-order plasmonic modes 5/2λ
and 3λ. Interestingly, this behavior is in agreement with the results from the
initial CD measurements (figure 3.18 a on page 92) and hence resembles this
macroscopic property of an ensemble of identical particles. Regarding the
right-handed helix, the simulated left-to-right circularity ratio of the emitted
light (figure 3.29 i) is qualitatively similar to that of the left-handed helix
at a comparable excitation position. Quantitatively, however, the tendency
towards RCP light is more pronounced. Cumulatively over the visible spectral
range, CPL with a dominant right-handed characteristic is expected for the
right-handed helix.

3.3.4 Conclusions

Our study demonstrates the successful preparation and optical characterization
of the chiroptical response of both left- and right-handed chiral gold nanohe-
lices. The shape of individual particles and their handedness was confirmed
as expected through ET reconstructions. We performed a comprehensive
investigation of the plasmonic resonances using a combination of EELS mea-
surements and numerical simulations. Our results show that multiple-order
longitudinal LSPRs are related to surface-charge oscillations along the helical
windings, while interwinding interactions lead to slightly shifted resonance
energies compared to straight rods with similar thickness and (path) length.
In addition, higher-order modes induce the formation of secondary transverse
dipolar LSPRs oriented along the short axis of the nanohelices. The radiative
decay of these modes results in the observed CL emission at corresponding
wavelengths. Angle-resolved CL polarimetry measurements of the emitted
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far-field radiation revealed that the emission characteristic of CPL is both
related to the handedness of the chiral structure and depends on the excitation
position. Our simulations of the far-field radiation of excited nanostructures
further confirmed that peaks in the CL intensity correspond to plasmonic
resonances. Furthermore, both the excitation efficiency of these modes and the
circular polarization characteristic of the emitted light strongly depend on the
position of the exciting electron beam, the chirality of the structure and other
geometrical properties. Studies of chirality for single nanostructures depend not
only on the handedness of the structure, but also on the relative orientations
of the structure and the excitation and detection beams. Here, the analysis
of electron-beam-induced effects are particularly powerful in comparison with
purely optical methods, as the exact geometric properties of the structure and
the precise orientations can be determined together with the corresponding
spectral response. The high precision facilitates the comparison with theory and
suggests that electron-beam single-chiral-particle analysis can be a powerful tool
to analyze chirality at the smallest of scales. This complex interplay opens up
exciting opportunities for tailoring the chiroptical properties of nanostructures,
with potential applications in a variety of scientific and technological fields.

Contributions to this project The underlying research article to this section
was written by Robin Lingstädt. Left- and right-handed gold nanohelices
were fabricated by Hyunah Kwon, who also performed the CD measurements
together with Peer Fischer. Robin Lingstädt prepared the samples for further
investigations, performed the geometrical characterization, ET, EELS and
CL experiments and analyzed the data. The CL experiments were conducted
together with Masoud Taleb. Simulations for CL and EELS were performed by
Fatemeh Davoodi and Kenan Elibol, respectively. The project was supervised
by Peer Fischer, Nahid Talebi and Peter A. van Aken.
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4 Conclusions and outlook

In this thesis, phenomena related to plasmonic excitations on the nanoscale
are investigated for planar structures, rotational symmetric and true chiral 3D

objects. Experimentally, this is achieved through the application of different
sample preparation and characterization techniques. While optical measure-
ments via generalized spectroscopic ellipsometry and optical CD revealed the
material properties on a macroscopic scale, spatially resolved investigations
were performed by scanning-probe instruments, foremost via analytical electron
microscopy. The initial excitation process of plasmonic modes by incident fast
electrons was spectroscopically analyzed and spatially mapped by energy-loss
measurements via EFTEM and STEM-EELS. In a complementary way, far-
field radiation that originates from the radiative decay of these excitations
was analyzed both spectroscopically and regarding its emission direction and
polarization state by angle-resolved CL polarimetry. Besides experimental
investigations, numerical simulations based on Maxwell’s equations were per-
formed to confirm the experimental results, to give further insight into the
underlying physical phenomena and to visualize what is experimentally not
accessible.

The conducted research in this thesis focuses on (i) the characterization of plas-
monic edge-modes in Bi2Se3 nanoplatelets, (ii) their interaction with engineered
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defect structures, (iii) the experimental prove of the phase-matching mechanism
in plasmonic gold tapers, (iv) the characterization of longitudinal plasmon
modes along helical windings, (v) their effect on emitted CL radiation and (vi)
its characterization regarding emission direction and circular polarization.

In chapter 1, the potential of plasmonic nanostructures for technological appli-
cations was motivated and the fundamental principles of plasmonic excitations
introduced. The technical setup of a TEM and its different operation modes
for high-resolution imaging were explained and the capabilities of analytical
electron microscopy highlighted with special focus on the techniques EELS

and CL that were mainly used for the investigations related to this work.

Chapter 2 summarized technical aspects and descriptions related to the sample
fabrication and preparation processes for the investigated nanostructures. Ex-
perimental procedures and instrumental configurations that were used for the
acquisition of multi-dimensional datasets containing spectroscopic, directional
or polarimetric signals were described. Mandatory and optional steps for data
processing were mentioned and computational methods introduced.

In chapter 3, the scientific results of the three research projects were pre-
sented in individual sections. Bi2Se3 nanoplatelets were investigated in the
first project. The anisotropic permittivity of this hyperbolic material and the
support of room-temperature excitons, as confirmed by generalized spectro-
scopic ellipsometry and CL measurements, leads to the formation of HEEPs.
Their propagation along clean particle edges and interaction with artificially
created defect structures was experimentally investigated via EFTEM and
STEM-EELS in combination with numerical calculations. The temporal evo-
lution of excited modes was visualized on a femtosecond timescale via FDTD

simulations.
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In the second project, the plasmonic properties of single-crystalline gold tapers
were reviewed. Investigations via EELS and CL spectroscopy in combination
with FDTD simulations revealed two competing interaction mechanisms with
fast electrons, depending on the opening angle. New EELS results, acquired
at different acceleration voltages, directly proved the existence of the phase-
matching mechanism, which depends on the initial electron velocity. Regarding
the application of plasmonic gold tapers as a point light source via the adiabatic
nanofocusing mechanism, CL investigations beyond the spectroscopic analysis
in the form of angle-resolved measurements would be very interesting to study
the directional emission pattern at the apex.

For the third project, true chiral 3D gold nanohelices were fabricated and
optically characterized via CD measurements. Their left- and right-handed
geometries were confirmed by ET. STEM-EELS investigations in combi-
nation with numerical BEM calculations revealed multiple-order plasmonic
resonances along the helical windings that are very similar to straight rods
of comparable strength and (path) length. Resulting far-field radiation was
investigated via CL spectroscopy and angle-resolved polarimetry. The observed
directional emission characteristic of CPL showed a strong correlation both
to the handedness of the investigated nanohelix and the excitation position.
Further experimental and theoretical studies of gold nanohelices with different
geometries would certainly contribute to an in-depth understanding of these in-
teresting phenomena. Variations in this regard include the number of windings
and the pitch-distance between them or the combination of both chiralities in
one single nanostructure.

Analytical electron microscopy has proven to be a highly capable tool for char-
acterizing specimen at the nanoscale, either for technological applications or in
the scope of fundamental research. Further developments of this technique have
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pushed existing limitations continuously to higher levels, for example through
an increased SNR by using direct electron detectors or the implementation of
optimized MCRs, that provide an energy-resolution below 10 meV. [79] Low-loss
EELS investigations, as presented in this work, will in general benefit from
these technical improvements. In addition, the experimental investigation of
phonons and their interaction with plasmonic excitations now becomes possible.
Ultrafast electron microscopy via pulsed electron-emission in combination with
EELS [175,232] and CL [233] enables investigations on the femtosecond timescale.
Therefore, this is a quite promising technique to study the dynamics of prop-
agating plasmonic modes. Besides the development of new, but often very
complex technologies, also the combination of already existing possibilities can
be used, such as tomographic EELS for the investigation of true 3D nanoscopic
objects beyond rotational symmetry. [234]
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