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Abstract

Metallic nano-optical systems allow to confine and guide light at the nanoscale,
a fascinating ability which has motivated a wide range of fundamental as well
as applied research over the last two decades. While optical antennas provide
a link between visible radiation and localized energy, plasmonic waveguides
route light in predefined pathways. So far, however, most experimental demon-
strations are limited to purely optical excitations, i.e. isolated structures are
1lluminated by external lasers. Driving such systems electrically and generat-
ing light at the nanoscale, would greatly reduce the device footprint and pave the
road for integrated optical nanocircuitry. Yet, the light emission mechanism as
well as connecting delicate nanostructures to external electrodes pose key chal-
lenges and require sophisticated fabrication techniques. This work presents var-
1ous electrically connected nano-optical systems and outlines a comprehensive
production line, thus significantly advancing the state of the art. Importantly,
the electrical connection is not just used to generate light, but also offers new
strategies for device assembly. In a first example, nanoelectrodes are selectively
functionalized with self-assembled monolayers by charging a specific electrode.
This allows to tailor the surface properties of nanoscale objects, introducing an
additional degree of freedom to the development of metal-organic nanodevices.
In addition, the electrical connection enables the bottom-up fabrication of tunnel
junctions by feedback-controlled dielectrophoresis. The resulting tunnel barri-
ers are then used to generate light in different nano-optical systems via inelastic
electron tunneling. Two structures are discussed in particular: optical Yagi-Uda
antennas and plasmonic waveguides. Their refined geometries, accurately fabri-
cated via focused ion beam milling of single-crystalline gold platelets, determine
the properties of the emitted light. It is shown experimentally, that Yagi-Uda
antennas radiate light in a specific direction with unprecedented directional-
ity, while plasmonic waveguides allow to switch between the excitation of two
propagating modes with orthogonal near-field symmetry. The presented devices
nicely demonstrate the potential of electrically connected nano-optical systems,
and the fabrication scheme including dielectrophoresis as well as site-selective
functionalization will inspire more research in the field of nano-optoelectronics.
In this context, different future experiments are discussed, ranging from the
control of molecular machinery to optical antenna communication.
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Kurzfassung

Nano-optische Systeme erméoglichen es, Licht auf der Nanoskala zu fokussieren
und zu leiten - eine faszinierende Fahigkeit, die in den letzten zwei Jahrzehn-
ten ein breites Spektrum an Grundlagen- und angewandter Forschung motiviert
hat. Wahrend optische Antennen lokalisierte Energie mit sichtbarer Strahlung
verkniipfen, leiten plasmonische Wellenleiter das Licht in vordefinierte Bahnen.
Bislang jedoch beschrinken sich die meisten Experimente auf isolierte Struk-
turen, die durch externe Lichtquellen angeregt werden. Die elektrisch getriebe-
ne Lichterzeugung auf der Nanoskala reduziert den Platzbedarf dieser Syste-
me erheblich und ebnet so den Weg fiir optische Nano-Schaltkreise. Allerdings
stellen sowohl die Lichtemission als auch die Kontaktierung der Nanostruktu-
ren erhebliche Herausforderungen dar. In dieser Arbeit werden verschiedene
elektrisch kontaktierte nano-optische Systeme vorgestellt. Eine zentrale Rol-
le spielt dabei die Kontaktierung - nicht nur fir die Lichterzeugung, sondern
auch fir die Fabrikation der jeweiligen Strukturen. In einem ersten Beispiel
werden Nanoelektroden durch Anlegen einer Spannung selektiv mit molekula-
ren Monolagen beschichtet. Dadurch kénnen die chemischen und elektronischen
Oberflacheneigenschaften von Nanoobjekten mallgeschneidert werden, was ei-
nen zuséitzlichen Freiheitsgrad bei der Entwicklung von optoelektronischen Na-
nosystemen darstellt. Dariiber hinaus ermdéglicht die elektrische Kontaktierung
die Herstellung von Tunnelbarrieren mittels Dielektrophorese, was die Lichter-
zeugung in verschiedenen nano-optischen Systemen durch inelastisches Elek-
tronentunneln erméglicht. Hier werden zwei Strukturen diskutiert: optische
Yagi-Uda-Antennen und plasmonische Wellenleiter. Ihre ausgekliigelten Geo-
metrien, hergestellt aus einkristallinen Goldflocken mittels fokussiertem Ionen-
strahl, bestimmen die Eigenschaften des emittierten Lichts. Es wird gezeigt,
dass Yagi-Uda-Antennen das Licht gezielt in eine bestimmte Richtung abstrah-
len, wihrend plasmonische Wellenleiter das Schalten zwischen zwei propagie-
renden Moden ermdéglichen. Damit demonstriert diese Arbeit das Potenzial von
elektrisch kontaktierten nano-optischen Systemen und wird - in Kombination
mit Dielektrophorese und selektiver Funktionalisierung - weitere Forschungen
auf dem Gebiet der Nano-Optoelektronik anregen. In diesem Zusammenhang
werden verschiedene zukiinftige Experimente, von der Steuerung molekularer
Maschinen bis zur optischen Antennenkommunikation, diskutiert.
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1 Introduction

The interaction between light and matter is of central importance for a variety
of scientific fields and its comprehension has stimulated cutting-edge research
in e.g. lasing and microscopy. Focusing of light allows to image microscopic
samples, however, this is subject to a fundamental limit first described by Ernst
Abbe and Lord Rayleigh [1, 2]. Due to diffraction, the resolution is about half
the wavelength of the used light; hence it cannot be focused to arbitrarily small
scales - at least not with traditional optical components.

Nano-optical systems are elements able to confine light to dimensions well
below this diffraction limit, i.e. on scales of few ten nanometers [3]. Even though
dielectric materials also allow to control and guide light [4—8], only nanostruc-
tures made from noble metals such as gold and silver can focus light to the
nanoscale. The origin of this fascinating ability are collective oscillations of the
electron density in the metal - so called plasmons [3].

The advantage of confining light to the nanoscale.

Light - in the context of this thesis - has a wavelength ranging from 500 - 1500 nm.
The generation of radiation, however, occurs typically on much smaller scales.
Electronic transitions, e.g. in molecules or semiconductors, in which electrons
are confined to scales below 1 nm are responsible for the emission of light. This
large mismatch leads to very inefficient absorption as well as radiation of light
by individual nanoscale emitters [3]. Placing such emitters close to the strongly
confined and enhanced optical near-fields of a nano-optical system significantly
1mproves the coupling between light and emitter, leading to more efficient radi-
ation and new physical effects [9—11].

In addition, interest in technical applications has emerged based on the nano-
scale footprint of these systems. Information processing in computers relies
on electrical signals within transistors with dimensions of few ten nanometers.
Global long range data transfer, however, is mainly facilitated by optical fibers
sending near-infrared light over large distances [12]. Thus, data management
requires conversion of photons to electrons, but due to the large size mismatch
between those two technologies - displayed in figure 1.1 a and b - this is accom-
panied by high power consumption and constitutes a bottleneck for large data
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Figure 1.1: Size comparison between traditional elements of optical and elec-
tronic data transfer as well as different nano-optical systems. (a) Cross-section
SEM image of a hollow-core photonic crystal fiber for data transmission with a diameter
of 150 um. The small cores have a diameter of 4 um. (b) SEM image of an Intel 13 4160
CPU. The bottom layer including transistors and their interconnections is shown from
the top. Residuals of several top layers are visible on the right. The inset shows a zoom
into the white rectangle. (c) SEM images of electrically connected nano-optical systems
presented in this work: an optical Yagi-Uda antenna (left) and a plasmonic waveguide
(right). (a) is taken from reference [19]. (b) Copyright (2020) Piotr Krzeminski, Center
for Micro and Nanotechnology UR. The left image in (c) is adapted from reference [20].
The right image in (c) is reprinted with permission from reference [21]. Copyright (2021)
American Chemical Society.

centers [13]. Miniaturizing the concept of optical communication can bypass this
challenge and no other systems can confine light to smaller scales than metal-
lic nanostructures. Consequently, plasmonic nanocircuitry has the potential to
combine the high bandwidth of light with the integration density of modern-day
microelectronics [14—18].

The transmission of light at the nanoscale.

Plasmonic two-wire transmission lines confine and guide light via propagating
surface plasmons and hence are the nanoscale analog to optical fibers. They
have been employed in a variety of experiments to demonstrate complex nanocir-
cuitry such as sorting and routing photons based on their polarization [22—24].
Moreover, coupling to single emitters has been presented [25] and a single-
photon transistor was proposed in this context [26]. Yet, optical signals in
plasmonic waveguides exhibit strong damping making wireless light transmis-



sion more suitable for larger distances [27].

In the macroscopic world, antennas are used to wirelessly transmit and
receive radio frequency signals in mobile devices, radio and television. They
translate electrical signals in metals into electromagnetic radiation. As an-
tenna characteristics such as frequency and emission pattern depend on their
dimension as well as geometry, macroscopic antennas are limited to radio fre-
quencies [28]. The idea to shrink this concept and develop optical antennas,
nanoscale metal structures that emit and receive visible light, already emerged
over 60 years ago in Richard Feynman’s famous talk “There is plenty of room
at the bottom” [29]. Decades later, first antennas for light were finally demon-
strated [30, 31]. As they efficiently translate localized energy to far-field radia-
tion and exhibit strong field enhancement, optical antennas have been coupled
to individual emitters in order to develop ultrasmall single-photon sources as
well as single molecule sensors [32—37]. Furthermore, more complex antenna
geometries, e.g. the Yagi-Uda design, were employed to shape the radiation pat-
tern and obtain directional emission; a prerequisite for wireless on-chip commu-
nication [38—40]. Yet, these early demonstrations of both plasmonic waveguides
and optical antennas were limited to isolated structures and purely optical ex-
citations by external light sources. Complete chip-integration of nano-optical
devices, however, demands local and electrical light generation, which faces two
major challenges: First, the generation of light at the nanoscale requires new
excitation principles as conventional frequency generators do not support opti-
cal frequencies [41]. Second, the necessary connection wires have significant
dimensions at the nanoscale and care must be taken to not disturb the device
performance. Researchers from my current group overcame these challenges
and designed the first electrically driven optical nanoantenna [42,43], in which
light emission is based on inelastic electron tunneling. This mechanism only
requires a tunnel junction and the absence of any active material results in a
large bandwidth [44, 45]. Sparked by this effort, different electrically driven
Light sources based on optical antennas have been presented [46—51].

The unique contribution of my thesis.

This work builds on recent progress in the community and further advances
the development of electrically connected nano-optical systems. The electrical
connection not only offers a way to excite the structures, but also facilitates
the device assembly at the nanoscale, which is a particular focus of this the-
sis. In total, I present three unique contributions: (1) A toolbox for the selec-
tive surface modification of nanostructures by self-assembled monolayers is in-
troduced. By simply applying a voltage, molecules are removed from distinct
nanoscale electrodes, resulting in site-selective functionalization. This offers an
additional degree of freedom to the development of functional nanodevices that
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was so far limited to specific plasmonic geometries [52]. (i1) Previously, tunnel
junctions for inelastic electron tunneling were either fabricated via electromi-
gration [49] or by pushing a coated gold nanoparticle into a prefabricated gap
using an atomic force microscope [43]. But none of these approaches yields the
desired reproducibility. Here, I present a reproducible and scalable technique
to fabricate tunnel junctions in different nano-optical systems based on dielec-
trophoresis [20]. A feedback systems based on real-time scattering spectra is
itroduced to further increase the success rate of this process. (i11) Advanced
focused ion beam milling of single-crystalline gold platelets [53, 54] is used to
fabricate specialized structures that allow to control the direction and polariza-
tion of light emission at the nanoscale. Figure 1.1c shows the two electrically
driven nano-optical systems presented in this thesis: an optical Yagi-Uda an-
tenna and a plasmonic waveguide [20,21]. While the former efficiently radiates
light in a specific direction with unprecedented directionality, the latter enables
the switching between two propagating plasmonic modes with orthogonal near-
field symmetry. Both devices constitute important steps towards the develop-
ment of integrated optical nanocircuitry and, in combination with the presented
fabrication techniques, are going to stimulate future optoelectronic experiments.

The thesis is outlined as follows:

Chapter 2 covers the fundamentals of nano-optical systems. First, I explain
the emergence of surface plasmons, followed by introducing basic elements of
antenna theory and discussing design principles for optical antennas. An em-
phasis is given to the electrical excitation of such nanoantennas and the ques-
tions “where to connect” and “how to generate light” are answered. Later, the
Yagi-Uda design is explained in order to design directional antennas. Finally,
I present the theory behind plasmonic two-wire transmission lines, focusing
again on the electrical excitation of propagating plasmons. Hence, this chap-
ter quickly covers the most important aspects for engineering different electri-
cally connected nano-optical systems. Chapter 3 gives a short introduction into
the surface modification of gold with self-assembled monolayers. I specifically
describe the influence of surface-bound molecules on the metal work function
and outline how these molecules can be desorbed electrochemically. Since the
employed fabrication scheme is key for the device performance, an overview of
all experimental details including sample preparation and characterization is
given in chapter 4. Key fabrication aspects include advanced focused ion beam
milling as well as dielectrophoresis.

The next three chapters cover the experimental results of my thesis. Start-
ing with chapter 5, a technique for site-selective functionalization of micro- and
nanoscale electrodes with thiolated molecules is demonstrated experimentally.
The potential of this technique for metal-organic nanodevices is discussed and I



describe a possible experiment for antenna controlled molecular machinery. In
chapter 6, the first electrically driven in-plane Yagi-Uda antenna for directional
light emission is presented. The fabrication of tunnel junctions via feedback-
controlled dielectrophoresis is a particular focus and future steps towards optical
nanoantenna communication are proposed. Chapter 7 investigates electrically
driven plasmonic waveguides that enable to switch between two propagating
plasmonic modes, and thus offer switchable polarization states at very small di-
mensions. Finally, a conclusion and outlook are given in chapter 8. I discuss
current limitations of electrically connected nano-optical systems and outline
multiple possible improvements for fundamental but also applied research.






2 Theory of Metallic
Nano-Optical Systems

This chapter is devoted to the theoretical foundation of nano-optical systems.
First, the origin of their unique abilities is explored. At optical frequencies, met-
als support characteristic surface charge oscillations - so called plasmons - which
are ultimately responsible for the strongly enhanced and spatially confined opti-
cal fields in the vicinity of metals [3]. Once this concept is understood, the basic
theory behind antennas is covered and differences between radio frequency and
optical antennas are discussed. I put a particular emphasis on nanoantennas,
in which light generation is driven electrically. This process is described by
two different but equivalent pictures: inelastic electron tunneling and quantum
shot noise. Furthermore, the electrical wiring - a critical aspect for all nano-
optical systems - is examined. To conclude the antenna section, the Yagi-Uda
design is introduced. This geometry was first proposed in 1926 and has been
used for decades to obtain directional emission and reception of radio frequency
signals [55]. In this context, it is described how to model and design optical
Yagi-Uda antennas.

Next, the focus shifts to another type of nano-optical system: plasmonic wave-
guides. The concept of optical two-wire transmission lines is presented and the
electrically driven plasmon excitation is discussed. In particular, the modeling
of fabricated devices is introduced.

In conclusion, the comprehension of this chapter provides the reader with all
the information necessary to understand and design electrically connected opti-
cal antennas as well as plasmonic waveguides.



2 Theory of Metallic Nano-Optical Systems

2.1 Gold at Optical Frequencies - Rise of the Surface Plasmon

The theory presented in this section is extensively described in reference [3].
Here, I review the most important aspects for the understanding of nano-optical
systems.

The interaction of metals with light is dominated by weakly bound electrons
moving almost freely through the crystal. An external electric field causes dis-
placement of these free electrons which results in a polarization in the bulk
metal. The exact response is described by the metal’s frequency dependent com-
plex dielectric function of the form e(w) = ¢ (w) + i’ (w). Here, £ (w) is the real
part, while &~ (w) is the imaginary part that includes losses inside the metal.
Based on the Drude-Sommerfeld theory for free electrons, the dielectric func-
tion reads as

1 wg ' wa, 91

6Drude<w> - - w2 + T2 +Zw<w2 —I—F2)’ ( . )
with the damping term I' (electron scattering) and the plasma frequency
w, = \/ne?/(m.gy). For most metals, this material-specific frequency - with the
electron density n, the electron charge e, the effective electron mass m, and the
vacuum permittivity ¢, - lies in the ultraviolet regime. Above w,, metals become
transparent as electrons can no longer follow the oscillation of the incident elec-
tric field. At optical frequencies (below w,), the real part of the dielectric func-
tion becomes negative and the electrons oscillate with a delay to the excitation.
Consequently, metals do not act as perfect conductors and the electromagnetic
fields penetrate the material to some extent. This is in contrast to the behaviour
at even lower frequencies, e.g. radio frequencies, where electrons respond with
almost no phase lag and screen the excitation. The collective oscillation of the
electron density is called surface plasmon and is characteristic for metals at op-
tical frequencies. They give rise to strong optical near-fields confined below the
diffraction limit in the vicinity of the metal.

However, the negative real part in equation 2.1 is accompanied by a large
(positive) imaginary part leading to strong damping of the electron motion. It is
thus advantageous for plasmonic experiments to choose a metal with relatively
low imaginary part, such as silver. Yet, gold is used throughout the entire thesis
as it exhibits much better chemical stability. Note, that in the case of gold,
the Drude-Sommerfeld theory needs to be extended by interband transitions of
bound electrons to account for the large absorption at wavelengths shorter than
550 nm. Including this effect, the dielectric function of gold can be accurately
modeled as shown in reference [3].

Of special interest are surface plasmon polaritons (SPP) - surface modes prop-
agating at the interface between a metal and a dielectric material, which are
homogeneous solutions of Maxwell’s equations. By solving the wave equation at



2.1 Gold at Optical Frequencies - Rise of the Surface Plasmon

b 4
Dielectric &, Aspp w = ck
— SP: Gold / Air
k, >
(S}
[
k, g
= y
PP 00 @D 0O ®@D =
WW — W= ck/nGIass
Metal &; (w) Propagation
—_— >
0 Wavevector k,,

Figure 2.1: The emergence of plasmons. (a) Electric field lines and charge distri-
bution of a surface plasmon polariton at a metal-dielectric interface. The propagation
direction and the plasmon wavelength Agpp are denoted. (b) Dispersion relation of light
in air and glass as well as the surface plasmon dispersion relation at a gold-air interface.
The excitation of an interface plasmon requires the incident light to have an increased
wavevector compared to its free-space value. Inspired by reference [3].

a plane interface, one obtains the dispersion relation in direction of propagation

I ) = il (2.2)
€1 tegcC

as well as perpendicular to the surface (into the dielectric and into the metal)
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Here, ¢, and ¢, are the dielectric functions of metal and dielectric, respectively,
and c is the speed of light in vacuum. The imaginary part of ¢; is neglected
for now, because the absolute value of the real part is much larger. As SPPs
are localized to the interface, per definition, the electromagnetic fields must de-
cay exponentially with increasing distance to the surface and hence a purely
imaginary k; . is required. At the same time, k, must be real in order to ob-
tain a propagating mode. These two conditions are fulfilled if ¢, - ¢, < 0 and
g, + €5 < 0 and consequently, one of the dielectric functions must have a large
negative value. This further underscores the unique potential offered by metals
at optical frequencies.

Figure 2.1 a illustrates the electric field lines as well as charge distribution of
a SPP. Note, that the electric field penetrates the dielectric more than the metal,
which can be obtained from equation 2.3 by including the imaginary part of ;.
Furthermore, the dispersion relation from equation 2.2 is displayed in figure
2.1b. The wavevector component of the SPP is always larger than that of a pho-
ton in air. The corresponding dispersion curves approach each other, but never
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Figure 2.2: Modeling of surface plasmons in elongated particles. (a) Electrons
in an elongated particle with length / and diameter W are displaced by Ax (left). As
a consequence, charges g and —q build up at both ends of the particle. The resulting
oscillation of electrons can be treated as a harmonic oscillator with an electron mass m
connected to a spring with spring constant D (right). (b) Fabry-Pérot model for a wire
with finite length I. As the mode propagates along the wire, a phase of 8l (with the mode
constant f) is accumulated. At the wire ends, an additional phase shift ¢ is added and
consequently the mode experiences a larger effective length. Inspired by reference [3].

cross. Therefore, the plasmon wavelength \gpp = 27/k, (with k,, being the real
part) is always shorter than the corresponding free-space wavelength. In order
to excite SPPs, energy and momentum must be conserved, i.e. the wavevector of
the incident photon has to match or even exceed that of the surface mode. This
can be achieved, for example, by guiding the light through a medium with re-
fractive index larger than one (cf. figure 2.1b). Confining light to the surface of
metallic nanostructures offers another excitation possibility, because the strong

optical near-fields contain wavevector components parallel to the interface that
match k, of SPPs.

In order to describe the plasmonic response of elongated particles, such as
the structures used in this thesis, two models are introduced and illustrated in
figure 2.2. In a simple picture, plasmons can be depicted as harmonic oscillations
which are carried out by a mass (electrons) connected to a spring (see figure
2.2a). Displacing the electron cloud in a metal rod by Ax leads to charges of
opposite signs at the ends. This creates an electric field across the particle which
gives rise to a restoring force F' = —DAx, where D is the spring constant. The
resonance frequency of the system is

Wres =\ — = —=—=. (2.4)
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It is important to note, that the resonance frequency is inversely proportional to
the aspect ratio R (ratio of length to diameter). This simple relation is shaping
the design of nanostructures such as optical antennas.

To further visualize propagating plasmons, the Fabry-Pérot model is applied
(see figure 2.2b). A finite metal wire supports a fundamental guided mode,
which travels along the particle and is reflected at its ends. If the mode accumu-
lates a phase of 27 per round trip, a standing wave will form in this cavity. In
case of perfect reflection at the wire ends, the resonance condition is 5I...
with the mode constant 5 = 27/\ and the resonance order n. At optical frequen-
cies, however, the fields of the mode penetrate the wire ends and extent to the
outside of the particle before reflection. This leads to an additional phase shift
¢ and one obtains

= nm,

Bles +Pr = nm. (2.5)

This means that the plasmonic mode propagating along a wire experiences an
even larger effective length of the wire [9], and as a result, an important scaling
rule for optical nanostructures must be introduced (see subsection 2.2.1). Note,
the mass-spring and the Fabry-Pérot model both predict an inverse relationship
between the length of the particle and its resonance frequency.

After investigating the rise of surface plasmons, the next sections introduce
concepts and design principles for nano-optical systems - starting with nanoan-
tennas.

2.2 Optical Nanoantennas

Classical antennas link electrical signals to propagating radio waves. They
can transmit and receive electromagnetic radiation and their bandwidth de-
pends on the antenna dimensions. Optical antennas are therefore nanostruc-
tures, which convert light to localized energy and efficiently emit light from a
nanoscale source [3]. The latter especially differentiates optical antennas from
other nano-optical elements that only aim at storing electromagnetic radiation
as long as possible [10, 11]. Even though dielectric nanostructures have been
proposed [5—8], I focus on purely metallic devices with clearly defined optical
resonances [14, 30,42]. In this section, I first introduce general concepts of an-
tenna theory and then transfer these principles to the optical regime. Chal-
lenges arising from the electrical driving at the nanoscale are discussed in more
detail. Additionally, the theory behind directional Yagi-Uda antennas is cov-
ered. Besides giving a general theoretical overview, the goal of this section is to
point out critical aspects that optical antenna engineers should consider.
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2.2.1 From Classical to Optical Antennas

In LC circuits the energy oscillates between the electric field of a capacitor and
the magnetic field of an inductor. The resonance frequency of an undamped
system is

1

Wy Jic’
with the inductance L and the capacitance C. In a closed configuration, the
fields are mainly confined within the circuit. But by opening it to a straight and
conductive wire, one obtains the most simple antenna geometry - a dipole. Upon
applying an AC voltage, this system generates time-varying electric and mag-
netic fields, which are radiated perpendicular to the dipole axis. In the far-field,
the electromagnetic fields are decoupled from the power supply of the dipole
and propagate freely through space. For this reason, antennas are modeled as
open LC circuits. As shown in equation 2.6 their resonance frequency depends
on L and C, which scale with the size of the antenna. Consequently, smaller
antennas, and hence smaller L and C, lead to shorter wavelengths and higher
frequencies [56].

(2.6)

Classical antennas are metallic, macroscopic (several centimeters to meters)
devices operating at radio frequencies. They are usually connected to a voltage
source by a two-wire transmission line as depicted in figure 2.3. After excitation,
current standing waves with sinusoidal shape build up on the entire device. In
case the transmission line is only terminated by an open end, i.e. the structure
simply consists of two parallel wires, no radiation is expected (see figure 2.3 a).
Instead, the current elements on both wires oscillate out of phase and the elec-
tric fields are localized between the wires, comparable to a plate capacitor. An
antenna with length [ can be added by bending both wires at a distance of /2
from the ends (see figure 2.3 b). The current distribution in this antenna is

I(z) = Ippp,8i0 [k: (%l — |z|>} . 2.7

Here, I,,,, 1s the maximum current amplitude and k£ = 27/ is the wavevector
with the free-space wavelength \. At a bending angle of 90° the current ele-
ments in both antenna wires add up constructively and the antenna radiates
into the far-field with maximum intensity [3, 9].

An important characteristic in antenna theory is the impedance. It describes
how well power is transferred between individual elements, e.g. from the source
to the antenna via the transmission line. The circuit of this configuration is
shown in figure 2.3 c. It includes the voltage source with internal impedance Z,,,
and the two-wire transmission line with its characteristic impedance
Zy = U(2)/I(z). The antenna impedance is defined by voltage and current at
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Figure 2.3: Classical antennas. An AC voltage generator drives a two-wire trans-
mission line, which is either terminated by (a) an open end or (b) an antenna with length
I. The standing current waves, the current directions as well as magnitudes (arrows)
and the charge accumulations (plus and minus) are denoted. Due to destructive in-
terference, the circuit in (a) is not radiating into the far-field. Efficient radiation is
achieved by introducing an antenna as in (b). Note, that the standing wave in (b) is
shifted by reflections at the bending point. (c) Circuit sketch of (b) depicting the gener-
ator impedance Z,,,, the characteristic impedance of the two-wire transmission line Z,

m?

and the antenna impedance Z;. Inspired by reference [3].

the input terminals and reads as
Z,=U(0)/1(0) =R, +1iX]. (2.8)

An impedance mismatch between the individual elements causes reflections and
minimizes the power transfer; especially at the bending points in figure 2.3 b.
This is summarized by the reflection coefficient

Z) — Zy

r==2_=0 2.9
7,5 7, (2.9)

Interestingly, this mismatch also depends on the antenna geometry. The cur-
rent at the input terminals vanishes for antennas with length [ = A (see equa-
tion 2.7), and thus the impedance as well as I" become very large. In order to
avoid reflections in classical antennas, Z; and Z, are matched by using external
circuits. For nanoantennas, such impedance matching circuits are difficult to
accomplish. In this case, antennas with [ = \/2 are preferred as they exhibit
relatively low Z,.

Moreover, the antenna impedance Z; (see equation 2.8) describes, how well
power is radiated away. At the antenna resonance, the imaginary part X; can
be neglected and all losses are included in the real part R, = R, + R,,.. While
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b 1=1/2
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Figure 2.4: Antenna radiation pattern. Emission characteristics of antennas with
(a) I = A and (b) [ = A\/2 calculated according to equation 2.12. The current standing
waves are sketched next to the patterns showing that the current amplitude close the
feed gap is different for both antenna geometries. Adapted from reference [9].

R, covers non-radiative Ohmic losses, R, ,; 1s the radiation resistance:

2 l

=7 ()2
rad 3 w(A)

R (2.10)
Here, Z,, = 377 (2 is the free-space wave impedance. A high R, , leads to more
emission and consequently, an antenna with [ = )\ radiates better than one with

[ = \/2. The overall radiation efficiency of the antenna is defined as

R.uq
= —T22 2.11
7 Rrad+RnT ( )

At radio frequencies, metals are perfect conductors and Ohmic losses are small.
Therefore, 1 is almost 1 [3, 9, 28,57].

The emission behaviour of classical antennas is completely dominated by their
geometry and the exact emission pattern can be derived from the following for-
mula:
cos(klcos(6) — cos(5kl) ?

sin(0)

0 is the angle between emission and antenna axis and ¢ is the azimuthal angle.
Figure 2.4 shows calculated emission patterns of antennas with [ = XA and [ =
A/2. The sketched current waves are in accordance with equation 2.7. Even
though the current distributions are different, both geometries act as dipoles and
radiate predominantly in the direction perpendicular to the antenna axis. Asthe
antenna principle is reciprocal, the emission pattern is equal to the receiving

p(0,¢) ~ (2.12)
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pattern.

These concepts can be transferred to any frequency regime as the operating
wavelength is linked to the dimensions of the antenna (see equation 2.6). In
order to design resonant devices for light, the structure size must be decreased
down to the nanoscale. However, two new aspects have to be considered at opti-
cal frequencies. First, the dimensions of the electrical wiring become significant
as the antenna is reduced to such small scales. For simplicity, I am now only
examining isolated optical antennas without any electrical connection. This, to-
gether with the actual driving mechanism will be covered in the next subsection.
Second, metals are no longer treated as perfect conductors at optical frequen-
cies. The electromagnetic fields fully penetrate a metal wire causing volume
currents in the antenna; as opposed to surface currents at radio frequencies.
Furthermore, metallic nanostructures exhibit plasmonic resonances that scale
inversely with particle length (see equation 2.4). The Fabry-Pérot model intro-
duced previously shows that a plasmonic mode propagating through a metal
wire feels a larger effective particle length (remember equation 2.5). This re-
sults in a modified scaling rule for antennas at optical frequencies [58]:

A
)\eff:n1+n2)\_. (2.13)
p

Here, n, 5 are geometrical coefficients with dimensions of length, ), is the plasma
wavelength and ), is significantly smaller than \. A quick example illustrates
the effect of this new design principle: in order to fabricate a half-wave an-
tenna operating at A = 880 nm, the length is I = A ;;/2 = 160nm instead of
| = \/2 = 440nm. The exact ratio A/\;; depends on geometrical factors and is
usually around 2 - 5 [3]. Simulations with the boundary element method (BEM)
and the finite-difference time-domain method (FDTD) can accurately predict the
resonance frequency of nanoscale metal particles and therefore aid in the devel-
opment of optical antennas [9,59—61]. The above mentioned scaling rule leads
to an even smaller radiation resistance (see equation 2.10). In addition, metals
exhibit higher Ohmic losses at optical frequencies leading to less efficient anten-
nas (cf. equation 2.11). Fortunately, the presence of plasmons can counteract
some of these drawbacks.

Coupling two half-wave antennas end-to-end results in the central building
block for all optical antennas presented in this thesis. In terms of the mass-
spring picture, this system can be modeled by introducing an additional spring
between the two particles. Figure 2.5 a depicts the energy diagram and simu-
lated near-field intensity spectra of this coupled antenna (also called two-arm
antenna) as well as an individual wire. Upon coupling, two modes arise. The
higher-energy antibonding mode is characterized by out-of-phase oscillations of
the charge densities in the two antenna arms. It is not radiating efficiently as
the dipole moments cancel each other in the far-field. The lower-energy bonding
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Figure 2.5: Coupling of optical antennas. (a) Energy levels and simulated near-
field intensity spectra for the two antenna geometries. Black stands for single particles,
while red and blue represent coupled structures with a gap of 16 nm and 6 nm, respec-
tively. The coupling leads to two eigenmodes: bonding and antibonding. The former
has a dipolar character (see charge distribution) and radiates. The latter is considered
“dark”, because the dipole moments cancel out in the far-field. Reducing the gap size
leads to a larger spectral spacing of the two modes and the bonding mode shifts to lower
frequencies. Individual particles are 30 nm high, 50 nm wide and 110 nm long. (b) Nor-
malized electric fields for single-arm and two-arm antennas (bonding mode) simulated
with the boundary element method (see subsection 2.2.3). The two-arm antenna ex-
hibits very high fields in the feed gap due to the coupling of the two particles. (a) is
reprinted and adapted with permission from reference [59]. Copyright (2010) American
Chemical Society.

mode exhibits in-phase oscillations and thus has a dipolar character. By reduc-
ing the gap size, the energy splitting between the two modes increases and the
resonance of the bonding mode shifts to smaller frequencies [3, 9].

Besides radiating into the far-field, the bonding mode offers highly confined
and enhanced electric fields in the feed gap, exceeding those of a single parti-
cle, as illustrated in figure 2.5b. This effect offers the potential to significantly
enhance light-matter interaction. The generation as well as the absorption of
light by individual nanoscale emitters is an inherently inefficient process. Cou-
pling of photons to electronic transitions in matter is limited by the size mis-
match between photon wavelength (several hundred nanometers) and electron
confinement (less than one nanometer). Placing a single emitter into to the feed
gap of an optical two-arm antenna bypasses this challenge. This is explained in
terms of the partial local density of states p,(r,w) (LDOS), which describes the
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amount of optical modes per unit volume and frequency at position r. In a simple
picture, confining electric fields between the two arms increases the LDOS and
intensifies the optical density experienced by a single emitter; hence increas-
ing its absorption. In addition, by providing more optical states, the coupling
between an excited emitter and one of these states becomes more likely and
photons are generated more efficiently. The decay rate v of an emitter scales
linearly with p,(r,w) and one obtains [3]

W

- 3he,

¥ p” p, (7, w), (2.14)

where p is the transition dipole matrix element and 7 is the reduced Planck
constant. Next, the power P, radiated by a dipole can be linked to the LDOS by
the simple relation [62]

Py pp(r,w)

Fy Po
Here, P, and p, are the dissipated power and the LDOS in vacuum, respectively.
Smaller gaps lead to even higher LDOS, and thus faster decay as well as more
radiated power. Note, the emitter should not be placed too close to the metal
surface as this opens up additional channels for non-radiative energy transfer,
which results in quenching [63]. The LDOS enhancement also plays a key role
in the excitation of radiating and propagating modes. In case of the two-arm an-
tenna, an emitter in the feed gap predominantly excites the bonding mode and
light is radiated away with a polarization parallel to the antenna (correspond-
ing to the charge oscillations in figure 2.5 a). The excitation of propagating plas-
monic modes is discussed in subsection 2.3.2 and chapter 7.

To conclude this subsection, the main differences between classical and optical
antennas are listed: (1) metals are not perfectly conducting at optical frequen-
cies; hence, Ohmic losses are larger and electromagnetic fields penetrate the
metal. (11) The scaling rule has to be adjusted for optical antennas. (ii1) The
presence of plasmons offers to modify light-matter interaction. (iv) Electrical
wiring and driving represent new challenges at the nanoscale. This aspect is
covered in the following.

(2.15)

2.2.2 Electrically Driven Optical Antennas

Optical antennas have a length of 100-300nm and a width of 60-80nm. By
using high-precision focused ion beam (FIB) milling, electrical connection wires
with a minimum thickness of 30 - 40 nm can be fabricated. Such relatively large
and polarizable objects influence the plasmonic resonances of nearby nanoan-
tennas and open up new pathways for reflections. Hence, the impedance mis-
match (see subsection 2.2.1) between a nanoantenna and its electrical wiring
1s a particular challenge. It has been proposed to drive optical antennas with
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Figure 2.6: Finding the perfect connector position. (a) Normalized near-field in-
tensity map (top) and integrated intensity (bottom) of a coupled two-arm antenna (bond-
ing mode). Positions of low electric fields (large currents) are located around the center
of the arms, slightly displaced towards the gap. (b) FDTD simulations of near-field in-
tensity enhancement in the feed gap for different connector positions: close to the gap
(blue, long-dashed, 10-fold increased), at the ends of the antenna arms (light blue, dot-
ted, 10-fold increased) and close to the center of the antenna arms (red, short-dashed).
For comparison, results for an isolated (unconnected) antenna are shown in solid black.
Connectors attached near the center of the antenna arms (low electric fields) only have
a minimal influence on the near-field intensity enhancement. Reprinted and adapted
with permission from reference [42]. Copyright (2012) American Chemical Society.

well-matched two-wire transmission lines [64]. Yet, experimental realizations
are still challenging and the exact location at which the antenna is connected by
an electrical wire is of key importance.

Here, I focus on optical half-wave antennas. As discussed in the previous
subsection, this geometry offers a small impedance mismatch. The simulated
near-field intensity of an isolated two-arm antenna (bonding mode) is depicted
in figure 2.6 a. The highest optical fields are located in the feed gap followed by
the ends of the two arms, while field minima are situated near the center of the
particles, slightly shifted towards the gap. In order to apply a voltage between
the two antenna arms, both particles have to be connected to an external source.
Figure 2.6 b demonstrates how the plasmonic resonance of this structure is in-
fluenced by attaching metal wires at different locations. Placing the connectors
at positions of high field intensity (low current) leads to the excitation of plas-
mons, transporting energy away from the antenna, and consequently disturbs
the resonance. In the context of antenna theory, this is equivalent to a large
impedance mismatch. Instead, both arms have to be connected at positions of
minimum field intensity (high current), i.e. near their centers. This results
only in a small deviation from the near-field enhancement of an unconnected
(isolated) antenna [42].
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Left d Right
electrode electrode

Figure 2.7: Light generation with nanoantennas. (a) Colored SEM image of an
electrically connected optical antenna exhibiting tunnel junctions at the interfaces be-
tween antenna arms and gold nanoparticle. Upon applying a voltage, electrons tunnel
across the junctions and light is generated. (b) Schematic of inelastic electron tunnel-
ing. An electron scatters inelastically at the tunnel barrier and a photon with energy
eVis emitted.

Next, I present the light generation mechanism. Classical antennas are fed by
voltage generators, which are based on high-speed transistors. However, they
are not able to produce frequencies higher than 300 GHz [41]. Light, on the other
hand, has a frequency above 300 THz, and is usually generated in light emitting
diodes (LEDs) with dimensions much larger than optical antennas. In order
to emit light at the nanoscale, several approaches have been investigated, in-
cluding carbon nanotubes [65—67], inorganic nanowires [68, 69] and plasmonic
LEDs [70]. In particular, inelastic electron tunneling (IET) - offering a broad
bandwidth and switching times on the order of femtoseconds [71] - has been
explored. First observed in planar metal-insulator-metal junctions [44, 45], it
was later employed by Kern et al. to develop the first electrically driven opti-
cal antenna [43]. An exemplary antenna and a sketch of the IET mechanism
are depicted in figure 2.7. The device does not require any semiconductor ma-
terials, instead, photon emission is based on electron tunneling. FIB milling
and dielectrophoresis are used to fabricate the two-arm structure and insert a
gold nanoparticle into the feed gap to create ~1 nm tunnel junctions (see section
4.1). The connection wires are attached to both arms at positions of low fields
and upon applying a DC voltage V, electrons tunnel across the gap. This process
can be inelastic, i.e. an electron loses energy and a photon with energy eVis
emitted.

IET is an inherently inefficient process as most electrons tunnel elastically. The
internal quantum efficiency is defined as [3]

— BT (2.16)
YiET T VET

with the inelastic (radiative) and elastic (non-radiative) tunneling rates v;pp
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Figure 2.8: Modeling the quantum shot noise of nanoantennas. (a) Current
power spectrum for different applied voltages. As the voltage increases, the current
power spectrum shifts to higher frequencies. (b) By multiplying the current power spec-
trum with the Lorentzian fit (red) of an experimental white-light spectrum (grey), one
obtains calculated emission spectra for different voltages. Reprinted by permission from
Springer Nature: Nature Photonics [43]. Copyright (2015).

and g, respectively. This equation exhibits the same form as the radiation
efficiency 7 (see equation 2.11). A general expression for the inelastic tunnel-
ing rate has been derived in references [48, 72] and the quantum efficiency in
vacuum was calculated to be on the order of 1078 per spectral segment [62, 73].
Notably, the radiative tunneling rate 7,5, is increased by the enhanced LDOS
in the tunnel junction of optical antennas and thus, the quantum efficiency is
significantly improved (see equations 2.14 and 2.15 in subsection 2.2.1). Struc-
tures similar to the one in figure 2.7 a achieve efficiencies of 10~ [43, 74], while
even higher LDOS yield 1072 [50]. Recently, it has been shown that efficiencies
on the order of 107! can be achieved by adding resonant states into the tunnel
junction [75]. This process is called resonant inelastic electron tunneling and is
not a focus of this thesis.

In order to predict electroluminescence (EL) spectra of antennas driven by
IET, the quantum shot noise (QSN) model is introduced [43, 76]. IET and QSN
are two equivalent pictures describing the same process. The latter interprets
the current fluctuations through the tunnel junction as an ensemble of oscil-
lating single-frequency dipoles with spectral density C'(w) (current power spec-
trum). The large optical near-fields in the gap increase the power of the dipoles,
and thus, more light is radiated into the far-field. These two contributions
- near-field and far-field response - are summarized in the emissivity of the
antenna A(w). The spectrum of emitted photons I(w) is given by

I(w) < A(w)C(w) = A(w) (2.17)
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Figure 2.9: Emission pattern of an optical antenna. The sketch illustrates the
orientation of the nanoantenna on the glass substrate. Measured emission pattern and
corresponding xz-projection exhibit a dipolar pattern, but light is radiated into the glass
under the critical angle of ~41°. Reprinted by permission from Springer Nature: Na-
ture Photonics [43]. Copyright (2015).

with the applied voltage Vand the DC junction resistance R,. Equation 2.17 al-
lows the simple calculation of EL spectra in three steps. First, the current power
spectrum C(w) is plotted for different applied voltages in figure 2.8 a. The cut-
off frequencies become larger for increasing voltages, i.e. the energy of a photon
cannot be larger than the applied voltage (energy conservation). Next, the emis-
sivity A(w) is estimated by measuring the white-light scattering spectrum of an
antenna and fitting it with a Lorentzian (see figure 2.8 b). This i1s reasonable
as the scattering spectrum includes the near-field and far-field responses of this
system. Finally, EL spectra are calculated according to equation 2.17. As shown
in figure 2.8 b, the resulting emission spectra resemble the antenna resonance; a
direct consequence of the frequency-dependent A(w) (also see the local density of
states p,(r,w)). Furthermore, EL spectra can be tuned to smaller wavelengths
by increasing the applied voltage and for sufficiently high voltages, the spec-
trum even matches the antenna resonance.

The emission pattern of an electrically driven optical antenna is depicted in
figure 2.9 [43]. Light is radiated perpendicular to the long axis of the antenna,
just as in figure 2.4. However, optical antennas are not free-standing as their
radio frequency counterparts, but they typically lie on a glass substrate with
higher refractive index than the surrounding air, and hence most photons are
emitted into the glass. Such emission patterns can be measured with an oil-
immersion objective underneath the substrate and are used to characterize op-
tical Yagi-Uda antennas in chapter 6.
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2.2.3 The Yagi-Uda Design

The concept of Yagi-Uda antennas was developed in 1926 and has since been
used to achieve highly directional emission in the radio frequency regime [55].
Figure 2.10 a depicts a typical five-element Yagi-Uda antenna consisting of one
reflector, one feed element and three equally spaced directors. Only the feed,
which exhibits a half-wave design (here as a folded dipole), is connected to a volt-
age source. The other elements are passive (or parasitic), i.e. they are driven
by the feed radiation. In order to achieve directional emission, the resonance
frequencies of the passive elements are detuned as shown in figure 2.10b. The
reflector 1s slightly longer than the feed and its resonance is shifted to longer
wavelengths, while directors exhibit oscillations at shorter wavelengths. As the
feed drives the antenna, phase-shifted oscillating currents are excited in all five
elements. If the spacing is chosen correctly - typically in the range of 0.15 A
to 0.25 X - the electromagnetic waves emitted by the individual elements inter-
fere constructively in forward and cancel out in backwards direction (see figure
2.10c¢) [28]. The directivity of Yagi-Uda antennas can be optimized by compar-
ing the intensities in forward (\Efw\Q) and backward (|E,,,|*) direction, leading
to the definition of the forward-to-backward (FB) ratio [20]:

‘Efw‘Q
FB[dB] = 10 x log;, 5 ) (2.18)
bw

By considering the modified scaling rule (cf. equation 2.13), the Yagi-Uda con-
cept can be transferred to optical frequencies [38, 40, 77]. In this thesis, the
antenna introduced in subsection 2.2.2 is used as the feed element to realize
an electrically driven Yagi-Uda antenna for light (see chapter 6). The optimal
geometry for maximum directivity is found in an iterative process including ex-
periments - carried out by me - and simulations - carried out by Philipp Grimm.
In the following, I will give a short overview of the employed models. For more
information see reference [20].

Analytical Model

An analytical model is used to quickly calculate appropriate resonance frequen-
cies and spacing for all antenna elements [20, 77]. Particles are assumed to be
much smaller than the wavelength of light, and thus, the electric field is homo-
geneous over each element (quasi-static approximation). The antenna elements
are treated as coupled dipoles and are driven by the feed with fixed frequency
wy (see figure 2.11a). Next, the local electric field is determined as the sum of
all emitted fields (of the individual antenna elements), which allows to calculate
the far-field emission pattern. The FB ratio is then optimized by adjusting the
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Figure 2.10: Yagi-Uda antenna principle. (a) Five-element Yagi-Uda antenna for
radio frequencies with one reflector, one feed element and three directors. The feed el-
ement exhibits a half-wave folded dipole geometry. (b) The feed resonance has to be in
between the resonance frequencies of director and reflector. (c) Radiation pattern of a
five-element Yagi-Uda antenna in the xz-plane. The geometry with directors and reflec-
tor lead to constructive interference in forward direction and thus directional emission.
The equation to calculate the forward-to-backward ratio is denoted. (a) is taken from
reference [78]. (b) is adapted from reference [74]. (c) is adapted from reference [20]

element spacing as well as the size dependent detuning of reflector and director
(6,5 and d4;,). This model yields a simple estimation of the antenna geometry,
however, it is limited by the quasi-static approximation and the homogeneous
surrounding. For this reason, numerical tools are used to support the analytical
model and better mimic the experiment.

Boundary Element Method (BEM)

BEM is a numerical technique in which the problem is reduced to the surface
boundaries of particles to save time and computational power. Here, the open
source MNPBEM toolbox is used to solve Maxwell’s equations for metallic nanos-
tructures [60,61]. Optical antennas are modeled as rounded and extruded poly-
gons (see figure 2.11 b) lying on a glass substrate (refractive index n = 1.52). The
top half-space is filled with air (n = 1) and data from Olmon et al. 1s used for the
dielectric function of gold [79]. Importantly, BEM allows to consider retardation
effects beyond the quasi-static approximation, i.e. the electric field is no longer
assumed to be homogeneous over a particle. By calculating and optimizing the
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Figure 2.11: Modeling of optical Yagi-Uda antennas. (a) Analytical model de-
scribing the antenna elements as coupled dipoles in the quasi-static approximation. The
feed resonance w is set to a fixed value and the reflector as well as director frequen-
cies are detuned by §,.; and d,;,, respectively. (b) BEM representation of an isolated
two-arm antenna. (c) Electrically connected two-arm antenna in FDTD. A homogeneous
surrounding is adopted for the analytical model, while the antenna structure is lying
on a glass substrate in both numerical models. Adapted from reference [20].

FB ratio with BEM, the ideal geometry for optical Yagi-Uda antennas is found.
However, this tool can not simulate complex shapes such as the kinked connec-
tors. Only unconnected structures are considered in BEM and the influence of
the electrical wiring is studied with another numerical technique.

Finite Difference Time Domain (FDTD)

Unlike BEM, the FDTD method discretizes time and volume of a particle [30].
This computation heavy technique requires a finite simulation region; hence
perfectly matched layers consisting of a lossy material are introduced to emu-
late open boundary conditions [81]. The advantage of FDTD is that connectors
can be coupled to theses perfectly matched layers and treated as infinitely long
wires without any reflections. For this reason, FDTD is used to study complete
antenna structures including the connectors.

Fabrication constraints must be taken into account in order to design optical
Yagi-Uda antennas with high directivity. In addition, the significant size of
the electrical wiring has to be considered: not only can the antenna resonance
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be disturbed (see subsection 2.2.2), the connectors also influence the directivity
of the antenna and act as an additional reflector [20]. The final geometry is
presented in section 6.2.

2.3 Plasmonic Waveguides

Plasmonic waveguides allow to confine and guide light at the nanoscale. In con-
trast to optical fibers, which transmit light over large distances with minimal
losses, plasmonic structures usually consist of metals offering much larger con-
finements, yet more damping (see section 2.1). Early work focused on plasmonic
nanoparticle arrays [82—86], grooves and channels [87,88] as well as single metal
wires [89-94], but soon plasmonic two-wire transmission lines (TWTL) became
a popular building block for optical nanocircuitry [64,95-97]. They support two
lowest-order propagating modes, which can be excited separately [22], and al-
low for advanced light routing at the nanoscale [23, 24]. In this section, I first
present the basic properties of optically driven plasmonic TWTLs. Next, de-
vices are electrically connected (Just like optical antennas; see subsection 2.2.2)
and propagating plasmons are launched by IET. The modeling of the electrical
excitation with FDTD simulations is described and helps not only to design plas-
monic waveguides, but also to understand the experimental results presented
in chapter 7.

2.3.1 Basic Geometry - The Two-Wire Transmission Line

The design of an optically driven plasmonic TWTL is illustrated in figure 2.12 a.
Two shortcuts connect the metal wires - the incoupler at the beginning and the
mode detector at the end of the structure. An optical excitation at the incoupler
launches plasmons into the TWTL, which offers two lowest-order propagating
plasmonic modes. Their electric field profiles are depicted in figure 2.12b. The
symmetric mode is confined to the outside of the TWTL, while the asymmetric
mode propagates mainly through the gap between the two metal wires. Based
on the different mode symmetries (indicated by their charge distribution) a spe-
cific plasmonic mode can be excited by controlling the polarization of the inci-
dent light (see figure 2.12 a): A light beam polarized parallel (perpendicular) to
the waveguide launches the symmetric (antisymmetric) mode. At the mode de-
tector, the plasmonic modes are then separated spatially and radiate into the
far-field with corresponding polarization. The antisymmetric mode - confined to
the TWTL gap - scatters at the gap termination, while the symmetric mode is
unaffected by obstacles in the gap and scatters at the waveguide termination. If
the mode detector is long enough, the two plasmonic modes can be distinguished
in optical experiments [22].
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Figure 2.12: Plasmonic two-wire transmission line. (a) Sketch of a plasmonic
TWTL with mode detector. Upon optical excitation at the incoupler, two orthogonal
plasmonic modes - the symmetric (S; blue) and the antisymmetric (A; red) mode - prop-
agate along the TWTL. At the mode detector, both modes are separated spatially and
polarized light is radiated into the far-field. Wavy arrows denote plasmon propagation;
straight arrows indicate the polarization of excitation as well as emission for a specific
mode. (b) Simulated electric field profile of the two modes. The S-mode is propagating
at the sides of the TWTL (close to the substrate), while the A-mode is confined to the
gap. Surrounding medium, substrate and charge distribution are denoted. (c) Effective
wavelength A, (solid) and decay length [, (dashed) of both modes as a function of
free-space wavelength \. Reprinted and adapted with permission from reference [21].
Copyright (2021) American Chemical Society.

Interestingly, effective wavelength \.,, and decay length [,,.,, are slightly
different for both modes (see figure 2.12¢c). The antisymmetric mode exhibits
stronger confinement, and thus experiences a shorter decay length and a shorter
effective wavelength [21]. As discussed previously, A, ;;1s much shorter than the
free-space wavelength (compare section 2.1).
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2.3.2 Electrically Driven Plasmonic Waveguides

Distinct modes in plasmonic TWTLs can not only be excited optically, but also
electrically. Therefore, the IET mechanism presented in subsection 2.2.2 is reap-
plied. The waveguide is connected to an external voltage source via a thin metal
wire and a small nanoparticle is introduced to create a tunnel junction between
connection wire and waveguide (see figure 2.13). As the TWTL provides plas-
monic modes, the energy of an electron tunneling inelastically can not only be
transferred to a photon but also to a propagating plasmon.

tunnel junction

|

<) F)w
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spp

i~
Q.

Particle Waveguide

Figure 2.13: Illustration of the electrical excitation. Left: A TWTL is connected
by a thin metal wire. Similar to optical nanoantennas a small sphere between connector
and TWTL is used to create a tunnel junction (see subsection 2.2.2). Right: Light gen-
eration is based on inelastic electron tunneling. As a voltage V'is applied, an electron
(e7) tunnels inelastically across a nanometer gap (width d, height E,) and the energy
difference eV is coupled into a plasmon (fiwg,,) or photon (hv). Ep denotes the fermi
energy. Reprinted and adapted with permission from reference [21]. Copyright (2021)
American Chemical Society.

Coupling between the emitter, i.e. IET across a tunnel junction, and a spe-
cific mode depends on the local density of states at the location of the emitter.
Hence, the exact position of the tunnel junction matters. In optical antennas,
for example, the emitter is located in the strongly enhanced electric fields of the
feed gap allowing to efficiently excite the bonding mode (see subsection 2.2.2).
But where to place the tunnel junction in plasmonic waveguides?

FDTD simulations carried out by Luka Zurak were used to study the influ-
ence of the tunnel junction’s location [21]. In an intuitive approach, a dipole
representing the tunnel junction is placed at different positions close to the in-
coupler and excites propagating plasmons (see figure 2.14 a). FDTD now allows
to calculate the incoupling efficiency I,,, i.e. the ratio of power transferred from
the dipole to a specific mode m and the dipole power in vacuum. However, this
approach requires extensive computation as all possible dipole positions have to
be compared in order to maximize /,,. A different approach, utilizing the reci-
procity of the system, is depicted in figure 2.14b and c. The mode of interest is
fed into the waveguide from the right and propagates towards the incoupler [98].

27



2 Theory of Metallic Nano-Optical Systems

C
a b L
mode monitor mode source .- 0.8
E., L7

. s 6=
DES ‘ A~ =S Sava =~
l 04 &

' VL field monitor e 0.2

dipole source X N
0

Figure 2.14: Modeling the excitation of plasmonic modes with FDTD. (a) Dipole
approach: The dipole source is placed at different positions (dotted green lines) and the
power coupled into the modes is calculated at the mode monitor 600 nm away from the
excitation. (b) Mode approach: The mode of interest is coupled in from the right (mode
source) and propagates towards the incoupler. Upon reflection, a standing wave pattern
forms and electric fields are collected using a field monitor. (c) The resulting field dis-
tribution for symmetric (blue) and antisymmetric mode (red). Reprinted and adapted
with permission from reference [21]. Copyright (2021) American Chemical Society.

Upon reflection a standing wave pattern forms representing the modal field dis-
tribution E,,(r). Next, the incoupling efficiency I,, at position r, can be written
as [21]

[ 3meycd
mT N 4w?

with the characteristic mode power NV, (this is the poynting vector integrated
over the waveguide profile, the electric field amplitude is normalized to 1 V/m)
and the direction of unit vector zi. This means, the incoupling efficiency is di-
rectly linked to the modal field E,, at the position of the tunnel junction (r)
via LDOS enhancement. Placing the tunnel junction into the high electric fields
of a mode, leads to strong plasmon excitation. As symmetric and asymmetric
mode exhibit different electric field distributions (see figure 2.14 c), one can find
positions for the tunnel junction at which only one of the modes 1s excited, with
negligible contribution of the other mode. Later in this thesis, the experimental
demonstration of this concept is presented (see chapter 7). Note, that for optical
antennas the connection wires are placed such that their influence on the an-
tenna resonance is minimal. However, this is not feasible in this waveguide ge-
ometry. Consequently, plasmons propagating along the connection wires away
from the waveguide constitute an additional loss channel. For more information
about the influence of the connector-gap geometry as well as a thorough compar-
ison between dipole and mode approach see the supplementary information of
reference [21].

’Em(TO> '/l|27 (219)
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The spectrum of light emitted at the mode detector can be modeled according
to the following equation [62]:
0o Pm
Sm(/\> X Ngpe * —— - Np—r,, (220)
Po
Here, 1°,. is the efficiency of inelastic electron tunneling in vacuum (ratio of
inelastic and elastic tunneling). It is similar to the current power spectrum C(w)
and exhibits the same spectral shape (see equation 2.17 and figure 2.8 a). The
second term of equation 2.20 describes the LDOS enhancement at the position
of the tunnel junction. It is the ratio of LDOS provided by a mode p,, (including
tunnel junction) and LDOS in vacuum p,. The radiation-propagation efficiency
Np—r, . includes all non-radiative losses that occur during propagation along the
waveguide and radiation at the mode detector. Using FDTD, one can calculate
the last two terms of equation 2.20. By comparing the power radiated at the end
of the waveguide to the incoupled power, one obtains %’; = £m . Np—r, (compare

P
to equation 2.15). ’
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3 | Introduction to Surface Modification

Surfaces play a key role in defining the properties of nanoscale objects. As the
surface area of a particle declines slower than its volume, a large amount of
atoms in nanoscale objects are located at or close to their surface and most
chemical, optical and electronic properties are dominated by particle interfaces.
Consequently, tuning the interfacial environment by chemically modifying the
metal surface has become a popular route to tailor device properties.

Since their discovery on rough gold surfaces [99, 100], thiol-terminated self-
assembled monolayers (SAMs) have emerged as one of the main tools to modify
not only flat gold, but also nanostructures [101-103]. They comprise individ-
ual molecules binding to gold, and attractive intermolecular forces lead to the
formation of higher-order structures (the monolayer). Among the most common
SAM components are linear alkanes as well as polyethylene glycols (PEGs), but
it is the chemical variability of SAMs that enables the addition of advanced func-
tionality to nanoscale devices. This includes the preparation of hydrophobic or
hydrophilic surfaces for applications in the field of biochemistry [102] as well as
tuning device properties in organic electronics [104].

In this thesis, the electrical connection of nanostructures is used to enable se-
lective functionalization of nanoscale objects with alkanethiol and thiolated PEG
SAMs; hence offering an additional degree of freedom to the design and devel-
opment of nano-optical systems. This chapter is devoted to the basic principles
of SAM functionalized gold surfaces and electrodes. First, I explain the forma-
tion of SAMs using alkanethiols as an example. The surface crystallinity plays
an important role in SAM growth, and here, single-crystalline gold (Au (111))
1s considered to match the experimental conditions. Next, the influence of a
tightly packed SAM on the metal work function is discussed. This effect not only
allows to measure the presence of molecules on a gold surface, but also offers the
ability to tune charge injection barriers at metal-organic contact electrodes. The
chapter is concluded by introducing the principles of electrochemical desorption
which is the foundation for the site-selective functionalization of nanostructures,
such as optical antennas. The corresponding experimental demonstrations are
presented in chapter 5.
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3.1 Self-Assembled Monolayers on Gold Surfaces

SAM:s consist of individual molecules binding to a metal surface. The interaction
between these subunits can lead to the assembly of a more complex structure,
i.e. a monolayer of molecules standing almost upright. In the context of this
section, alkanethiols on clean Au (111) are used as a model system. Note, that
growth and order of SAMs strongly depend on the type of molecule as well as
the substrate.

Figure 3.1 a illustrates a decanethiol molecule (C10-SH) within a standing-
up SAM. It consists of - like any other SAM molecule - an anchor group (some-
times called head group), a backbone (hydrocarbon chain) and a terminal group
(methyl). The anchor is a thiol (SH) able to bind to gold. X-Ray photoelec-
tron spectroscopy and other measurements suggest the scission of the SH bond
and subsequent formation of a covalent Au-S bond, although the fate of the hy-
drogen atom remains controversial. This bond is relatively strong with an in-
teraction energy of 30 - 50 kcal/mol (126 - 209 kd/mol or 1.3 - 2.2 eV; the reported
values vary depending on the exact measurement technique) [101,103]. I would
like to note that even though most experimental data favors a covalent bond, it
has recently been proposed that the physisorbed character of the Au-SH bond
prevails in break junction measurements [105].

Hydrocarbon chains of alkanethiols attract each other via van der Waals in-
teraction leading to the formation of a densely packed monolayer of molecules.
The interaction energy is reported to be 1-2kcal/mol per methylene; meaning
that the stability increases with chain length. As displayed in figure 3.1 a, the
molecules are not completely perpendicular to the substrate, but exhibit a tilt
angle «, which is about 30 ° for linear alkanethiols [103]. The exact orientation
1s not only determined by the interaction between hydrocarbon chains but also
by the directional gold-sulfur bond, and is molecule dependent [106, 107]. Note,
that SAM backbones are not limited to hydrocarbon chains, but PEGs, aromatic
rings and other molecular units are also possible [102, 108].

The terminal (or active) group can be modified in order to introduce different
functionality to the SAM. While decanethiols are terminated by a simple methyl
group (CH ) leading to a hydrophobic SAM, alkanethiols terminated by a hy-
droxy group (OH) form hydrophilic surfaces. Moreover, functional end groups
can serve as a docking station for more complex molecules, e.g. DNA, peptides
or light emitting chromophores [102, 106].

In this thesis, SAMs are grown from solution and the exact procedure is de-
scribed in subsection 4.1.4. The self-assembly of alkanethiols comprises the fol-
lowing individual steps (see figure 3.1b) [103]: (1) First, molecules physisorb
on the gold surface due to van der Waals interaction between hydrocarbons
and substrate. The interaction energy scales almost linearly with chain length
and is reported to be about 15 kcal/mol for decanethiol [101]. (i1) As molecules
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Figure 3.1: Self-assembled monolayers on gold. (a) Illustration of decanethiol
on Au(111). Individual molecules are tilted by an angle o and consist of a terminal
group (here CH ), a hydrocarbon chain and a anchor group (sulfur). Blue: carbon; grey:
hydrogen; red: sulfur. (b) Different steps of SAM formation. I: Physisorption. II: First
molecules are chemisorbed (red anchor group). III: Formation of standing-up phase.
IV: Growth of standing-up phase. (c) Schematic of alkanethiol arrangement on Au (111).
Gold atoms are illustrated as open circles, while the anchor groups of chemisorbed SAM
molecules are displayed in red. The hexagonal structure is highlighted. (a) and (b) are
inspired by reference [103]. (c) is inspired by reference [106].

remain close to the surface for long enough, the probability of chemisorption
increases. After an activation barrier of 7kcal/mol (0.3eV) is overcome, the
aforementioned Au-S bond is formed with an interaction energy said to be inde-
pendent of chain length (30 kcal/mol for decanethiol; energy values are typically
determined via temperature programmed desorption after the SAM is deposited
from gas phase in ultrahigh vacuum, and, thus, the conditions in solution are
not exactly matched) [101, 109]. This process can take a few minutes and is
usually accompanied by the formation of a lying-down (or stripped) phase of
molecules. In this context, I would like to mention the possible reconstruction
of the gold surface, which has gained increased interest in the SAM commu-
nity over the last years [103]. Upon chemisorption, gold atoms are lifted from
the surface of the substrate, become adatoms and facilitate S-Au-S bonds. It
has been shown that these adatoms form gold islands on the surface after the
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SAM is desorbed [110]. While this process is not completely understood, it might
explain why molecules preferentially bind to defect sites as surface reconstruc-
tions are energetically less favored on perfectly crystalline substrates. (i11) Next,
small islands of standing-up molecules are formed due to the interplay of van der
Waals interaction and the Au-S bond. Transition from lying-down to standing-
up molecules is accompanied by surface stress, which should be considered for
the functionalization of fragile nanostructures. (iv) These islands grow and form
densely packed crystalline monolayers — a process, which takes several hours to
days depending on the molecule. As a rule of thumb, the required time increases
as the chain length decreases. Note, that self-assembly in solution involves the
displacement of solvent molecules as well as substrate adsorbates throughout
all four steps.

SAMs (especially alkanethiols) exhibit ordered domains commensurate to the
crystallinity of the underlying substrate. This can be observed by a variety of
measurement techniques, e.g. scanning tunneling microscopy. The most com-
mon alkanethiol structure on Au (111) is the hexagonal arrangement shown in
figure 3.1 ¢ (in Wood’s notation: (\/§ X \/§)R30°). In this illustration, filled red
circles represent the thiols of SAM molecules binding to gold atoms (open cir-
cles) with a distance of 0.5 nm between nearest neighbours [103]. Other surface
structures have been observed as well, such as the ¢(4 x 2) superlattice, but are
not described in detail here (see references [101-103] for more information).

Regardless the final molecule arrangement, SAM quality strongly depends on
the quality of the underlying surface. But defect free SAMs do not exist, with
possible imperfections being missing molecule rows or vacancies. Furthermore,
it has been reported that SAMs degrade over time due to ozone exposure and ul-
traviolet radiation [111]. Defect-heavy surfaces, e.g. nanostructures fabricated
via focused ion beam milling, exhibit SAMs with lower quality, however, they
seem to be more resistant to SAM degradation making nanostructures an in-
triguing platform for SAM functionalization [103].

In this work, SAMs of 1-octadecanethiol (C18-SH) and the specifically de-
signed fluorescent C-PEG are grown. While the basic principles of self-assembly
apply to PEGs as well, these molecules do not form SAMs which are as densely
packed and upright-standing as alkanethiols. Instead of straight chains, PEGs
exhibit helical or zigzag chains, which are located closer to the gold surface
[112,113].
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3.2 Tuning the Metal Work Function

One specific and extensively studied effect of SAMs is the modification of the
metal work function [103, 114—117]. This not only allows to tune electronic
properties in metal-organic devices, but also to verify the presence of a SAM by
measuring the change in work function, e.g. via Kelvin probe force microscopy
(KPFM; see subsection 4.2.4). Figure 3.2 a depicts the influence of an alkanethiol
SAM on the gold work function W,,, which represents the minimum energy
needed to remove an electron from the metal surface. Upon SAM adsorption,
the surface dipole at the Au-SAM boundary is changed and the vacuum energy
level shifts, leading to a modified work function Wy, g4

The shift can be derived quantitatively by treating the surface dipole layer as
two parallel charge sheets with distance [ and surface charge density o (given
by the amount of SAM molecules per area). The potential drop A® caused by
the SAM is now obtained by integrating the electric field over the entire dipole

layer [114]:
l
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go and ¢, are the vacuum and dipole layer permittivity, Nis the molecule density
(about 10'¥m~2) and 1, is the total dipole moment perpendicular to the surface.
As shown in figure 3.2b, chemisorbed SAMs can further be divided into two
dipole layers, the SAM dipole pg4,, (pointing towards the surface in this ex-
ample) and the dipole originating from the covalent Au-S bond ri,.,,, (pointing
away from the surface). This leads to the following expression for the work func-
tion change relative to a clean Au (111) surface

AW = —eN HsAMm + HChem 7 (32)
€sAamM€o  E€chemfo

with eg4,, and e4y,.,, being the relative permittivities of the respective dipole
layers. popen 18 @ direct consequence of the electron reordering in molecules
and gold surface upon chemisorption and is approximately the same for all SAMs
with a single thiol group. Its contribution is very weak, and, thus, AW is domi-
nated by fig 4,7, which depends on the SAM backbone and terminal group [115].
For this reason, the direction of the SAM dipole determines the sign of the work
function change. Pure alkanethiols terminated by CH ; exhibit a dipole pointing
towards the surface and therefore lower the work function (see figure 3.2; the
negative part of the dipole is closer to the substrate). By introducing a strongly
electronegative terminal, e.g. CFj the dipole direction reverses and the work
function is increased [115, 118, 119]. Importantly, g4, 1s the dipole compo-
nent of the SAM perpendicular to the surface; hence, it also depends on the
molecule orientation within the SAM (tilt angle in figure 3.1 a). For example, a
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Figure 3.2: Tuning the work function. (a) The alkanethiol SAM introduces an
interface dipole at the Au-SAM boundary which lowers the vacuum energy Ey,,. and
consequently reduces the work function to W, — AW = Wy, ,gan- EF is the fermi
energy. (b) Alkanethiol SAMs on gold are modeled as two dipole layers (green arrows)
including the SAM dipole component perpendicular to the surface (g 4,,) and the dipole
resulting from the gold-sulfur bond (i¢.,,). Plus and minus signs exemplarily denote
the charge distribution along jig ;-

SAM molecule with a strong inherent dipole moment, but rather flat orientation
parallel to surface is not leading to large AW. According to UV-photoelectron
spectroscopy measurements in vacuum, alkanethiols on Au (111) lead to a work
function reduction of 1-1.4eV [116,117]. KPFM measurements carried out un-
der ambient conditions typically observe smaller values due to measurement
artifacts and disturbing water layers as discussed in chapter 5.

3.3 Electrochemical Desorption of Self-Assembled
Monolayers

In the following subsection I want to quickly present the electrochemical desorp-
tion of chemisorbed SAMs from Au (111) surfaces, which was first reported by
Widrig et al [120]. Typically, this procedure is carried out in cyclic voltammetry
cells in order to apply well known electric potentials to the SAM covered metal
surface (working electrode) relative to a calibrated reference electrode, while all
electrodes are immersed in a basic electrolyte such as KOH or NaOH. As the
voltage 1s slowly swept to higher potentials, Au-S bonds are broken and SAM
molecules are desorbed from the gold surface. This reaction occurs at reductive
and oxidative potentials of about +1 - 1.5V depending on the type of electrolyte,
its concentration and the exact SAM molecule [120—125]. The electrolyte plays
a key role in desorption; it not only facilitates the electrochemical processes, but
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also solvates and stabilizes desorbed molecules in micelle and bilayer structures
that can be washed away in a subsequent rinsing step [126]. Due to its simple
reaction mechanism involving the transfer of a single electron, reductive desorp-
tion has been investigated more often. It is based on the following reaction [120]

AuSR 4+ 1le- — Au(0) + RS™. (3.3)

Measuring the current flowing between the SAM covered metal surface and a
counter electrode now allows to calculate the amount of thiolated molecules that
has been removed from the surface. However, desorbed thiolate moieties remain
close to the surface which is still covered with electrolyte and might readsorb.
In contrast, the mechanism of oxidative desorption is more complex and might
involve the transfer of multiple electrons according to the following reactions

AuSR + 2H,0 — Au(0) + RSO; + 3¢~ + AH*, (3.4)

AuSR + 3H,0 — Au(0) + RSO3 + 5e~ + 6H*. (3.5)

Resulting sulfinates (RSO5) and sulfonates (RSO3) have a much lower binding
affinity to gold than thiolates, and thus, this process is less affected by readsorp-
tion of molecules [111,124,127]. For this reason, oxidative desorption is used in
order to achieve site-selective functionalization of nano-optical systems, which
1s presented in chapter 5.
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Surface quality and well defined geometries are decisive for the optical prop-
erties of nanostructures. In order to manufacture devices with reproducible
performance, small fabrication tolerances are required. For example, imper-
fections in nanoantenna fabrication, such as few-nanometer deviations in gap
size, lead to strong resonance shifts (see section 2.2.1). In this regard, the Nano-
Optics Group at the University of Wiirzburg has performed pioneering work
and advanced the fabrication of nano-optical systems by establishing single-
crystalline gold platelets as base material. This enables the reproducible fab-
rication of ultrasmooth nanostructures with improved optical properties com-
pared to their polycrystalline counterparts [14]. Building on this foundation,
my colleagues and I have developed advanced fabrication techniques and con-
tinuously improved existing methods over the last years. Furthermore, we have
set up a variety of optical and optoelectronic laboratories that allow for in-depth
characterization of nano-optical systems.

This chapter is divided into two parts: Section 4.1 outlines the production
line for electrically connected nanostructures. In the beginning, I present the
sample layout and explain general preparation steps. Next, the top-down fab-
rication of nanoantennas and waveguides via focused ion beam (FIB) milling is
described. This procedure has been continuously improved throughout my the-
sis and 1is still subject to further development. Tunnel junctions for electrically
driven nanodevices are prepared in a separate step. In the past, electron tunnel-
ing was facilitated by pushing gold nanoparticles into the antenna gap using an
atomic force microscope (AFM) tip [43]; however, this approach has a low yield
and 1s not suitable for complex geometries such as Yagi-Uda antennas. For this
reason, I developed a method based on dielectrophoresis (DEP). Its concept as
well as the employed setup are discussed in this chapter. Moreover, I describe
the procedure to deposit self-assembled monolayers (SAMs) on gold surfaces, a
bottom-up technique to further tune properties of nano-optical systems.

Section 4.2 summarizes the employed measurement techniques. White-light
dark field (WL) scattering and electroluminescence (EL) measurements are used
to characterize nanoantennas as well as plasmonic waveguides. In addition, I
describe the setup used to acquire photoluminescence (PL) maps, and explain
the concept of Kelvin probe force microscopy (KPFM). Both methods are em-
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ployed to verify the site-selective SAM functionalization of gold electrodes.
Text and figures of this chapter are adapted from the supplementary informa-
tion of references [20, 21].

4.1 Sample Fabrication

4.1.1 General Sample Layout and Preparation

Single-crystalline gold platelets (Auw (111)), grown by a previously described wet-
chemical synthesis [53,54], have been established as the base material for plas-
monic nanostructures. In contrast to evaporated polycrystalline gold, they do
not suffer from grain boundaries, and thus offer advanced optical properties
and allow for more precise fabrication [14, 24, 43]. However, directly connect-
ing platelets to a voltage source, e.g. by contacting them with micromanipulator
needles, remains challenging due to their stiffness [43]. As an alternative,
platelets are placed on softer, evaporated gold electrodes, which facilitate the
electrical contact.

The sample layout is depicted in figure 4.1a. Three Au/Cr electrode areas
(70nm/5nm thickness) with six top, six bottom and one ground contact are evapo-
rated on a microscope cover slip (#1, Gerhard Menzel GmbH, Saarbriicken, DE).
Single-crystalline gold platelets with lateral sizes of ~100 um and thicknesses of
~50nm are grown on separate glass substrates and subsequently placed in the
center of the electrode areas using an in-house developed transfer technique:
individual platelets are encapsulated with droplets of Polymethylmethacrylate
(PMMA) and tempered at 100 °C for 1 hour. The hardened droplets containing
the platelets are then transferred to the electrodes using a micromanipulator
needle. After further drying the droplets for 5 hours at 100 °C, the PMMA is
removed by an acetone bath or acetone steam. Next, FIB milling is used to pro-
cess the platelets and fabricate nanostructures (see subsection 4.1.2).

An exemplary gold platelet after FIB is shown in figure 4.1 b. The platelet is
cut into several parts, each contacting at least one of the 13 evaporated Au/Cr
electrodes. It contains ten electrically connected and isolated nanoantennas (a
maximum of twelve per platelet is possible), one of which is depicted in figure
4.1c and d. Two straight connection wires connect the antenna to the remain-
ing platelet, and thus to two evaporated electrodes. Owing to the good electrical
contact between platelet and Au/Cr electrodes, a voltage can now be applied to
the antenna by contacting the macroscopic Au/Cr electrodes with micromanip-
ulator needles (see subsection 4.2.2) [20, 21].
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Ground T

Contact electrode

Figure 4.1: General Sample Layout. (a) Optical photograph of a sample chip. It con-
sists of a microscope glass cover slip with three evaporated Au/Cr electrode structures.
(b) SEM image of single-crystalline gold platelet which was transferred to the center
electrode structure (white rectangle in (a)) and subsequently processed by focused ion
beam milling. (c) Electrically-connected nanoantenna milled into the gold platelet via
focused ion beam milling (see white rectangle in (b)). (d) Zoom-in to the antenna region
showing a feed gap of 35 nm after gold etching.

4.1.2 Focused lon Beam Milling

Fabrication of accurate nanostructures requires advanced FIB milling of single-
crystalline gold platelets. Multi-element systems, e.g. optical Yagi-Uda anten-
nas (see figure 1.1 c), are especially demanding as individual elements must be
accurately structured and positioned in close proximity. Moreover, the direc-
tionality of these antennas strongly depends on their dimensions. Gallium FIB
achieves minimum beam diameters of ~10nm (at 30 kV acceleration voltage),
and thus, allows to fabricate nanostructures with higher resolution than con-
ventional optical lithography techniques [128]. Here, I am going to explain the
concept of FIB milling and describe the advanced fabrication process employed
in this thesis, which also includes etching of gold [20,21]. The FIB procedure
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Figure 4.2: Focused ion beam milling. (a) Illustration of the milling process. Gal-
lium (Ga) ions are accelerated onto the surface and subsequently remove gold atoms,
which are redeposited opposite to the scan direction. (b) Bitmap image used to fabricate
optical Yagi-Uda antennas. The image is loaded into the machine and the white area is
milled in two steps, first from top to bottom (along the grey arrow) and then from bot-
tom to top. The gap is milled afterwards (denoted by red line). Extra pixels are added
to the corners of the individual structures to realize well shaped features. In the end,
the black elements remain and form the optical antenna. Adapted from reference [74].

1s constantly being improved in our research group, specifically since the in-
ception of a helium ion microscope (HIM; Zeiss Orion NanoFab). Yet, in this
thesis, most nanostructures are fabricated exclusively using a Helios Nanolab
600 (FEI) equipped with a scanning electron microscope (SEM) and a gallium
FIB.

Before FIB, one has to choose proper gold platelets, which are suitable for the
structures of interest. As a rule of thumb, thinner gold platelets allow narrower
FIB cuts. Here, platelets with thicknesses of 30 - 40 nm are used for demanding
nanostructures such as Yagi-Uda antennas, while thicker 50 nm platelets can be
used for less demanding plasmonic waveguides. Charge-induced drift during the
milling process is avoided by employing a custom-made sample holder grounding
all macroscopic Au/Cr electrodes.

Figure 4.2 a illustrates the milling principle. Gallium (or helium) ions are
accelerated to energies of around 30 keV and directed at the gold surface. Upon
impact, the ions have enough kinetic energy to remove gold atoms from the
platelet, which then redeposit opposite to the scan direction. As the ion beam
1s scanned across the surface, structures of arbitrary shape can be manufac-
tured [14]. Nanostructures are typically milled with an ion current of 10 pA,
while larger gold areas are removed with higher dose.

In practice, the target geometry is transcribed from bitmap images; such a
file for Yagi-Uda antennas (compiled using Matlab scripts) is depicted in figure
4.2b. The structure is milled based on the color code of the pixels: while the ion
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Figure 4.3: Gold etching. SEM images of an optical Yagi-Uda antenna (a) before
(b) after gold etching. Dashed squares depict zoom-ins into the feed gap region. Taken
from reference [20].

beam is turned off at black pixels, the white area is milled with constant, but
specifically set dwell time. This is the time the beam stays at a certain pixel,
and is thus correlated to the milling depth. Extra pixels at corners are added or
omitted to reduce proximity effects and to obtain well defined features. In order
to minimize redeposition effects and achieve symmetric shapes, the structure
1s first milled from top to bottom (following the grey arrow in figure 4.2b), and
then again from bottom to top. Afterwards, the feed gap is fabricated with a
single line cut (see red line in figure 4.2b) ensuring accurate and reproducible
gap sizes of 30 nm. Not just Yagi-Uda antennas, but almost all electrically con-
nected structures are fabricated according to this procedure. Only the sharp
gaps of particular waveguide structures are manufactured with HIM, as helium
1on milling offers even finer features with a resolution approaching 1 nm. This
1s quickly discussed in chapter 7 and reference [21].

Figure 4.3 a shows that small gold clusters remain around freshly milled an-
tenna elements and inside the feed gap. These residuals cause leakage currents
upon applying an electromagnetic field and interfere with DEP as well as EL
measurements. Gaps are cleaned by applying a home-made etching solution of
iodine and potassium iodide for 15-25s (I, : KI : H,O = 1mg : 4mg : 40ml
and then further diluted 1:1000 with purified water). After etching, the struc-
tures are imaged via a Zeiss Gemini 2 SEM to see if the gaps are indeed clean.
The process of etching and SEM imaging can be repeated multiple times, but
one etching step is typically sufficient. As depicted in figure 4.3 b, gold etching
slightly enlarges the gap, but also removes all residuals resulting in well defined
feed gaps. Next, the devices are optically characterized using WL scattering (see
subsection 4.2.1) and are then ready for the next fabrication steps (either DEP
or SAM formation). [21].
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4.1.3 Dielectrophoresis

The tunnel junction is the heart of any electrically driven and light emitting
nanostructure presented in this thesis. Inelastic electron tunneling requires
~1nm gaps, which cannot be milled with gallium FIB. Even helium milling,
which basically offers the necessary resolution, is not suitable as tiny gaps tend
to close again after the cut. Electromigration has been used to create break
junctions for tunneling experiments [46, 49, 129], however, this process results
in unstable gap geometries (and thus unstable currents) and lacks the required
reproducibility. Better stabilities are achieved by fabricating 25 - 30 nm gaps via
FIB and further reducing their size by inserting 30 nm gold particles coated with
a 1 nm insulating organic shell. This was previously realized by a drop-and-push
approach [43]. A particle containing water droplet was deposited on the sample
and, after the droplet dried, particles were pushed into the feed gap using an
AFM tip. Although this method worked for proof-of-principle structures, it has
low yield and is not applicable to sophisticated geometries (e.g. the Yagi-Uda
design). Particles cannot be pushed over large distances, thus a coverage of one
particle per micrometer is necessary, and stick to antennas at unintended loca-
tions. Moreover, excess particles close to the nanostructure need to be removed
in order to not disturb the optical characterization. I therefore implemented a
process based on dielectrophoresis (DEP) [130], which takes advantage of the
strong electric fields in the gap of nano-optical systems such as optical anten-
nas. By simply applying an AC voltage to the antenna, a nanoparticle, which is
dissolved in a water droplet, is pulled into the feed gap leading to 1 nm tunnel
junctions between coated particle and antenna arm. The theory of this proce-
dure as well as the measurement setup are described below. Corresponding
experimental results are shown in chapter 6 and 7.

A polarizable particle situated in a non-uniform electric field experiences a
non-zero net force, i.e. the DEP force F,5p. For a homogeneous sphere with
radius R that is suspended in a medium with dielectric function ¢, the time-
average force has the expression [131]

(Fppp) = 2ne,R*Re [K (w)] VE?

rms"*

(4.1)

E.,,, . 1s the root-mean-square value of the electric field and Re [K (w)] represents

the real part of the frequency dependent Clausius-Mossotti function, which can
be written as

_ 2745 3(e105 —€504)
e +2e1  Tywl(og +200)2(1+ wTiy)

Re [K(w)] (4.2)

Here, ¢, is the dielectric function of the particle. o, and o, are the conductivities
of surrounding medium as well as particle, respectively, and 7., = % 18
the Maxwell-Wagner charge relaxation time. Equation 4.1 shows that Fppp
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Figure 4.4: Principle of dielectrophoresis. The asymmetric electrodes in the inset
create an inhomogeneous AC electric field. At low frequencies, the dielectrophoretic
force Fpppis positive and a particle is attracted to regions of high electric field (smaller
electrode). At high frequencies, Fipp is negative and the particle is drawn to smaller
electric fields (larger electrode). Adapted from reference [20].

strongly depends on particle size and electric field gradient. The direction of the
force further depends on the frequency of the applied electric field, which can be
seen by simplifying equation 4.2 for high and low frequencies:
o trae Wy < 1
Re[K(w)] — . (4.3)

€27 €1
soe s WTnw > 1

For gold particles dissolved in water (as in this work) one gets ¢, < ¢; and
oy > o,. Therefore, the force becomes positive at low frequencies and nega-
tive at higher frequencies (see figure 4.4). Importantly, particles are attracted
(repelled) by regions of high electric field when F}, ;. is positive (negative).
Optical antennas, which exhibit strongly localized and enhanced fields in their
feed gap (see section 2.2), are thus ideal for trapping nanoscale objects. In addi-
tion, these nanostructures offer gap size dependent resonances that can be used
as feedback. Note, however, that the applied frequency must be carefully chosen
in order to place only a single particle of specific size into the gap. If the fre-
quency is too low, the average DEP force pulling the particles becomes too large
and multiple objects are quickly drawn to the gap before the voltage is switched
off. Having many particles in the gap, however, might disturb subsequent EL
measurements. For this reason, multiple DEP tests have been conducted previ-
ously to find the optimal frequency for different antenna geometries [20, 74].
The 30nm gold particles (A11C-30-CTAB-1, Nanopartz) used in this work
are suspended in water and covered with Cetrimonium bromide (CTAB). The
organic shell reduces cluster formation and serves as a 1 nm insulating layer be-
tween particle and antenna arm [132]. To further remove particle agglomerates,
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Figure 4.5: Setup of dielectrophoresis. 30nm gold nanoparticles are immersed
in water and drop cast onto an electrode structure containing a processed gold platelet
(zoom-in). A micromanipulator needle (above the droplet) is employed to contact the
antenna electrodes and apply an AC voltage. This contact scheme is used for all elec-
trical measurements. White-light dark-field scattering spectra can be acquired during
this procedure from below (through the glass cover slip). Taken from reference [20].

the solution is sonicated for one minute, diluted 1:500 with purified water (for
antennas; 1:5000 for waveguides) and again sonicated for one minute. Next, the
sample chip is mounted onto the Nikon setup (cf. subsection 4.2.2), and the solu-
tion is drop cast as depicted in figure 4.5. An AC voltage with specific frequency
is applied to an antenna by contacting the corresponding Au/Cr electrode with a
micromanipulator needle (copper-beryllium; MM-7H, Micromanipulator), which
In turn is wired to a frequency generator (DS345, Stanford Research Systems).
The second antenna electrode is grounded simultaneously (not visible in figure
4.5). Purified water is added to the sample occasionally to avoid dry out, and
after DEP is finished, the droplet is rinsed off with water and ethanol.

In case of optical antennas, the DEP event can be monitored by measuring
the antenna’s scattering spectrum in real-time, which further increases the suc-
cess rate. This feedback-controlled DEP is presented in section 6.3. The gap
geometry in electrically connected waveguides, however, does not exhibit strong
far-field scattering, and thus the feedback is omitted. Instead, a specific volt-
age 1s applied for a short and fixed period of time, which has been optimized by
performing numerous tests.

The loaded devices (structures filled with a nanoparticle) are now ready for
electroluminescence measurements followed by SEM imaging.
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4.1.4 Preparation of Self-Assembled Monolayers

Here, 1-octadecanethiol (C18-SH) and newly designed C-PEG are deposited on
Au (111) surfaces as a way to further tune electronic interface properties (see
chapter 5). The corresponding protocols are outlined in the following.

SAMs of C18-SH are prepared by adding 12 mg of molecules (01858, Sigma-
Aldrich) to 15 mL of absolute ethanol. The solution is sonicated for ten minutes,
in order to dissolve all molecules. Next, the sample chip is immersed in the
solution and the container is backfilled with nitrogen. After an incubation time
of about 24 hours, the sample is taken out of the solution, rinsed with absolute
ethanol to remove excess molecules and dried with a stream of nitrogen.

C-PEG was specifically synthesized for this work by Laurent Jucker (Depart-
ment of Chemistry, University of Basel). A few grains of molecules are added to
2 mL of methanol and the solution is sonicated until all molecules are dissolved.
The thiol group of C-PEG is protected, i.e. it is a thioacetate (the molecule struc-
ture is depicted in figure 5.1 chapter 5) which is not binding well to gold, but
protects the molecules against disulfide formation. In order to grow SAMs of
C-PEG, the thiol group is deprotected by adding a single droplet of sodium
methoxide (5.4 M, Acros Organics) to the solution and immersing the sample
chip immediately for 20 minutes. Afterwards, the sample is rinsed with puri-
fied water and dried with a stream of nitrogen.

4.2 Characterization of Nano-Optical Systems

4.2.1 White-Light Dark-Field Scattering

WL scattering is the standard technique to investigate the optical properties of
nanoantennas. As explained in subsection 2.2.1, the resonance of a gold antenna
(bonding mode along the antenna axis), and thus its far-field scattering, depend
on the dimensions length, width, height and gap size. Therefore, WL scattering
yields valuable information about the antenna geometry right after FIB milling.
It is used to further optimize the milling and etching procedure, and to predict
EL spectra of light-emitting antennas (see figure 2.8). In addition, the gap size
sensitivity is exploited to monitor the trapping of individual gold nanoparticles
by DEP.

WL measurements are carried out at a Nikon TE2000-U inverted microscope
equipped with a nano positioning stage (Nano-LPS200, Mad City Labs Inc.).
Figure 4.6 depicts the corresponding beam path [43]. White light of a stabi-
lized halogen lamp (Thorlabs SLS201L/M) is coupled into a 20 pm multi-mode
fiber and subsequently coupled out by a reflective collimator (Thorlabs RCO08).
In order to limit the excitation spot, the beam passes through a 300 pm pinhole
followed by an iris aperture. Next, the light is focused (50 cm lens) on the back
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focal plane of an oil-immersion microscope objective (Plan-Apochromat, 100X,
NA = 1.45, Nikon) to excite individual antenna structures with a collimated
beam (diameter of 1-2um). The light scattered by the antenna is collected
using the same microscope objective and a circular beam block is placed into
the detection path to remove all direct reflections. Finally, the light is focused
onto (20 cm spectrometer lens) and analyzed by a spectrometer (Shamrock 3031,
80 lines/ mm blazing at 870 nm) combined with an electron-multiplied charge-
coupled device (EMCCD, iXon A-DU897-DC-BVF, Andor) [20]. The scattering
spectra are always normalized to the reflection of glass to account for the trans-
fer functions of all optical elements in the beam path. Conventional spectra
are acquired using a stitching method (“step 'n glue”, Andor), which covers the
wavelength range from 500 nm to 1000 nm. Live spectra for DEP on the other
hand, are measured across a variable range with a width of 330 nm. The corre-
sponding WL measurements are presented in chapter 6.
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Figure 4.6: Schematic of white-light dark-field scattering. White light from a
halogen lamp is focused (50 cm lens) on the back focal plane of an oil-immersion micro-
scope objective in order to illuminate nanostructures with a collimated beam. The scat-
tered light is collected by the same objective and direct reflection is blocked (spherical
beam blocker). Next, a 20 cm lens is used to focus the scattered light on a spectrometer
with EMCCD. Reprinted by permission from Springer Nature: Nature Photonics [43].

Copyright (2015).
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4.2.2 Electroluminescence and Current Measurements

Electrical experiments are of central importance for the fabrication and
characterization of electrically connected nano-optical systems. DEP and EL
measurements are recorded at the same setup introduced in the previous sub-
section. The electrochemical desorption of SAMs as well as current-voltage char-
acteristics are acquired at an electrical setup with similar equipment.

connected structure
a == substrate onpiezostage b
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20 cm lens with EMCCD 1mlens 20 cm lens

Figure 4.7: Setups for electroluminescence measurements. Upon applying a
voltage, optical antennas as well as waveguides emit light, which is collected by an oil-
immersion microscope objective. (a) In order to measure spectra, the light is focused
(20 cm lens) onto a spectrometer and subsequently detected with an EMCCD. (b) Emis-
sion patterns are recorded with the EMCCD by adding an additional 1 m lens. Reprinted
by permission from Springer Nature: Nature Photonics [43]. Copyright (2015).

As described above (see figure 4.5), Au/Cr electrodes of nanostructures are
contacted with copper-beryllium probe needles (MM-7H, Micromanipulator)
mounted to micromanipulators (DPP220, Cascade Microtech). SAM desorp-
tion, EL and current measurements are carried out using a source measure unit
(Keithley 2636B, Keithley Instruments Inc.), which is wired to the micromanip-
ulators via triax cables. In order to perform DEP, the Keithley is replaced by a
frequency generator (DS345, Stanford Research Systems).

Figure 4.7 a depicts the beam path for measuring EL spectra. The setup re-
sembles that shown in figure 4.6, but the internal beam splitter and the circular
beam block are removed. Instead of white light illumination, single devices are
excited by applying a DC voltage and the resulting EL is collected and analyzed
using the same spectrometer and EMCCD. A Wollaston prism can be added
in front of the spectrometer, to split the light into two orthogonally polarized
beams. Figure 4.7b illustrates the setup used to acquire EL emission patterns.
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A 1m lens is added in front of the 20 cm lens and the grating is replaced by a
mirror. In order to record the image plane emission (especially for waveguides),
the 20 cm lens is removed and the 1 m lens is used to focus on the EMCCD, which
results in a magnified image [20, 21].

A home-made LabVIEW program is employed to synchronize the source mea-
sure unit (Keithley) and EMCCD camera throughout all EL. measurements.
Typical integration times are 100 ms for spectra, 1-10s for image plane and
30 s for emission patterns. The corresponding EL. measurements are presented
in chapter 6 and 7.

4.2.3 Photoluminescence

PL maps are recorded to observe light emitting C-PEG molecules on gold
surfaces, and, hence, help to verify the site-selective SAM functionalization pre-
sented in chapter 5. These measurements are carried out at a different setup;
its beam path is depicted in figure 4.8 a.

Light from a 532 nm laser diode (AIST-NT ROUO006) is reflected by a dichroic
mirror (Thorlabs Di01-R532) and focused on the top side of the sample using
a 50x air objective (Olympus MPlanFLN; NA = 0.8). Photoluminescence is
recorded by the same objective, filtered (Semrock LP03-532RS-25) and ana-
lyzed by a spectrometer (Horiba iHR 320, 150 lines/mm) in combination with
an electron-multiplied charge-coupled device (Andor Newton 970P EMCCD). In
order to acquire hyperspectral maps, the sample stage is scanned relative to the
laser spot and a spectrum is measured at each pixel (see figure 4.8b). The in-
tegration time per pixel is 20 ms and the laser power measured in front of the
objective is 500 uW.

4.2.4 Kelvin Probe Force Microscopy

Atomic force microscopy (AFM) is widely used to image the topography of nano-
scale structures by detecting forces between a scanning probe tip and
the sample. KPFM is an extension of this technique, which measures the sur-
face potential, i.e. the work function difference between probe tip and sample
surface (also called contact potential difference; CPD). In this work, it is em-
ployed to investigate the change in gold work function induced by site-selective
SAM formation on nanoantennas (for more details about SAMs, see chapter 3).
In order to provide a better understanding, the following section covers the con-
cept of KPFM and outlines experimental details, while corresponding results
are presented in chapter 5.

The setup 1s schematically depicted in figure 4.9a. A conductive probe tip,
e.g. a silicon tip with platinum-iridium (Pt/Ir) coating, is slowly scanned over
gold structures, while a voltage with DC and AC components is applied to the
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Figure 4.8: Schematic of photoluminescence measurement. (a) A 532nm laser
is focused onto the sample using an air objective. Reflected laser light is blocked by a
532 nm long pass filter and photoluminescence is recorded and analyzed by a detector
(spectrometer with EMCCD). (b) In order to record hyperspectral photoluminescence
maps, containing a spectrum at each pixel, the sample is scanned relative to the objec-
tive (and laser spot) and spectra are acquired continuously.

tip (the sample is grounded). This allows to simultaneously obtain information
about topography (AFM) and surface potential (KPFM). Figure 4.9b illustrates
the principle of measuring the surface potential at a specific point of the sam-
ple [133]. Tip and sample have different work functions W, and W, respec-
tively. Once in contact, electrons flow from lower to higher work function (e.g.
from tip to sample) until the corresponding fermi levels Fr. - and Er 5 align and
an electric field builds up, which counteracts the work function difference (the
vacuum levels are no longer aligned). This field is defined as

Wr—Ws
e )

Ucpp = (4.4)
where e is the elementary charge. In order to determine U pp, a voltage with
DC and AC components is applied to the tip until the electric field is offset. This
field-free point is detected by measuring the associated electrostatic force, which
is given by

1 ,dC(z)

Here, C is the capacity of the tip-sample system and depends on the distance
z (normal to the surface). U = Ugspp + Upe + Uyesin(wt) is the total potential
difference between tip and sample, and not only includes U, pp, but also the
applied voltages Up and U,. By inserting U into equation 4.5, one obtains
a force which consists of three components. In the context of KPFM, the most
important component is the frequency dependent force
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dC(z .
F,=— di >(UDC + Ucpp)Uacsin(wt). (4.6)

This force results in oscillating deflections of the probe tip, which can be
measured by employing a lock-in amplifier (the applied frequency w is known).
As shown in equation 4.6, F,, can be nullified by gradually increasing the DC
voltage until Up~ = —Uspp, and once F,, is zero, the contact potential differ-
ence is known [133].
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Figure 4.9: Concept of Kelvin probe force microscopy. (a) A Pt/Ir coated KPFM
probe tip is scanned over the structure (gold) while a voltage with DC component Up
and AC component U, is applied to the tip. The structure is grounded during the
measurement. (b) Tip (red) and structure (gold) have different work functions W and
Wg, respectively. By connecting the two, electrons flow to the metal with larger work
function (e.g. the gold structure) until an electric potential U-pp (CPD: contact potential
difference) builds up, which compensates the work function difference (see equation 4.4).
The value of Uspp is determined by applying U 4~ and Up and gradually increasing the
latter until the force associated with the electric field is offset. E 1: tip fermi energy;
Ef g: sample fermi energy.
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This technique is also called amplitude modulated KPFM and is used in this
thesis. In conclusion, the DC voltage is applied to compensate and determine
Ucpp, while the AC voltage facilitates the force measurement via lock-in am-
plifier. Note, that W can be obtained, if W, is known (see equation 4.4). This
1s achieved by calibrating the measurement with substrates that exhibit well
known work functions. However, it is not the goal of this work to measure the
true work function, but rather to observe a work function contrast upon site-
selective SAM functionalization of nanoscale electrodes.

In the measurements presented here, KPFM maps are recorded using a Horiba
AIST-NT CombiScope-1000 SPM equipped with PPP-NCHPt conductive probes
(Nanosensors; Pt/Ir coating, frequency = 330 kHz, radius < 25 nm). Scanning
1s carried out in tapping mode with scan rates of 0.2 -0.4 Hz and a lift height of
30nm. Moreover, all experiments are conducted under ambient conditions and
at room temperature.
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5 Site-Selective Functionalization of
Nanoantenna Electrodes

Large parts of this chapter are included in a manuscript currently in
preparation: Site-Selective Functionalization of in-plane
Nanoelectrode-Antennas by Maximilian Ochs, Laurent Jucker, Maximilian
Rédel, Monika Emmerling, René Kullock, Jens Pflaum, Marcel Mayor and
Bert Hecht.

5.1 Introduction

Applying voltages to nano-optical systems can serve a variety of functions rang-
ing from light generation [20, 43, 50] and ultrafast signal modulation [15, 134]
to optical rectification [49, 135]. Moreover, as demonstrated in this work, the
electrical connection of nanostructures offers new strategies for the assembly of
nanoscale devices.

As surfaces become increasingly important at small scales (cf. chapter 3), it
1s of great interest to tailor the interface properties of nano- and microdevices;
either to add chemical functionality or to tune their electronic properties, e.g.
by modifying the metal work function. Stacked organic optoelectronic devices
already make use of different work functions by employing different electrode
materials, resulting in efficient charge carrier injection. Lateral electrode ar-
rangements - like those presented in this thesis - can be scaled down to nanome-
ter dimensions and have the advantage to be shaped as optical antennas that
radiate light from subwavelength volumes (see section 2.2). However, fabricat-
ing lateral nanoscale electrodes with different work functions is rather chal-
lenging, yet crucial for further advancing the development of highly efficient
optoelectronic nanodevices. Instead of using different electrode materials, in
this chapter, I present a technique based on the selective functionalization of
gold (Au (111)) electrodes with self-assembled monolayers (SAMs). By exploiting
the electrical connection of optical nanoantennas, the molecule coverage on the
individual nanoscale electrodes can be manipulated allowing to tune electronic
properties and possibly add new functionalities.
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Figure 5.1: Concept of site-selective functionalization. After forming a mono-
layer of C18-SH on the sample, a droplet of electrolyte is applied and molecules are
desorbed from the biased electrode via oxidative desorption. Subsequently, a different
SAM, e.g. the chromophore containing C-PEG, is deposited on the stripped electrode
(see bottom left). The C18-SH SAM covering the opposite electrode acts as a blocking
layer. Alternatively, an organic semiconductor, here zinc phthalocyanine, is evaporated
onto the asymmetrically functionalized electrodes to study interface modifications in-
troduced by C18-SH (see bottom right).

Thiolated SAMs are extensively studied tools to chemically tailor the surface
properties of various metals [101, 103]. A quick introduction to this field is
given in chapter 3. Owing to their chemical variability, SAMs offer a versatile
approach to add new and advanced surface functionalities to nano - and mi-
crostructures with possible applications ranging from biochemistry [102] to
organic electronics [104]. As discussed in section 3.2, the presence of a SAM
modifies the work function of the underlying surface. In this context it has
been shown that functionalizing metal electrodes with SAMs in organic light
emitting diodes (OLEDs) and field-effect transistors (OFETSs) is a promising
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strategy to improve charge carrier injection at metal-organic contact interfaces
[104, 118, 136]. In the simple symmetric case, both electrodes are covered by
the identical SAM, but introducing asymmetry is a common method to further
enhance device performance as it selectively promotes the injection of either
electrons or holes at the respective contact. In addition, the broad range of func-
tionality offered by SAMs paves the road for advanced device concepts based on
molecular switches [137] and machines [138, 139].

As the minimum droplet size in SAM deposition from liquid phase exceeds the
dimensions of up-to-date’s nano - and microelectrodes by far, new preparation
techniques have to be implemented in order to achieve asymmetric function-
alization on such small dimensions. On a comparatively large scale of several
hundred micrometers, protective masks [140], microcontact and ink jet print-
ing [102] have been employed for lateral patterning of SAMs. Significantly
higher resolution is attained by dip-pen lithography (also called nanografting),
yet tip-dependent artifacts limit this method to flat substrates [141]. Litho-
graphy techniques based on the partial removal of SAM molecules include elec-
tron beam [142] and ultraviolet photolithography [143], but neither has been
used so far to fabricate functional devices. In another approach, molecules are
desorbed from laser-excited plasmonic nanostructures via hot-electron mediated
gold-sulfur cleavage [52]. While in principle allowing for functionalization at
sub-particle resolution, the need for plasmonic resonances and homogeneous
illumination limits this technique to small areas of specific device geometries.
In addition, a sophisticated laser setup is required.

The electrochemical desorption in a cyclic voltammetry cell offers a much more
simple and direct way to remove SAMs from gold surfaces [120, 122, 125, 126,
144]. Oxidative as well as reductive desorption have been investigated in the
literature and both processes are explained in section 3.3. The reductive desorp-
tion is used more frequently, has been extended to coat substrates with different
SAMs and was scaled down to electrode distances below the optical diffraction
limit as verified by Kelvin probe force microscopy (KPFM) [123, 145]. In pur-
suit of even smaller electronic and optoelectronic devices, however, there exists
a great demand for techniques that selectively address individual electrodes of
nanoscale extensions and a spacing of only few ten nanometers, while preserv-
ing the delicate nature of these structures. Confirming the success of such func-
tionalization with the required nanometer resolution constitutes a further chal-
lenge.

Here, an easy-to-use technique for site-selective functionalization of laterally
arranged and arbitrarily shaped nanoelectrodes with different types of SAMs
1s demonstrated. As substrates, standard microelectrodes as well as electri-
cally connected optical nanoantennas of different geometries are used [43,51].
Both are fabricated from single-crystalline Au (111) platelets, as outlined in
section 4.1. The procedure is sketched in figure 5.1. Instead of using sophis-
ticated electronic or optical setups, this method is based on oxidative desorp-
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5 Site-Selective Functionalization of Nanoantenna Electrodes

tion of thiols in a droplet of electrolyte. Upon applying an electric potential
across nanoscale gaps, surface-bound molecules are removed selectively from
positively charged electrodes. In contrast to the usually employed reduction
where thiol anchoring groups are removed as thiolates, the oxidative removal
leads to sulfinates and sulfonates in the presence of oxygen (which is also present
in solution). As these oxidized species have a considerably reduced affinity to
gold surfaces, this method is less prone to issues and artefacts arising from
readsorbed molecules [111, 124, 127]. This 1s the key feature for site-selective
functionalization of nano-sized objects, as already a few readsorbed molecules
might have a strong impact on the overall surface properties. By utilizing the
steric hindrance imposed by long-chain alkanethiols, such as 1-octadecanethiol
(C18-SH), a second SAM based e.g. on a chromophore containing polyethylene
glycol (C-PEG) is deposited on the stripped/uncovered electrode. In order to ver-
ify the successful site-selective functionalization, the surface coverage is mapped
by KPFM and photoluminescence measurements (PL; see section 5.2). In a sep-
arate section, I demonstrate the tuning of the electronic properties of metal-
organic nanodevices by assembling a functionalized hybrid antenna structure
covered by the prototypical organic semiconductor zinc phthalocyanine (ZnPc;
see section 5.3).

Moreover, the presented technique represents a step towards the integration
of oriented assemblies of molecular machines into nanoelectrode systems; an
1dea, which is further discussed in section 5.4.

5.2 Molecular Desorption from Nanoscale Electrodes

This chapter covers the selective desorption of C18-SH molecules from nanoscale
antenna electrodes monitored by KPFM. Later, the more complex light-emitting
C-PEG 1s deposited, and the surface coverage is observed by recording PL. maps.
In this context, two methods are compared: the direct removal of C-PEG based
on oxidative desorption and the use of C18-SH as a blocking layer.

Figure 5.2 a illustrates the asymmetric functionalization of a plasmonic nano-
antenna by site-selective removal of a chemisorbed SAM. An SEM image of an
exemplary two-arm antenna is shown in figure 5.2b. The structure consists of
a pair of electrically connected antenna electrodes (arms) separated by a 30 nm
gap. In a first step, C18-SH is deposited from ethanolic solution and thiol groups
(SH) form covalent bonds with the Au (111) electrode surfaces (see subsection
4.1.4). Next, 0.1 mm solution of potassium hydroxide (KOH) in n-butanol is
drop-casted on the sample and a DC voltage of +1.4V is applied to the left an-
tenna electrode for 30s. The Au-S bonds on this electrode are consequently
broken [120] and the released molecules are rinsed off with ethanol, while the
SAM covering the opposite antenna electrode remains intact and firmly bond.
As desorbed molecules may remain close to the surface [124, 126], the rinsing
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Figure 5.2: Oxidative desorption from nanoscale electrodes. (a) Illustration of
molecule removal. An electrically connected nanoantenna is immersed in KOH/butanol
and one antenna arm is biased at +1.4V to break Au-S bonds. (b) SEM image of an
exemplary plasmonic nanoantenna with a gap of 30nm. (¢) and (d) KPFM images of a
plasmonic nanoantenna (c) after deposition of C18-SH and (d) after selectively removing
the SAM from the left arm. SP: surface potential. Fast scan direction is bottom to top.
(e) Effective surface potential along the red line in (d) showing a difference of 25 mV
between the two antenna arms. Dotted blue lines are a guide to the eye.

step 1s crucial and the solvent should be adjusted to fit the SAM’s polarity and
solubility. The voltage amplitude is a careful trade-off between sufficient des-
orption and minimum electrode damage. In principle, the voltage can be applied
multiple times for 30 s to improve overall molecule removal; however, the asso-
ciated risk of gold surface oxidation may lead to inferior adsorption of a second
SAM.

In order to verify the site-selective functionalization at the nanoscale, one can
look at the modification of the surface dipole upon adsorption of the SAM. This
change is dominated by the effective dipole moment of the monolayer with negli-
gible contribution from the Au-S interaction which is determined by the strength
and orientation of the molecule’s dipole moment and the SAM density. An al-
tered surface dipole will lead to a shift of the vacuum energy level and, thus,
increase or decrease the Au-SAM electrode work function, depending on the
direction of the SAM dipole moment. For example, CH ;-terminated alkanethi-
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5 Site-Selective Functionalization of Nanoantenna Electrodes

ols reduce the work function (compared to a pure gold (111) surface), while their
CF;-terminated derivatives lead to the opposite effect [114,115,118,119]. This
can be qualified by KPFM, which maps the effective surface potential (SP) - a fig-
ure correlated to the work function difference of sample and probe tip [133,145].
Hence, KPFM allows to measure work function variations induced by different
molecule coverage. A short introduction to KPFM is given in subsection 4.2.4
and section 3.2 provides more information about the surface dipole modification
induced by SAMs.

KPFM images of an antenna before and after site-selective desorption of mole-
cules are shown in figure 5.2 ¢ and d. Both antenna arms have the same effec-
tive SP after deposition of a homogeneous C18-SH SAM. Upon selective removal
from the left antenna arm, KPFM reveals a clear SP contrast of 25 mV between
the two electrodes (see figure 5.2 d and e). This indicates that only the right an-
tenna electrode and its connector are still covered by an intact SAM. Note, that
this shift is far below values measured by ultraviolet-photoelectron spectroscopy
in vacuum [116]. This is attributed to the following experimental challenges:
(1) The 50 nm diameter of the KPFM probe tip is larger than the antenna gap,
and thus the tip collects signal from both antenna electrodes while scanning
across the gap. In addition, the cantilever - which is coated with Pt/Ir (just
like the tip) - also collects SP signals over a larger range. This limits spatial
resolution and observable SP contrast. (i1) Imaging is carried out under ambi-
ent conditions; hence, a water layer forms on the uncovered gold surface and
induces a dipole moment, which is parallel to the SAM dipole on the C18-SH
covered gold surface [146]. (111) The antenna surface is not perfectly flat after
focused ion beam milling, which leads to distortion of the SAM in respect of
packing and alignment. While the last two points cannot be discriminated in
the current setup, probe and sample size related artifacts can be accounted for
by calibrating the KPFM measurement.

The corresponding procedure is demonstrated in figure 5.3 at the example of
microelectrodes with a spacing of 2 um. One of the two electrodes is covered with
C18-SH, while the other electrode was stripped as described before (see figure
5.3 a). During the KPFM measurement, a voltage is applied to the top electrode
and gradually increased until the SP contrast disappears. Figure 5.3 b displays
the SP measured across both electrodes for different applied voltages. As ex-
pected, the SP changes at the top and remains constant at the bottom electrode
(which is grounded). The gradual SP plane at the top gold surface is attributed
to a slightly inhomogeneous desorption of C18-SH. Next, the SP contrast be-
tween the electrodes is plotted as a function of applied voltage in figure 5.3 ¢
(error bars account for gradual SP plane). An uncorrected SP contrast of ~100 mV
is recorded at zero voltage, but 200 mV need to be applied in order to equalize
the SP potentials. The entire analysis results in a correction factor of ~2 and a
corrected SP contrast of 200 mV is found for the site-selective functionalization
with C18-SH. Note again, that this correction only includes probe and sample
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Figure 5.3: KPFM correction. (a) KPFM image of microelectrodes after removing
C18-SH from the top electrode (surface coverage is denoted). No voltage is applied
during this KPFM measurement. (b) Effective surface potential (SP) measured along
the white arrow in (a) for different voltages applied to the top electrode (bottom electrode
1s grounded). SP is normalized to the bottom electrode (covered with C18-SH) in all
measurements. Dashed lines are used to identify the SP contrast between the electrodes
(ASP) at 0 mV and 200 mV. (c) ASP as a function of applied voltage. Error bars originate
from the SP plane at the top electrode (see (b)). A slope of 0.49 is obtained using a linear
fit (red) leading to a correction factor of ~2 for the true SP.

size related artifacts. The influences of water layers and non-perfect surface
topographies - especially for very small nanostructures - also limit the measur-
able SP. As feature sizes become smaller than the KPFM probe the uncorrected
SP contrast further decreases, e.g. see figure 5.2 d and e. Based on the previous
correction, the 200 mV are assumed to represent an upper limit for the corrected
SP contrast in this experiment - even for nanoantennas. Although, KPFM lacks
quantitative value (in this setup), it yields qualitative results and allows to ver-
ify the site-selective desorption of SAM molecules from nanoscale electrodes.
Next, I demonstrate the applicability of this technique towards more complex
molecules. The highly hydrophilic C-PEG which combines the well-studied PEG
chains with a chromophore was chosen for this purpose (the molecule is depicted
in figure 5.1). The light-emitting SAM offers a fluorescence-based optical feed-
back from larger microelectrodes, which allows to further corroborate that SAM
removal is indeed complete. C-PEG was designed and synthesized by Laurent
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Figure 5.4: Site-selective functionalization with light-emitting SAM. (a) and
(b), Left: SEM i1mages of two microelectrodes. Right: Hyperspectral PL maps of the
same electrodes after site-selective functionalization with light emitting C-PEG. Each
pixel contains a spectrum, which is integrated to give the total PL counts. (a) Direct
desorption of C-PEG. Molecules are removed from the top electrode by applying +1.4 V.
(b) C18-SH as a blocking layer. The structure is first covered with C18-SH followed by
selectively removing the molecules from the bottom electrode by applying +1.4 V. Next,
C-PEG 1s deposited and binds only to the bottom electrode. (c) Average PL spectra of the
pixels in the colored rectangles of (a) and (b). The inset shows a zoom into the dashed
black rectangle. (d) and (e) Normalized KPFM images of the area marked in (b; white
rectangle) taken (d) after site-selective desorption of C18-SH and (e) after subsequent
deposition of C-PEG on the stripped electrode. The surface coverage is denoted.
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Jucker (Department of Chemistry, University of Basel), and the SAM prepara-
tion is outlined in subsection 4.1.4. Long PEG chains ensure sufficient emitter-
metal distance to minimize quenching once molecules are immobilized on the
gold [147], while the dye can be excited at 532 nm and has a broad emission in
the red spectral regime close to the antenna resonance.

Figure 5.4 a depicts the direct removal of C-PEG from one of two microscopic
electrodes milled into a single-crystalline gold (111) platelet. Desorption from
the top electrode is carried out as described above, but 0.1 mm KOH in water
1s used to ensure the solubility of C-PEG. Next, a hyperspectral PL map is
recorded showing almost no light emission from the top surface, while PL is
still observed at the bottom electrode. Some molecules remain at the edges of
the stripped electrode owing to the large amount of surface defects. In addition,
a small unintended desorption from the opposite electrode surface is observed.
This 1s attributed to unstable SAM formation of the PEG chains, and, hence,
solvents with high affinity for the molecules, e.g. dimethyl sulfoxide and water
can easily remove SAM molecules during the washing step (even without ap-
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plied voltage). Nevertheless, PL. measurements verify that C-PEG is removed
from specific electrodes upon oxidative desorption.

In order to protect C-PEG against any other solvent, the procedure is modified:
First, C18-SH is deposited on the substrate and selectively removed from one
of the electrodes as described before. Next, C-PEG is added and mainly binds
to the stripped (uncovered) electrode, while C18-SH acts as a blocking layer on
the other side. As depicted in figure 5.4 b, this method results in a high-quality,
unperturbed SAM with homogeneous light emission from the bottom electrode.
The other electrode, instead, is still covered with CI18-SH, and thus almost no
PL is detected. Figure 5.4 ¢ shows spectra extracted from the two hyperspectral
PL maps. Minimal light emission from the surface covered with C18-SH is de-
tected (green) as a result of competitive SAM formation, but emission from the
surface without blocking layer (red) is much stronger and significantly exceeds
the one obtained in figure 5.4 a (orange). The spectra collected from all four sur-
faces share the same shape, thus the PL spectrum is independent of the chosen
functionalization procedure. Furthermore, no signs of chromophore degradation
- usually accompanied by a spectral shift - are observed in this spectral window.
This indicates that the washing step after direct C-PEG removal indeed leads
to partial desorption of the SAM from the opposite electrode (see figure 5.4 a).
Next, KPFM maps of a set of microelectrodes are recorded to demonstrate the
homogenous coverage of surfaces with molecules. Figure 5.4 d is taken after re-
moving the CI18-SH blocking layer and depicts the expected uniform contrast
between covered and uncovered electrode surfaces. This contrast is reversed
upon formation of the subsequent C-PEG monolayer (see figure 5.4 €) owing to
its strong dipole moment. One can deduce that it is oriented parallel to the
dipole moment of C18-SH and has a larger absolute value leading to a stronger
SP shift [114—-116].

According to these results it is concluded that (i) a significant portion of
alkanethiol molecules is removed upon oxidative desorption; (i1) the use of a
blocking layer is the preferred method for asymmetric functionalization by un-
stable SAMs, which can easily be desorbed from the surface (e.g. C-PEG) and
(111) the surface is not noticeably oxidized during desorption, because it would
hamper the formation of an additional SAM.
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5.3 Tuning the Current-Voltage Characteristics of
Nanoantennas

In this section I demonstrate that the technique introduced above is suitable
to selectively modify metal-organic interfaces in a laterally arranged nanode-
vice. Figure 5.5a depicts a schematic of the structure as well as an exemplary
SEM image. A stack similar to organic light emitting antennas (OLEAS) is em-
ployed [51]. After focused ion beam milling, only one of the antenna electrodes
1s functionalized by C18-SH (as described in the previous section) and a 30 nm
layer of the organic semiconductor zinc phthalocyanine (ZnPc; green) is vac-
uum deposited on top of the structure. The grains visible in the SEM image are
caused by ZnPc domains.

The energy diagram for antenna electrodes with and without CI18-SH is
illustrated in figure 5.5b. Note, ZnPc deposited on clean gold (111) surfaces,
e.g. the stripped antenna electrode, is characterized by preferential hole injec-
tion (smaller injection barrier) [51]. As explained in section 3.2, the presence
of the C18-SH SAM shifts the vacuum energy at the Au-SAM-ZnPc bound-
ary and consequently lowers HOMO and LUMO levels of ZnPc relative to the
metal work function. In contrast, the stripped (uncovered) electrode experiences
only a small shift of the vacuum energy due to a weaker interface dipole at the
Au-ZnPc boundary. Hence, the antenna electrodes exhibit selectively modified
imnjection barriers for electrons and holes. The charge carrier injection can fur-
ther be influenced by the morphology of ZnPc, which is different on a SAM
covered electrode compared to a pure gold surface [104].

In order to investigate the effect of asymmetric functionalization, current-
voltage characteristics of several devices are recorded. In all measurements,
functionalized electrodes are grounded and the voltage is applied to the stripped
antenna arm (cf. figure 5.5a). As shown in figure 5.5¢ and d, all five devices
exhibit asymmetric IV - curves, i.e. higher currents at positive voltages, which is
in line with a reduced injection barrier for electrons and an increased injection
barrier for holes at the functionalized antenna electrode. Small current vari-
ations for different antennas are attributed to slight deviations at the metal-
organic boundaries. As asymmetric IV -curves are not expected for symmetri-
cally functionalized or completely unfunctionalized electrodes, this experiment
1s a further proof that SAMs can be selectively desorbed from specific nanoscale
electrodes. Moreover, this method allows to tune the electronic, and maybe also
structural interface properties of advanced metal-organic nanodevices.
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Figure 5.5: Tuning the gold-organic interface. (a) Illustration of metal-organic
nanoantenna (OLEA) with asymmetric SAM functionalization. ZnPc (green) is evapo-
rated, after C18-SH is removed from the top electrode. Inset: SEM image of a finalized
antenna. The bottom electrode is covered with C18-SH. The granular texture stems
from ZnPc domains. Scale bar; 300 nm. (b) Energy diagram of the two electrodes with
(left) and without (right) C18-SH monolayer. ZnPc evaporated on clean gold exhibits a
larger injection barrier for electrons (W,) than for holes (17},). The SAM introduces an
interface dipole, which shifts the vacuum energy level Ey,,. and lowers the HOMO and
LUMO levels relative to the metal work function W,,, (identified by the Fermi energy
Er). Thus, injection barriers for electrons and holes are modified. Note, the Au-ZnPc
boundary also exhibits a small interface dipole. (c) Absolute current as a function of ap-
plied voltage for five devices with similar dimensions. Covered electrodes are grounded.
(d) Zoom into the region above the dashed line in (c). Higher currents at positive volt-
ages indicate the asymmetric injection behavior at the antenna electrodes.
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5.4 Conclusion and Outlook: Towards
Supramolecular Motion Controlled by Nanoantennas

In summary, this chapter demonstrated an easy-to-use and straightforward tech-
nique for site-selective functionalization of nano - and microelectrodes with dif-
ferent SAMs. Instead of relying on complicated optical setups, the technique is
based on oxidative desorption of molecules. First, single-crystalline gold (111)
surfaces are covered with C18-SH or fluorescent C-PEG monolayers, and next,
a positive voltage of 1.4V is applied to the target electrode, while the sample is
immersed in an electrolyte (0.1 mm KOH in butanol or water). The Au-S bonds
on this electrode are broken and the resulting sulfinates and sulfonates can be
washed away easily. Note, that these oxidized compounds have a low affinity
to gold surfaces, and thus the probability for readsorption is very low. This is
a key advantage over reductive desorption, where the adsorption of previously
removed compounds is typically observed [124]. As a result, only one of two
laterally arranged nanoantenna electrodes is covered with the respective SAM.
Moreover, the use of C18-SH as a blocking layer was demonstrated. Due to its
steric hindrance, a second SAM is not forming well on gold surfaces which are
already covered with C18-SH. This is not only beneficial for C-PEG monolayers,
which are unstable upon exposure with a highly affine solvent (e.g. during direct
removal), but also allows to cover neighboring electrodes with completely differ-
ent SAMs. Significant gold oxidation was not observed during the procedure, as
it would hinder the subsequent formation of a second SAM. The confirmation
of selective SAM functionalization was a further challenge - especially for elec-
trodes with nanoscale distances. While the homogeneous desorption from larger
microelectrodes was verified by recording the PL of light-emitting molecules,
KPFM was used for nanoelectrodes with gap sizes of 30 nm. Even though a cor-
rection procedure for KPFM was introduced, the results should rather be seen
as a qualitative confirmation of site-selective functionalization.

By making use of the manifold properties of SAMs an extra degree of free-
dom is added to the design and development of laterally arranged nano-optical
systems. In order to demonstrate the potential for future nano-optoelectronic
devices, metal-organic nanoantennas were assembled, in which only one elec-
trode was covered by CI18-SH. As a consequence, the electrode work functions
and thus the charge injection barriers were selectively modified, resulting in
asymmetric IV - curves.

In future experiments, the diversity of SAMs will further add to the amount of
possible functionalities. By using SAMs with tailored dipole moments and even
photoswitchable components [108, 137, 148] the precise engineering of struc-
tural as well as electronic interface properties of nanoscale objects seems fea-
sible. Furthermore, site-selective functionalization enables oriented assemblies
of molecular machines between laterally arranged metallic nanoelectrodes. In
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Figure 5.6: Towards supramolecular machinery controlled by nanoantennas.
Only one electrode of a two-arm antenna is covered with a rotaxane, i.e. a molecular
superstructure consisting of a charged macrocycle (black ring) that can move along a
molecular rod (blue box). This rod is equipped with a chromophore (red box) that can
be quenched by the macrocycle. Upon applying a voltage, an electric field is created in
the antenna gap and the macrocycle is moved in a specific direction. If it is close to the
chromophore, light emission is suppressed. But if it moves away from the chromophore,
light is emitted (optical excitation necessary). Due to the strong field enhancement in
the feed gap, the emission will be dominated by rotaxanes in the antenna gap (although
the entire left electrode is covered with molecules). Site-selective functionalization is
necessary in order to obtain rotaxane assemblies with clearly defined orientation.

fact, the developed method represents a step towards supramolecular transla-
tion controlled by optical nanoantennas.

Figure 5.6 illustrates a possible experiment in which only one electrode of
a two-arm antenna is covered by a specifically designed rotaxane. This fasci-
nating system takes advantage of the previously described site-selective func-
tionalization, the laterally arranged nanoantenna electrodes as well as the high
field enhancement offered by nano-optical structures. The rotaxane consists of
a charged macrocycle (ring-like moiety) moving along a molecular axle (rod-like
moiety, e.g. PEG chain). The latter incorporates a chromophore, whose light
emission depends on the position of the macrocycle. In this example, the emis-
sion is quenched by charge-transfer effects if the ring is located above the chro-
mophore, but if the ring moves away, light is radiated. Note, that depending
on the exact chromophore, the reverse case is also possible, i.e. the emission
could be enhanced by the macrocycle [149,150]. By applying a voltage to the an-
tenna, an electric field is created in the gap, which is strong enough to drive the
translational motion of charged macrocycles along their molecular axles. This
movement is then monitored by recording the light emission of the integrated
chromophores. I want to emphasize that site-selective functionalization is a key
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aspect in this experiment. As sketched, the remaining rotaxanes form oriented
assemblies within the feed gap, and thus the movement of the macrocycle rel-
ative to the chromophore is clearly defined. The antenna has two functions: it
controls the supramolecular translation and facilitates the read-out by enhanc-
ing the emission of the chromophores. Therefore, the antenna resonance needs
to be adjusted to the dye. In this case, the emission intensity is dominated by
rotaxanes in the vicinity of the feed gap as they experience the highest field en-
hancement. For this reason, only the molecules close to the gap are displayed
in figure 5.6, but in principle the entire left electrode is covered.

However, there are still a few challenges to be overcome. The shortest pos-
sible resonance wavelength of the antenna is limited by the properties of gold
and lies around 600 nm [3]. Synthesizing a suitable chromophore that emits red
light and is still compatible in size with the macrocycle is particularly challeng-
ing (preliminary results are presented in references [149—151]). The antenna
resonance can in principle be shifted to the green regime by using silver instead
of gold allowing to employ “simpler” green chromophores. Notably, the growth of
large single-crystalline silver platelets has been demonstrated [152,153], which
means that high quality silver antennas can be fabricated. A protection layer is
usually applied [154], since silver is chemically less stable than gold; however,
this is not suitable for the proposed experiment, because thiolated molecules
need to bind directly to the metal. Nevertheless, the fabrication of silver anten-
nas is currently being investigated in our research group. The exact configu-
ration of the molecular superstructure on the antenna surface is another open
question. It will be interesting to see if rotaxanes carry out translational motion
in air (in the presence of water layers on the gold surface) or if they require ad-
ditional solvent. In the latter case, it should be noted that C-PEG monolayers
- a potential basis for the rotaxanes - are degraded upon exposure to a highly
affine solvent.

The current work lays a foundation for the proposed experiment - especially
the established site-selective functionalization is a key aspect - and I am con-
fident that the remaining challenges can be overcome. Even though highly
ambitious, this measurement promises fascinating insights into the motion of
rotaxanes and might establish an interface between molecular machinery and
nanoscale optoelectronic devices, which is so far unprecedented.
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6  Electrically Driven Optical
Yagi-Uda Antennas

Large parts of this chapter are published in Electrically-driven Yagi-Uda
antennas for light by René Kullock, Maximilian Ochs, Philipp Grimm, Monika
Emmerling and Bert Hecht. Nature Communications 2020, 11, 115.
doi.org/10.1038/s41467-019-14011-6

6.1 Introduction

Radio frequency (RF) antennas - linking propagating electromagnetic waves
with electric currents in metals and integrated circuits - are the key components
of wireless communication; hence, they are integral parts of all mobile devices,
such as smartphones and laptops. The resonance frequency of simple dipole
antennas scales with size, so that smaller structures are resonant at higher fre-
quencies. This means, that shrinking antennas to the nanoscale not only de-
creases their footprint, but also leads to much higher resonance frequencies in
the optical regime, which in principle enables higher transmission bandwidths
(see subsection 2.2.1). With advances in fabrication technology, first antennas
for light were developed almost two decades ago [30]. However, these simple
nano-optical systems are limited to purely optical excitations and most exper-
iments aim at enhancing light-matter interaction [14, 32—35, 132, 155]. Later,
Kern et al. developed the first optical antenna, electrically driven by inelas-
tic electron tunneling (IET) [20]. This structure, although a major step towards
chip-integrated nanoantennas, is not suitable for point-to-point communication,
as it radiates light with a dipolar emission pattern (see subsection 2.2.2). Hence,
optical antennas of the next generation not only need to generate light locally,
but efficiently radiate it into a specific direction.

In the radio wave regime, Yagi-Uda antennas are well known for efficient
point-to-point transmission and reception of information, having played an
Important role in establishing television broadcasting [55]. Their large direc-
tionality originates from interference effects within a sophisticated antenna ge-
ometry comprising a reflector, an active feed element and multiple directors.
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6 Electrically Driven Optical Yagi-Uda Antennas

A detailed description of the working principle is provided in subsection 2.2.3.
Miniaturizing the Yagi-Uda concept from the RF to the optical regime promises
high-bandwidth data transfer on very small dimensions; the devices exhibit
wavelength-scale footprints and could represent a link between electron-based
integrated computer chips and photon-based fiber networks in the future. As
such antennas outperform subwavelength waveguides for longer distances [27],
enable multiple beam crossings and are not restricted by Joule heating [156],
they are particularly interesting for on-chip optical data communication.

Although a considerable amount of work was put into the development of opti-
cal Yagi-Uda antennas, starting with the optimization of design parameters [77]
to the fabrication of different in-plane antennas [38, 40, 157—159], all these ex-
perimental demonstrations relied on external optical excitations using bulky
lab-scale setups. The electrical and local generation of light - a prerequisite
for chip-integrated antennas - was still missing. For this purpose, multiple ap-
proaches have been investigated, e.g. light emission in carbon nanotube junc-
tions [65—67] or feeding nanoantennas with perfectly matched transmission lines
[64]. Yet, as discussed before, IET has been established as the most common
method to electrically drive optical antennas [43,47,50]. So far, directed emis-
sion in such a configuration has been achieved by twisting the arms of electri-
cally driven dipole antennas in order to break the point symmetry [46]. This
structure - it is not a Yagi-Uda antenna - exhibits only limited geometrical
definition and directionality. Furthermore, it is by design not scalable to signif-
icantly higher values, and thus, not suitable for cross-talk free on-chip optical
data communication. Key breakthroughs in antenna design, quality and fabri-
cation are still needed to achieve the same performance, versatility and usability
as classical RF antennas.

This work significantly advances the state of the art of optical antennas. In
this chapter, I present in-plane electrically driven optical Yagi-Uda antennas,
which generate light locally via IET and radiate it in a specific direction due
to their refined geometries. The structure design is discussed in section 7.2.
Particular challenges include the accurate fabrication of nanostructures along
with the exact positioning of delicate connection wires - which is solved by em-
ploying focused ion beam milling (FIB) of single-crystalline gold platelets - and
the preparation of 1 nm gaps for electron tunneling. Tunnel junctions are fab-
ricated reproducibly via feedback-controlled dielectrophoresis (DEP), whereby
single surface-passivated gold nanoparticles are placed in the antenna feed gap
(see section 6.3). I experimentally show that optical Yagi-Uda antennas have
unprecedented forward-to-backward (FB) ratios of up to 9.1 dB and are scalable
up to 15 elements resulting in 13.2 dB (see section 6.4). Simulations further sug-
gest that hybrid systems consisting of antennas embedded in high-index films
can even outperform conventional RF Yagi-Uda antennas. This work is thus a
major step towards on-chip optical antenna communication. Remaining chal-
lenges as well as the next development steps are discussed in section 7.4.
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6.2 Structure Design

The exact device geometry has been found in an iterative process consisting of
simulations and experimental characterizations. Philipp Grimm carried out the
former, employing analytical and numerical models to optimize the directional-
ity of the antenna. The Yagi-Uda concept as well as the modelling are discussed
in subsection 2.2.3, for more information see references [20, 74]. Here, I quickly
present the optimized antenna geometry.

Directors
S/
ey

» Emission Direction
200 nm

Figure 6.1: Electrically driven optical Yagi-Uda antenna. (a) SEM image of an
antenna exhibiting one reflector, three directors and a feed element. The structure is
connected to two external electrodes via kinked connectors. As opposed to RF antennas,
this optical antenna is not free-standing, but lies on a glass substrate. (b) Zoom to the
feed element. The feed gap is filled with a 30 nm gold particle, which is connected to
the bottom antenna arm, thus creating a tunnel junction towards the top arm. Upon
applying a voltage V, electrons (e~) tunnel inelastically and photons (hv) are emitted.
The emission direction is denoted in (a). Adapted from reference [20].

Figure 6.1 depicts SEM images of an exemplary electrically driven Yagi-Uda
antenna for light. The structure consists of one reflector, an electrically con-
nected feed element and three directors. According to simulations, a maximum
FB ratio is obtained at a driving frequency of 850 nm and reflector and direc-
tor resonances at 890 nm and 680 nm, respectively (see also figure 2.10b). The
reflector is placed 200 nm away from the feed element. This spacing is slightly
larger than the optimal values obtained from simulations, but ensures that re-
flector, connectors and feed are not too close and can be fabricated accurately.
The length of individual elements is used to tune the associated resonances,
while the width is set to a minimum of 60nm. A director spacing of ~130 nm
or ~240nm yields the largest directionality, but for practical reasons, the lat-
ter spacing is chosen for the experiments. The exact dimensions are listed in
table 6.1. Note, that the FB ratio is very sensitive to small deviations from these
values, and thus, the fabrication is very demanding. To ensure the required
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Parameter Dimension (Experiment)
Gold Platelet Height 40 nm
Width 30 nm
Connector

Spacing 100 nm
Length 166 nm
Reflector Width 60 nm
Spacing 200 nm

Length 115 nm (each arm)
Feed Width 80 nm

Gap 25-30 nm

Length 108 nm
Director Width 60 nm
Spacing 240 nm
Particle Diameter 30 nm

Table 6.1: Optimized geometric dimensions of five-element optical Yagi-Uda antennas.

accuracy, highly precise gallium FIB milling of single-crystalline gold platelets
1s employed and carried out as outlined in section 4.1. As thinner platelets allow
finer cuts, platelets with a thickness of 30 - 40 nm are chosen.

The heart of the antenna is the feed element, which resembles the two-arm
dipole antenna introduced in subsection 2.2.1 (see figure 6.1b). It is electrically
connected via FDTD-optimized kinked connection wires without disturbing the
feed resonance [42]. As both wires are attached from the same side, the con-
nectors act as an additional reflector, which even increases the directionality
(not shown here; see reference [20] for more information). Light is generated
via IET and the necessary tunnel junction is created by placing a single CTAB
passivated 30 nm gold particle into the prefabricated feed gap. In the example
shown in figure 6.1b, the particle is in contact with the bottom antenna arm,
resulting in a tunnel gap between top antenna arm and particle (facilitated by
the CTAB shell). By applying a voltage, electrons tunnel across this barrier - a
process, which can be elastic or inelastic. In the latter case, the electrons lose
energy and photons are emitted (see subsection 2.2.2). Subsequently, the feed
element excites the passive reflector and director elements leading to construc-
tive interference in forward and destructive interference in backward direction
(the emission direction is denoted in figure 6.1 a). Note, the entire antenna is
situated on a glass substrate and light emission is detected via an oil-immersion
objective from below. Due to the higher refractive index of glass, light is not ra-
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diated in-plane, but propagates into the glass under the critical angle.
Now that the structure design is established, the next section presents the
fabrication of tunnel junctions via feedback-controlled DEP.

6.3 Feedback-Controlled Dielectrophoresis

Although DEP offers advantages over the previously employed drop-and-push
approach via atomic force microscopy [43], mainly its ease of implementation,
scalability as well as applicability to complex geometries, a feedback is required
to stop the attraction of particles once the gap is loaded. Here, I focus on such
a feedback system, which was specifically developed for optical antennas, while
working principle and experimental setup of DEP are presented in subsection
4.1.3. Note, the method is presented for two-arm antennas, but is applicable to
any electrically connected nano-optical system, which exhibits strong far-field
scattering, e.g. optical Yagi-Uda antennas.
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Figure 6.2: Feedback-controlled dielectrophoresis. (a) Schematics of the setup
(see subsection 4.2.1 for more information about the measurement). The antenna (e.g.
a two-arm antenna), immersed in a particle containing water droplet, is excited with
white light and scattering spectra are continuously acquired in real-time, while an AC
voltage is applied. Due to the DEP force, a particle moves into the feed gap. (b) White-
light dark-field scattering spectra and corresponding SEM images of two-arm antennas:
before DEP (black), after applying 8.5 MHz (red; same structure; 3 V) and after applying
1MHz (blue; 2V). The presence of a particle significantly redshifts the spectrum, which
1s used as feedback. As soon as this spectral shift is detected, the voltage is turned
off. The optimal frequency for single-particle attraction is 8.5 MHz in this case, while
too many particles are attracted at low frequencies such as 1 MHz. A stronger redshift
as well as a spectral broadening are typical signs of multiple-particle attraction. Scale
bars; 50 nm. Adapted from reference [20].
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6 Electrically Driven Optical Yagi-Uda Antennas

Figure 6.2 a illustrates the procedure for feedback-controlled DEP. The sam-
ple 1s mounted on a Nikon TE2000-U inverted microscope and a water droplet
containing gold particles is placed on top of the antenna (practically the entire
gold platelet). One of the two antenna electrodes is grounded, while an AC volt-
age 1s applied to the other electrode. Depending on voltage and frequency, par-
ticles are then attracted to regions of the highest field gradient, i.e. the feed
gap, due to the dielectrophoretic force. In order to ensure that exactly one par-
ticle is placed into the antenna gap, the white-light scattering spectrum of the
antenna is continuously monitored at a 10 Hz repetition rate. Exemplary spec-
tra before and after DEP as well as the corresponding antennas are shown in
figure 6.2b. The empty structure has a resonance at around 660 nm before DEP
(black). By applying 8.5 MHz (3V), a particle moves into the feed gap, which
decreases the gap size from ~30nm to 1 nm (red), and consequently redshifts
the antenna resonance by almost 80 nm (cf. figure 2.5). Once this happens, the
voltage is turned off immediately to prevent the attraction of even more parti-
cles. However, if the frequency is too low, e.g. 1 MHz (2V), the dielectrophoretic
force is large and multiple particles are attracted before the DEP is stopped (see
figure 4.4). This case can be identified in-situ as the presence of many particles
in and around the antenna typically leads to a stronger redshift as well as a
spectral broadening (blue). Thus, the DEP frequency plays a critical role, and it
must be optimized for each structure geometry and for a given particle concen-
tration. Detailed frequency tests as well as simulations of the DEP procedure
are presented in references [20, 74]. For two-arm antennas, 8.5 MHz is ideal,
but larger frequencies of 12MHz and 15 MHz need to be applied for Yagi-Uda
antennas and plasmonic waveguides, respectively (see chapter 7). The voltage,
on the other hand, is usually increased gradually. In a typical experiment, a
voltage with specific frequency and low amplitude (e.g. 1V) is applied for one
minute. If no redshift is observed, the voltage is slightly increased and again
applied for one minute. This process is repeated until the resonance redshifts
and the gap is filled. Note, a maximum voltage of 5V is chosen to avoid struc-
tural damage to the antenna.

After optimal settings were found, DEP is performed for 27 two-arm and 39
Yagi-Uda antennas, and the results are depicted in figure 6.3. The success
rate, i.e. one particle is inside the gap, was 56 % for two-arm antennas and
dropped slightly to 44 % for the more complex Yagi-Uda design. Overall, sin-
gle particle attraction was the most common event with 48.5%. 15 structures
(22.7 %) remained empty after reaching the voltage limit and applying 5V for
60s. This event is more favorable than attracting multiple particles (28.8 %),
because empty antennas can be reused and filled in an additional DEP experi-
ment with a new particle solution.

In conclusion, the feedback system allows to carefully increase the voltage un-
til a redshift is observed, which significantly reduces the attraction of multiple
particles and leads to a high success rate. Importantly, single particles inside
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Figure 6.3: Statistics of dielectrophoresis with optimized parameters. Number
of incidents for (a) 27 dipole (two-arm) antennas and (b) 39 Yagi-Uda antennas. Overall,
the likelihood of having a single particle inside the gap was above 48 %. Antennas, which
were not filled by the first run of DEP, were reused. Adapted from reference [20].

the gaps result almost always in light emission based on inelastic electron tun-
neling; reasonable electroluminescence spectra were recorded in 78 % of these
cases.

6.4 Performance and Limits of Optical Yagi-Uda Antennas

This section is devoted to the experimental characterization of optical Yagi-Uda
antennas including white-light dark-field scattering (WL) and electrolumines-
cence (EL) measurements (see section 4.2 for measurement details). Particular
emphasis is given to the directionality of antennas, with the FB ratio being the
key performance metric. Moreover, optical antennas are compared to their RF
counterparts and limits as well as possible improvements to the antenna design
are discussed on the basis of simulations.

As mentioned in section 7.2, optimizing the geometry is done by iterating
simulations and experiments. This includes WL measurements of individual
elements (reflector, feed, director) and complete Yagi-Uda antennas to iden-
tify their resonance positions and make adjustments. In figure 6.4 a, scattering
spectra of optimized elements as well as a fully assembled antenna are shown;
corresponding SEM images are displayed in figure 6.4 c-f. The spectra nicely
resemble the pattern presented in figure 2.10b. As intended, the resonance po-
sitions of the reflector and directors occur at 890 nm and 680 nm, respectively,
while the Yagi-Uda antenna and its loaded feed element are resonant around
820 nm (see section 7.2). Although the target was 850 nm, the feed resonance is
nicely positioned, because the driving frequency, i.e. the emission wavelength,
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Figure 6.4: Characterization of optical Yagi-Uda antennas. (a) White light dark-
field scattering spectra of optimized antenna elements (green: reflector; red: unloaded
feed element; blue: three directors) and complete Yagi-Uda antenna (black). The dotted
red line corresponds to the loaded feed within the complete Yagi-Uda antenna. It is cal-
culated by substracting the spectra of reflector and director elements from the complete
Yagi-Uda spectrum. (b) Electroluminescence spectra of the same Yagi-Uda antenna
for different applied voltages together with the scattering spectrum. As the voltage in-
creases, the intensity becomes stronger and shifts to the blue. The voltage drop-off is
close to zero. (c)—(f) Associated SEM images. Taken from reference [20].

is on the red side of this resonance. This becomes clear by considering the EL
spectra of the Yagi-Uda antenna. Note, the redshift of the feed resonance upon
loading the gap depends on the exact particle position, and is thus difficult to
predict [43]. In order to achieve large directionalities, the (loaded) feed reso-
nance must be located between reflector and director, and - due to the uncer-
tain resonance position of the feed after DEP - the spectral window spanned by
the passive elements is chosen to be especially large (210 nm). For comparison,
an unloaded feed is depicted in figure 6.4 and the resonance of the loaded feed
(same dimensions, with particle) within the Yagi-Uda antenna is estimated by
subtracting the passive elements from the Yagi-Uda spectrum.

EL spectra of the same Yagi-Uda antenna are depicted in figure 6.4b. Upon
applying a DC voltage, light is emitted based on inelastic electron tunneling and,
as predicted by the quantum shot noise model (cf. figure 2.8), the emission peak
blueshifts with increasing voltage. The quantum efficiency, i.e. the number of
emitted photons per tunneling event (calculated from total measured current),
is on the order of 107° to 10~4, which is comparable to previous results in similar
structures [43]. To prevent destruction of the antenna, the applied voltage is
limited to 1.8V in this case, resulting in an emission maximum around 870 nm
that is close to the ideal driving wavelength of 850 nm. The voltage drop-off, i.e.
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the difference between applied voltage and maximum emitted energy, is almost
zero, which indicates that a single tunnel barrier is present. Note, the emission
wavelength is correlated to the used material (gold) and was chosen to achieve
large FB ratios. Yet, the antenna could be adapted to emit visible light by using
e.g. silver as the base material.
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Figure 6.5: Directionality of dipole and Yagi-Uda antennas. (a)-(d) SEM im-
ages of one dipole (two-arm) and three Yagi-Uda antennas. (e) Sketch of the FDTD
model. (f)—() Corresponding emission pattern. While the dipole antenna emits in for-
ward (right) and backward direction, the Yagi-Uda antennas show a high directionality
to the right. The resulting FB ratios determined by the areal (pixel) method are given.
Integration areas (Ap = 20°, Af = 15°) are indicated in (i). Simulations were carried
out by Philipp Grimm. Taken from reference [20].

Next, the directionality is investigated by measuring the EL emission pat-
tern (see subsection 4.2.2). The results as well as corresponding SEM images
of multiple structures are presented in figure 6.5. To evaluate the device per-
formance and compare it to the literature, the FB ratio is calculated according
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to equation 2.18. Intensities are extracted in two different ways: The “pixel”
method was first introduced by Curto et al. [40] and simply divides the intensi-
ties of the brightest pixel in forward and its opposite pixel (not necessarily the
darkest) in backward direction. Although well established in previous publica-
tions, this method is prone to errors as it is only based on two pixels and noise in
the “darker” backward direction leads to large FB ratio fluctuations. For these
experiments, an error of +1.4 dB is estimated based on emission measurements
of dipole antennas. More accurate results are obtained with the “areal” method
introduced by Gurunarayanan et al. [46], in which the emission pattern is in-
tegrated over fixed solid angle sections in forward and backward direction, and
the resulting intensities are divided. This method leads to smaller FB ratios
and an error of +0.2dB is estimated (uncertain emission pattern size). Note,
however, that the calculated values depend on the size of the solid angle sec-
tions and, for comparison, the same interval size as in reference [46] 1s used
(Ap =20°, Af = 15°; indicated in figure 6.51).

As a reference, a two-arm antenna is investigated, which emits two lobes per-
pendicular to the long axis (see figure 6.5 a and f). For this dipole-like structure
one expects FB ratios of 0dB, and indeed, values of 1.5+ 1.4dB and 0.1 + 0.2dB
are calculated with the pixel and areal method, respectively. This emission pat-
tern is in agreement with previously fabricated antennas (see figure 2.9) [43].
Next, the focus shifts to Yagi-Uda antennas. The first structure is the one dis-
cussed in figure 6.4 and exhibits a directionality of 6.6 dB or 5.3 dB (see figure
6.5b and g), which is already larger than the maximum of 6 dB (pixel method)
measured by Curto et al. for optically driven Yagi-Uda antennas [40] as well
as the 5 dB (areal method) obtained by Gurunarayanan et al. with their twisted
antenna approach [46]. Even better performance is achieved by the two remain-
ing Yagi-Uda antennas shown in figure 6.5¢,h and d,i (note, the former is the
same antenna as in figure 6.1). FB ratios of up to 9.1 dB (pixel method) or 6.5 dB
(areal method) are reached, demonstrating that the high-quality optical Yagi-
Uda antennas presented in this work clearly outperform all hitherto published
approaches. Variations between antennas are attributed to slight geometrical
deviations as well as particle placement. Furthermore, the results are in good
agreement with the FDTD calculations displayed in figure 6.5 e and j, which in-
dicate a limit of 10 dB for this design.

A common strategy to further enhance directionality in the RF regime is the
addition of more directors [160]. Accordingly, an optical 15 element Yagi-Uda
antenna (13 directors) is fabricated as described before and an SEM image as
well as the measured emission pattern are shown in figure 6.6a. Although
light emission is detected, FB ratios are surprisingly low with only 3.1 dB (pixel
method). In general, it is observed that the directionality decreases when anten-
nas are equipped with more than three directors. This behaviour is explained
by the antenna’s air-glass surrounding in the experiment. Due to the higher
refractive index of glass, the emitted light is refracted into the substrate, and
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Figure 6.6: Limits of optical Yagi-Uda antennas. (a) SEM image of an actually
built Yagi-Uda antenna with 13 directors and measured emission pattern. Due to the
air—glass interface, the emission is refracted in the glass substrate. Scale bar, 200 nm.
(b) Sketch of optical antenna with 13 directors in an homogeneous surrounding with
n = 1.52. The simulated emission pattern is superimposed. (c) Calculated forward
gain of different Yagi-Uda antennas with varying number of directors. Black crosses:
stainless-steel antenna in air operating at radio frequencies (RF; 500 MHz). Golden
circles: gold antenna operating at 870 nm. Silver circles: silver antenna operating at
870 nm. Red circles: gold antenna embedded in 300 nm Al,O5 layer operating at 870 nm.
All optical antennas are surrounded by a homogeneous n = 1.52 medium. The case
for three directors is highlighted with the gray stripe. Simulations were carried out by
Philipp Grimm using FDTD as well as standard numerical algorithms [161,162]. Taken
and adapted from reference [20].

thus, directors further away from the feed are reached by less optical field (cf.
figure 6.6 a). Hence, many directors in a 15 element antenna do not contribute to
the directionality anymore. In addition, it is speculated that the additional path
length for ligh traveling to the detector (basically sitting beneath the substrate)
via distant directors results in a phase lag and consequently leads to destructive
interference. As more directors are added to the antenna, this effect becomes
stronger. RF antennas do not face these problems, because they are surrounded
by a homogeneous medium, i.e. air. Such a symmetric dielectric surrounding
could also be achieved in the presented experiment by adding a droplet of 1m-
mersion oil on top of the antennas, which matches the refractive index of the
glass substrate (n = 1.52). However, this prevents recording of emission pat-
tern as light is no longer radiated into the substrate, but is pushed beyond the
acceptance angle of high-NA objectives. These experiments require an advanced
detection scheme, which is far exceeding the scope of the current work. Instead,
the emission pattern of antennas embedded in a homogeneous n = 1.52 medium
are simulated (all FDTD simulations were carried out by Philipp Grimm). Fig-
ure 6.6 b depicts a sketch of such a 15 element structure superimposed by the
calculated emission pattern. As expected, the pattern is symmetric and exhibits
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a much higher FB ratio of 13.2dB at 870 nm.

In order to compare these simulated optical antennas with their RF counter-
parts and identify limits as well as possible advantages in the optical regime,
the forward gain is introduced:

Isotropic

This 1s the figure of merit in RF antenna technology and compares the inten-
sity in forward direction Iy, with the intensity of an isotropic emitter I} ,;.opic-
Unfortunately, the latter cannot be easily measured in optical experiments at
the nanoscale (this is why the FB ratio is used instead to compare optical an-
tennas). Yet, in simulations, the forward gain can be calculated and is plotted
in figure 6.6 ¢ for different Yagi-Uda antennas as a function of director number.
Optical gold and conventional RF antennas show a similar behavior: Starting
at moderate values, the forward gain first increases strongly as more directors
are added to the antenna, but then deflates and reaches a plateau. RF antennas
reach much higher values of up to 15.1 dBi, but as gold is replaced with the less
lossy silver, the optical antennas achieve similar values. This proves that the in-
ferior performance of gold structures is only based on high absorption losses, and
thus, concepts of classical Yagi-Uda theory (e.g. director scaling) can be read-
ily transferred to the optical regime by choosing the right antenna material as
well as surrounding. Moreover, silver antennas even outperform their classical
counterparts for a small number of directors, which is attributed to the kinked
connectors acting as additional reflectors (see reference [20]). In contrast, the
connection wires do not play a significant role in the RF antennas.

The optical regime further offers the advantage to modify the propagation of
light by designing a specific dielectric landscape, e.g. by adding a material with
high refractive index. In this example, a gold antenna operating at 870 nm 1is
embedded in a 300 nm Al,O4 layer. The structure is still situated on glass and
the entire arrangement is encapsulated with immersion oil. This results in a
dielectric landscape of n; = 1.52 /n, = 1.67 / ny = 1.52, by which light is confined
to a 2D waveguide mode. As shown in figure 6.6 ¢ (red circles), such embedded
devices clearly outperform both silver and RF antennas for up to nine directors
(e.g. 12.1 dBi for three directors). Hence, these theoretical results are especially
promising for low-footprint highly directional antennas for light and will inspire
future research in the field of optical antenna communication.
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6.5 Conclusion and Outlook: Towards Nanoantenna
Communication

In this chapter, I demonstrated the design, fabrication and characterization of
electrically driven optical Yagi-Uda antennas. Light was generated by IET and
radiated in-plane to a specific direction due to the sophisticated structure geom-
etry that was milled from single-crystalline gold platelets via gallium FIB. Tun-
nel junctions were fabricated by means of feedback-controlled DEP, in which
the scattering spectrum of the antenna was monitored in real-time to detect the
placement of a single particle within a prefabricated feed gap. This technique
led to reproducible tunnel gaps and relatively high success rates of almost 50 %,
thus, it is more appropriate for tunnel junction fabrication than the previously
presented AFM pushing [43] and electromigration [46,49]. The presented high-
quality structures reached FB ratios of up to 9.1dB (pixel method) or 6.5dB
(areal method), respectively, clearly outperforming all hitherto published optical
antennas.

Simulations showed that the directionality can be further improved and even
match that of RF antennas by adding more directors, but only if a low loss
antenna material (e.g. silver) and symmetric dielectric surrounding are cho-
sen. In this context, it was demonstrated (in simulations) that an optical gold
antenna embedded in a layer of Al,O; and encapsulated by a material match-
ing the refractive index of the substrate (e.g. immersion oil), even surpasses the
directionalities of classical RF as well as optical silver antennas.

The novel developments that this work will stimulate can be divided into two
categories: experiments based on the presented manufacturing toolbox and de-
vice specific research towards applications. First, I want to quickly address the
former before I discuss the latter in more detail. The highly accurate FIB milling
of single-crystalline substrates in combination with the precise positioning of
tunnel barriers via DEP can readily be implemented to fabricate other com-
plex nanostructures such as log and parabolic mirror antennas. An example
of a completely different geometry is shown in chapter 7, in which electrically
driven plasmonic nanocircuits with multiple tunnel junctions are presented.
Additionally, feedback-controlled DEP can also be employed to place optically
active nanoparticles into the antenna gaps, e.g. nanodiamonds, quantum dots or
light-emitting molecules [65]. By slightly improving the sensitivity of the feed-
back, it might even be possible to deposit individual emitters paving the way for
antenna enhanced single-photon sources at room temperature [35-37, 163] as
well as single-molecule sensing [33, 155, 164].

Based on the results presented in this chapter, it seems feasible to combine the
large directionality and functionality of RF antennas with the large bandwidth
and small footprint offered by optical frequencies. A particular vision of our re-
search group is - similar to how RF antennas are used - the direct communication
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1 300 nm

Figure 6.7: Electrically driven optical antenna communication. A pair of
nanoscale Yagi-Uda antennas on a glass substrate exchange information by sending
and receiving optical signals.

between two electrically driven, in-plane nanoantennas via light, as illustrated
in figure 6.7. The sketched antennas exhibit the previously presented design;
the directive connectors as well as the dielectric cover (potentially with high re-
fractive index layer) are necessary and beneficial for such an optical antenna
link. Yet, in this work, I focused exclusively on the transmission. What is still
missing is the reception of light via nanoantennas (sometimes called rectenna).

In principle, the presented antennas as well as the process of inelastic elec-
tron tunneling are reciprocal, i.e. an incoming photon can trigger a tunneling
process, which leads to a change in measured current. This has already been
shown for non-resonant rectennas [49]. These structures are illuminated with
high intensity femtosecond laser pulses (810 nm) to excite photon-assisted elec-
tron tunneling across biased break junctions. Later, this scheme was even ex-
tended to realize a wireless optical link [135]: an in-plane directional nanoan-
tenna is again excited by a laser (785 nm) and the antenna scattering is detected
by the rectenna, which is positioned a few micrometers away. The transferred
power follows an inverse square relation with distance between transmitter and
receiver. Although these experiments are first proof-of-principles for antenna
communication at the nanoscale, this scheme is - in my opinion - not suitable for
purely electrically driven devices. The proposed rectenna requires a very high
illumination power of ~5 mW per pm? to generate a photocurrent of ~1nA (this
current can easily be measured in conventional electrical setups), i.e. roughly
three million photons are needed to generate one tunneling electron. However,
the IET driven Yagi-Uda antenna presented here only has a total output power
on the order of 10 pW.

In order to bridge the gap between emitted and detectable power, transmitter
and receiver efficiencies have to be increased significantly. Note, the sensitivity
of photocurrent measurements can also be enhanced to almost 10 fA by using the
sophisticated lock-in technique, yet, this would further reduce the compactness
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of the setup and requires integration times of several seconds. Hence, this mea-
surement scheme is not suitable for high bandwidth data transfer. On the re-
ceiver side, the efficiency of photon-assisted electron tunneling can be improved
by increasing the photon absorption cross-section. As nanoscale devices have
inherently small geometrical cross-sections, the best way is to employ resonant
optical antennas (in contrast to non-resonant stripes), which strongly confine
incoming light to the tiny tunnel gap, and thus enhance the coupling between
photons and electrons. Considering reciprocity of emitting and receiving pho-
tons via antenna-enhanced IET, this results in a potential improvement of two
to three orders of magnitude [43].

Notably, the field enhancement is further increased in silver antennas with
very sharp feed gaps and it was demonstrated that external quantum efficiencies
of up to 1072 (here I report 1072 to 10~%) can be reached for light emission via IET,
however the output power was still limited to 100 pW. Even if both, transmitter
and receiver, exhibit such large field enhancements, the efficiencies for sending
and detecting photons would most likely still be too low to wirelessly link two
nanoantennas with distances of one ore more micrometers (at least without lock-
in amplifier). Probably the most promising approach to further improve the
efficiency, and thus the output power, of tunneling devices is to employ resonant
inelastic electron tunneling. In this approach, resonant electronic states are
inserted into the gap in order to increase the inelastic tunneling rate and - at
least in theory - external quantum efficiency of almost 100 % might be achieved
[165]. Experimentally, this was realized by placing a metallic quantum well
between two metal electrodes [75]. The resulting device, that is not a single
nanostructure but spans a large area of several square micrometers, exhibits
an inelastic tunneling efficiency of up to 30 % with output powers on the order
of 1nW. The integration of this concept into optical antennas is challenging,
but might be possible by replacing the CTAB shell of gold nanoparticles with
molecules exhibiting resonant electronic states and placing such particles into
the antenna feed gap. Electrons would then tunnel across the metal-organic-
metal junction via resonant states, which are provided by the particle shell.

Although IET offers interesting advantages, e.g. spectral tunability in the ab-
sence of active materials or ultrafast switching times [71], the (time) stability
of IET devices is usually insufficient for applications [43, 74]. The tunneling
current strongly depends on the barrier width, which can change due to the ex-
tremely large electric fields in the gap region. Therefore, different mechanisms
for light generation and detection at the nanoscale have been investigated and
are currently a research subject in our group. For example, interfacing metal-
lic nanoantennas with semiconductor materials allows to detect sub-bandgap
photons with efficiencies on the order of 10~* electrons per photon [166]. This
detection-only scheme is based on the injection of hot electrons from the metal
into the semiconductor over a Schottky-barrier and is facilitated by the field en-
hancement of the optical antenna. In a similar approach, gold antennas are
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sandwiched between two electrically connected graphene sheets [167]. This
yields even higher photon-electron conversion rates of up to 20% and allows
to measure illumination in the range of few microwatts. Currently, our group is
developing a hot electron injection based light detector that even offers electri-
cally tunable color and polarization sensitivity by making use of sophisticated
antenna geometries.

A particularly promising route to nanoantenna communication is offered by
monolayers of transition metal dichalcogenides (M DCs), such as WS, and WSe,
[168,169]. These 2D semiconductors have recently gained a lot of interest from
the scientific community due to their fascinating optoelectronic properties in
combination with atomic-scale thickness. Compact, microscale p-n junctions
based on different TMDCs have been fabricated that can not only detect light
with high photoresponsivities (several 100 mA/W), but also offer electrically gen-
erated light emission [170—173]. In order to further enhance their optoelectronic
response, multiple hybrid structures have been presented, in which TMDCs are
coupled to optical antennas [174—177]. Such devices also offer internal photoam-
plification (gain) due to avalanche-like effects, making them especially intrigu-
ing for the reception of very weak optical signals [178]. Many demonstrations
rely on metallic nanostructures covered with a TMDC monolayer, but bending
the monolayer changes the electronic properties and complicates the interfac-
ing of the 2D semiconductor. For this reason, antennas should be placed on top
of perfectly flat TMDC sheets. This is especially challenging when nanostruc-
tures are electrically connected to larger electrodes and a transfer technique is
currently being developed in our research group for this purpose. Placing the
TMDC underneath the antenna further offers the advantage to access the semi-
conductor with a gate electrode, allowing to electrically tune the properties of
the hybrid antenna device. It is also expected that these devices exhibit a better
time stability as comparable IET-based structures. Yet, so far, no electrically
driven nanoantenna has been demonstrated, which 1s able to emit and detect
light with sufficiently high efficiencies.

Considering that the detection of few microwatts of light is already possi-
ble using nanoantennas, the gap between emittable and detectable power is
currently five to six orders of magnitude. In my opinion, although challenging,
it 1s possible to bridge this gap in the future, with the greatest improvement
potential probably lying in the area of light emission.

The in-plane communication between highly directional and low-footprint op-
tical Yagi-Uda antennas is especially promising for on-chip data communication,
where information is transmitted between antennas with high bandwidth and
low heat generation. The resulting communication scheme might even allow
transistors from one computer chip to be directly linked to transistors on other
chips, paving the way for novel architectures. Even though hardware devel-
opment is constantly advancing, optical Yagi-Uda antennas are an intriguing
candidate to play an important role in future computational devices.
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7 | Nanoscale Electrical Excitation of
Distinct Modes in Plasmonic
Waveguides

Large parts of this chapter are published in Nanoscale Electrical Excitation of
Distinct Modes in Plasmonic Waveguides by Maximilian Ochs, Luka Zurak,
Enno Krauss, Jessica Meier, Monika Emmerling, René Kullock and Bert
Hecht. Nano Letters 2021, 21 (10), 4225-4230.
doi.org/10.1021/acs.nanolett.1c00182

7.1 Introduction

In the last chapter I introduced a new strategy for bottom-up assembly of elec-
trically connected nanoantennas. By using dielectrophoresis (DEP), 1 nm tun-
nel junctions are fabricated in a reproducible manner - a requirement for light
emission based on inelastic electron tunneling (IET). Moreover, these optical
antennas are not only the smallest electrically driven light sources, but their
refined geometries determine the properties of radiation, such as frequency,
polarization and even the direction of emission by e.g. using the well known
Yagi-Uda design. In this chapter, a completely different device geometry is
employed to confine and manipulate electromagnetic waves at the nanoscale.
Light in form of guided plasmons is electrically excited in optical nanocircuits
equipped with multiple, precisely positioned tunnel junctions. Each junction is
created by DEP and facilitates the excitation of a different plasmonic waveguide
mode with different near-field symmetry [21].

The structure is based on a plasmonic two-wire transmission lines (TWTL).
This geometry - which was already introduced in subsection 2.3.1 - offers two
orthogonal, propagating plasmonic modes in the optical regime. In previous
experiments, TWTLs have been employed to route optical signals [95], enhance
nonlinear optical effects [25] and provide cut-off-free subwavelength localization
of mid-infrared light [97]. Later it was shown, that either of the two modes can
be excited selectively by controlling the polarization of the excitation light [22].
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This has enabled a variety of experiments, ranging from second harmonic gen-
eration [179], quantum emitter coupling [154, 180] and mode conversion [181]
to advanced polarization control at the nanoscale [23,24]. Yet, all these demon-
strations relied solely on far-field excitation using bulky laser setups.

The electrical excitation of distinct plasmonic modes is advantageous as it re-
duces the overall footprint of the experiment and merges plasmonic and electric
nanocircuitry, potentially enabling novel nano-optoelectronic devices. In this
context plasmonic organic and inorganic LEDs have been discussed [69, 70, 182,
183], but here, IET is employed, because it offers a nanoscale excitation source
that can be precisely positioned by already established techniques. For more in-
formation about the electrical driving of plasmonic TWTLs and the modelling of
the resulting electroluminescence see subsection 2.3.2. Although, the excitation
of propagating plasmons via IET has already been shown [91, 134, 184—187], the
mode-selectivity presented here has not been possible before.

This chapter demonstrates the distinct electrical excitation of the lowest-order
symmetric and antisymmetric plasmonic modes in a TWTL. Mode-selectivity is
achieved by precisely positioning nanoscale excitation sources, i.e. junctions for
inelastic electron tunneling, within the electric fields of the respective modes
with sub-10 nanometer accuracy (see section 7.2). This is accomplished using
an advanced fabrication scheme that combines focused gallium and helium ion
beam milling with DEP. Section 7.3 presents the optoelectronic characterization
of several waveguide structures. Importantly, at the far end of the TWTL the
propagating modes are converted into far-field radiation at separate
spatial positions showing two distinct orthogonal polarizations. Hence, the mode-
selective device represents the smallest electrically-driven light source with
directly switchable polarization states. Potential follow-up experiments are dis-
cussed in the outlook (see section 7.4).

7.2 Concept and Structure Design

In this section, I explain the basic concept of mode selective plasmon excitation
in electrically connected TWTLs. The underlying theory is covered in section 2.3.
Later, the structure layout is presented including waveguide design, dimensions
and fabrication details. For more information about focused ion beam (FIB)
milling and DEP refer to section 4.1 as well as chapter 6.

The electrically driven nanocircuit is illustrated in figure 7.1a. It consists
of a TWTL with mode detector supporting two fundamental propagating modes:
the symmetric (blue) and the antisymmetric mode (red). Simulated electric field
distributions of both plasmonic modes along the waveguide are depicted in figure
7.1b (mode excitation at 800 nm). The antisymmetric mode is confined to the
gap between the gold wires, whereas the symmetric mode is guided at the outer
sides of the waveguide. Electrical excitation is facilitated via IET. To this end,
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Figure 7.1: Concept of an electrically driven mode-selective plasmonic TWTL.
(a) Illustration of the nanocircuit, including a TWTL with mode detector, two tunnel
junctions and three connection wires. The tunnel junctions independently excite either
of two orthogonal plasmonic modes, which then propagate along the waveguide. At
the mode detector, they are spatially separated and emitted as orthogonally polarized
light. Note, the antisymmetric mode (A-mode) is radiated at the beginning, while the
symmetric mode (S-mode) is radiated at the end of the mode detector. (b) Simulated
electric field distributions of the two modes (A-mode: red; S-mode: blue) along the be-
ginning of the waveguide. These field profiles originate from interference between an
excited mode and its reflection, thus forming a standing wave pattern. Optimal posi-
tions for the exclusive excitation of the A-mode and S-mode are marked by red and blue
arrows, respectively. Scale bar; 100nm. Reprinted and adapted with permission from
reference [21]. Copyright (2021) American Chemical Society.

three connection wires are introduced: one to ground the TWTL and two for
applying electrical signals (labeled Vg and V, in figure 7.1a). The latter are
separated from the grounded waveguide by DEP-fabricated tunnel junctions.
Upon applying a voltage, electrons tunnel inelastically across the nanometer
gaps, thereby exciting accessible plasmonic modes (see subsection 2.3.2). The
blue and red junction in Fig. 7.1 a excite only the symmetric and antisymmetric
mode, respectively. After excitation, the modes propagate along the waveguide
and reach the mode detector, where they are spatially separated. Since the field
of the antisymmetric mode is mainly confined in between the waveguide wires,
it is reflected and radiated to the far-field at the gap shortcut. The symmetric
mode, however, propagates past the gap shortcut and is reflected and radiated
at the waveguide termination. Furthermore, the out-coupled light is linearly
polarized according to the near-field symmetry of the respective mode [22]. This
represents a way to verify, which plasmonic mode has been excited.

The key aspects of mode selective operation are the nanoscale excitation of-
fered by IET in combination with the exact location of the tunnel junctions.
Since the excitation (incoupling) efficiency of a mode is directly linked to the
local density of optical states (cf. subsection 2.2.1), and thus the modal electric
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field at the position of excitation, a specific mode can be launched by controlling
the nanoscale location of the tunnel junctions [21, 48, 62]. In subsection 2.3.2,
the procedure to find the optimal positions is described (see figure 2.14) and an
expression for the incoupling efficiency as a function of the modal field is intro-
duced (equation 2.19). FDTD simulations were carried out by Luka Zurak, in
which the respective modes are launched at the far end of the waveguide and
propagate towards the incoupler (called the mode approach). Upon reflection,
standing wave patterns form which represent the spatial modal fields (see figure
7.1b). The highest incoupling efficiency is obtained by placing the tunnel junc-
tion at the field maximum of the desired mode. Note, that in order to launch
single modes, the field distribution of the other mode must be taken into ac-
count as well and a position must be found that exhibits high fields for one and
close to zero fields for the other mode. The 1deal position to excite the symmetric
mode is at the center of the incoupler since the antisymmetric mode exhibits a
field strength node at this location (blue arrows in Fig.7.1b). In contrast, the
symmetric mode has a field zero in the waveguide gap; hence, this would be the
1deal position for the exclusive excitation of the antisymmetric mode. However,
it 1s practically not possible to place a connection wire at this position. Alterna-
tively, one can maximize the incoupling ratio between antisymmetric and sym-
metric mode by placing the junction at the outer sides of the waveguide, 70 nm
away from the front edge (red arrows in Fig. 7.1b). Due to drastic spatial field
variations, displacing the excitation source by only a few nanometers strongly
changes this ratio. Therefore, a very high accuracy in positioning the tunnel
junction is required, which is achieved by combining FIB milling with the accu-
rate placement of functionalized nanoparticles via DEP [20].

The sample layout shown in figure 4.1 is slightly modified for waveguides with
two tunnel junctions. Figure 7.2 a depicts a structured gold platelet with a maxi-
mum of six plasmonic TWTLs, each connected to three electrodes. An exemplary
structure before DEP is displayed in figure 7.2 b; its coarse shape 1s milled with
gallium FIB (the exact dimensions are listed in the figure caption). The ground
connector is placed such that its influence on plasmon propagation is minimal,
while the two active connectors are attached according to red and blue arrows in
figure 7.1b. Feed gaps of single-junction waveguides are fabricated as before via
gallium FIB; but for waveguides with two junctions, helium FIB is employed by
Jessica Meier to mill sharp gaps between waveguide and connectors (see figure
7.2c). An etching step can be added to remove remaining gold debris without
strongly undermining the pointed features [21]. This method was chosen to
manage the increasing difficulty of filling two consecutive gaps. Particles - after
DEP - often end up in the gap slightly displaced by a few nanometers. This re-
sults in degraded mode-selectivity, due to the aforementioned spatial field vari-
ations (cf. figure 7.1b). By interfacing a gold nanoparticle with sharp features,
and thus small contact areas, a considerably higher accuracy in placing the tun-
nel junction is obtained leading to improved mode-selectivity.
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Figure 7.2: Structure layout and fabricated plasmonic waveguides. (a) Pro-
cessed platelet on top of an evaporated electrode structure. The layout resembles that
shown in figure 4.1 a, but only six waveguides are fabricated per platelet; each exhibit-
ing one ground and two contact electrodes. (b) Zoom-in to a plasmonic waveguide before
dielectrophoresis. Tiny wires connect the structure to the larger electrodes. (c) Fur-
ther zoom-in to the front end of the waveguide. The sharp gaps, which are fabricated
via helium ion milling, are later filled by dielectrophoresis in order to fabricate tunnel
junctions. Each contact electrode is responsible for one tunnel junction. L, (TWTL
length): 2200 nm; L,, (mode detector length): 800 nm; w (waveguide width): 250 nm; g
(waveguide gap size): 50 nm; w,,, (incoupler width): 35 nm. Reprinted and adapted with
permission from reference [21]. Copyright (2021) American Chemical Society.

In contrast to the previous chapter, live-feedback based on white-light scat-
tering 1s not employed during DEP as the feed gap geometry in waveguides does
not exhibit strong far-field scattering. Instead, a voltage is applied for a short
and fixed period of time. To increase the likelihood of single particle deposition,
parameters have been optimized by performing multiple DEP tests followed by
SEM imaging. Most single particle junctions were observed by applying 1.5V
for 20 s at a frequency of 15 MHz. Note, that the particle solution is not diluted
1:500 with water, but 1:5000, in order to prevent particles from attaching to the
much larger structure. In total, the success rate for consecutive filling of two
feed gaps with single particles was below 10 %, nevertheless, several function-
ing devices were fabricated and are presented in the next section.

7.3 Optoelectronic Characterization

After discussing concept, design and fabrication of electrically driven plasmonic
waveguides, this section presents the optoelectronic characterization of manu-
factured devices.

Figure 7.3 a and b show SEM images of two different single-junction nanocir-
cuits, in which only one of the two plasmonic modes is excited. The feed gaps
of both structures are filled with a single particle. Upon applying a DC voltage
(1.8V - 3V) light is emitted and recorded in the image plane using the optical
setup described in subsection 4.2.2. The corresponding electroluminescence (EL)
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Figure 7.3: Electrical excitation of two distinct plasmonic modes in separate
structures. (a) and (b) SEM images of electrically driven waveguides for the excitation
of (a) symmetric and (b) antisymmetric mode. (c) and (d) Measured image-plane light
emission of the respective waveguides upon applying a voltage for 5s. The radiation
at different positions of the mode detector clearly indicates the excitation of distinct
plasmonic modes. (e) and (f) Simulated far-field response of the waveguides (calculated
by Luka Zurak). The tunnel junctions in (a) and (b) as well as the excitation dipoles in

(e) and (f) are positioned according to the blue and red arrows in figure 7.1 b. Reprinted
with permission from reference [21]. Copyright (2021) American Chemical Society.
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maps are shown in figure 7.3 c and d. In each case, strong emission is observed
at the tunnel junction which is attributed to the excitation of photons coupling
directly to the far-field. More importantly, a second emission spot is recorded
for both waveguides indicating the excitation of distinct plasmonic modes that
propagate along the TWTL and radiate at the corresponding position of the mode
detector. It is thus possible to launch a single plasmonic mode with negligible
contribution of the other mode by choosing the right tunnel junction position and
making use of the precise electrical excitation offered by IET. Even though the
position for exciting the antisymmetric mode is not ideal - the tunnel junction is
not located in a field node of the symmetric mode (cf. figure 7.1b) - the emission
intensity at the end of the waveguide is very weak, thus verifying that the in-
coupling to the antisymmetric mode dominates. The reduced emission intensity
at the mode detector compared to the incoupler is attributed to damping along
the waveguide. In order to compare the measurement with expectations, the
emission for both waveguides is calculated using FDTD. For these simulations
- carried out by Luka Zurak - a dipole source 1s placed at the respective tunnel
junction position (cf. figure 7.3a and b) and excites the structure at 750 nm.
The resulting expected image plane emission is presented in figure 7.3 e and f,
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Figure 7.4: Mode-selective excitation within a single device. (a) SEM image of
electrically driven waveguide with two distinct tunnel junctions. The dashed square
indicates a high-resolution overlay image. (b) and (c) Measured image-plane light emis-
sion of the same device. A voltage of 5V is applied to the (b) horizontal and (c) vertical
tunnel junction for 5 s and 2 s, respectively. (d) Corresponding spectra of the symmet-
ric (blue, S) and antisymmetric (red, A) mode. The spectra are recorded in the areas
marked by rectangles in (b) and (c) using a polarization filter and are corrected by the
quantum efficiency of the setup. (e) Simulated spectra (calculated by Luka Zurak). The
dashed lines mark the peak positions in the simulations. Reprinted with permission
from reference [21]. Copyright (2021) American Chemical Society.

showing good agreement with the measurements.

Next, I demonstrate a mode selective nanocircuit able to switch between the
electrical excitation of antisymmetric and symmetric mode. Figure 7.4 a depicts
the SEM image of a finalized structure; it resembles the device introduced in
figure 7.1 a. Two tunnel junctions, which are placed at the previously discussed
positions, allow to separately excite the two propagating modes. Feed gaps are
filled consecutively via DEP: The horizontal electrode is connected to ground and
an AC voltage is applied to the vertical electrode, thus placing a particle into the
vertical feed gap. This procedure is then repeated for the other junction. How-
ever, in this example, both gaps are filled with two particles. As feedback is not
used during DEP, the AC voltage was not turned off quickly enough resulting
in the attraction of an additional particle. Nevertheless, the performance of this
device is not diminished, which is attributed to the sharp and pointed gap fea-
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tures (see figure 7.2 c). Due to the small contact area between particle and gap,
a tunnel junction forms at the desired position after the first particle is trapped,
and thus the second particle has a negligible influence. Note, the attraction of
multiple particles could be prevented in the future by implementing a feedback
system that is not based on far-field scattering, but instead relies on e.g. mea-
suring the conductivity across the feed gap.

Corresponding EL maps are acquired as described before and are shown in
figure 7.4b and c. Again, strong emission spots are observed at the respec-
tive tunnel junctions. By applying a voltage Vg = 5V to the horizontal junc-
tion only the symmetric mode is excited leading to light emission at the end
of the waveguide (cf. figure 7.4b). In contrast, applying a voltage V, = 5V to
the vertical junction results in distinct excitation of the antisymmetric mode and
radiation at the beginning of the mode detector (cf. figure 7.4 c). These measure-
ments are in agreement with the results obtained in figure 7.3 and highlight the
mode-selectivity of the two-junction nanocircuit. This is the first experimental
demonstration of an electrically driven plasmonic TWTL that allows to actively
switch between two propagating plasmonic modes. Due to the link between
mode symmetry and far-field polarization, this device also represents the small-
est electrically driven light source capable of actively switching between two
linear polarization states.

In order to further investigate the radiated light, emission spectra are recorded
at the mode detector and compared to simulations (see figure 7.4d and e). The
two experimental spectra show a similar pattern with oscillations resembling
those of a Fabry-Perot resonator. This can qualitatively be reproduced in FDTD
simulations, in which spectra are obtained according to equation 2.20. Remain-
ing deviations are attributed to uncertainties in the gap geometry, such as par-
ticle placement. [21]. The oscillations originate from the cavity character of
the waveguide that is fed by a spectrally broad excitation source, i.e. IET. In
simulations, the tunneling process is modeled by the source efficiency, which
i1s interchangeable with the current power spectrum introduced in subsection
2.2.2 [43,48,62]. Therefore, the excitation occurs over a broad range of frequen-
cies - even at a fixed applied voltage. The waveguide acts as a Fabry-Perot cav-
ity partially reflecting the propagating plasmons at the waveguide end; with the
resonance wavelength being a multiple integer of the cavity length (see section
2.1). Hence, the out-coupled light intensity oscillates across the spectrum. Due
to the difference in propagation length and effective wavelength between sym-
metric and antisymmetric mode, the peaks in the spectra are shifted compared
to each other (cf. figure 7.4 d).

Moreover, the average plasmon launching efficiencies can be estimated. The
number of out-coupled photons per tunneled electrons can be directly measured.
Simulations then allow to approximate all losses due to propagation and radia-
tion. This yields an average launching efficiency of 2-10~° and 1.4-10~* plasmons
per electrons for the antisymmetric and symmetric mode, respectively, which is
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comparable to previously obtained efficiencies [20, 43].

The appearance of modulated emission spectra is directly connected to the
modal electric field, thus further demonstrating that plasmon excitation de-
pends on the exact location of the source (tunnel junction). I want to emphasize
this fascinating connection: the process of launching a plasmon is dictated by
a standing wave pattern, which originates from interference between the same
plasmonic mode and its reflection - even before the plasmon is actually excited.

7.4 Conclusion and Outlook

Here, I demonstrated - for the first time - the selective electrical excitation of
two propagating plasmonic modes in TWTL waveguides. This chapter is thus a
further example of the potential unlocked by electrically connecting nano-optical
systems. Moreover, it highlights the capabilities and the accuracy of the em-
ployed fabrication procedure that yields refined optical nanocircuits with mul-
tiple tunnel junctions.

The key to almost-perfect mode-selectivity is the extremely confined excitation
offered by IET as well as the exact location of the tunnel junction.
The incoupling efficiency of a mode is directly related to the modal electric field
at the position of excitation. In order to excite only one plasmonic mode, the
tunnel junction must be placed at a location, at which the electric field ampli-
tude of the other mode vanishes. Ideal positions were found via FDTD simula-
tions and an advanced fabrication scheme based on gallium as well as helium
FIB milling in combination with DEP was used to fabricate devices with the re-
quired nanometer accuracy. In addition, I demonstrated a two-junction nanocir-
cuit able to actively switch between the electrical excitation of symmetric and
antisymmetric mode, which further represents the smallest electrically-driven
light source with directly switchable polarization states. Such mode selective
operation constitutes a key advantage over conventional single-mode integrated
photonics.

Plasmonic waveguides made from gold exhibit favorable chemical stability,
but suffer from large propagation losses in the visible regime, thus they are
mostly limited to proof-of-principle experiments. Silver offers much lower losses
and supports surface plasmons across the spectral range from 300 nm to 1200 nm.
It 1s therefore the preferred material for applied plasmonics [188]. Recently,
the wet-chemical growth of large single-crystalline silver platelets was shown
[152, 153] and first silver TWTLs were developed [25, 154], demonstrating the
potential of silver based optical nanocircuitry. For this reason, our research
group 1s currently exploring silver platelet growth and subsequent fabrication
of silver structures.

In future experiments full control over the polarization state may be accom-
plished by further refining the waveguide geometry and exploiting the interfer-
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ence of plasmonic modes. An electron tunneling across a single junction can,
in principle, excite the symmetric and antisymmetric mode at the same time,
if both modal electric field amplitudes are equal at this position. As the plas-
mons propagate along the waveguide - one confined to the waveguide gap and
the other one guided on the outside - they experience different damping and thus
a different phasaree shift (see figure 2.12 ¢ in subsection 2.3.1). Once the modes
interfere at the end of the waveguide, the polarization of the out-coupled light
depends on the exact phase shift, which can be modified by changing the wave-
guide dimensions. This way, an ultra-compact circularly polarized light source
can be realized, if the phase shift between both modes at the interference point
1s exactly 90°. In a further step, this excitation scheme might be used in more
sophisticated plasmonic nanocircuits, which route light in predefined pathways
while conserving its polarization state [23, 24].

In the previous example, the phase shift is set by the waveguide geometry,
but actively tuning the phase by e.g. applying a voltage to a gold wire is even
more desirable (the waveguide geometry proposed here is not suitable anymore).
It has been shown theoretically that locally changing the refractive index above
an optical nanocircuit results in a strong phase shift and even leads to conver-
sion between plasmonic modes [189]. Notably, several high-speed plasmonic
modulators have been demonstrated by using the Pockels effect (linear electro-
optic effect) and changing the refractive index of non-linear organic materi-
als [15—18]. The footprint of these previous devices can be further reduced by
applying a TWTL geometry in combination with an advanced fabrication scheme
as discussed in this work. Instead of non-linear molecules, nanocircuits can
also be covered with e.g. titanium dioxide, which leads to a Schottky-barrier be-
tween metal and oxide. Upon applying a voltage to one part of the nanocircuit,
charge accumulation or depletion at the metal-oxide interface induces a signifi-
cant change in the oxide’s refractive index, thus electrically modifying plasmon
propagation [190].

The current work, including the refined fabrication scheme, is a neat demon-
stration of what is possible today with electrically connected optical nanocircuits
and paves the road for future experiments in the field of advanced nanoscale
light routing and modulation.
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Confining and guiding light at the nanoscale - way below the traditional diffrac-
tion limit - promises photonic-level transmission bandwidths at electronic-level
dimensions [16, 17]. The basic building blocks for such optical nanocircuitry
include metallic optical antennas and plasmonic waveguides. In the past, sev-
eral fascinating experiments have been presented [24, 26, 30, 31, 154], but early
demonstrations relied exclusively on the optical excitation of isolated structures.
Yet, integrated devices require electrical access and local light generation. This
led to the development of electrically driven optical antennas that emit light
by inelastic tunneling of electrons across a nanometer gap (IET) [42,43, 46, 50].
These examples, however, provided only limited functionality and the fabrica-
tion of tunnel junctions was tedious and suffered from low success rates.

In this work, the state of the art of metallic nano-optical systems has been
further advanced. I focused specifically on structures, in which the electrical
connection enables local light generation, but also plays a key role in the as-
sembly of functional devices. It was shown, that the fabrication of tunnel junc-
tions for IET as well as the chemical modification of surface properties can both
be facilitated by applying electrical signals to nanoscale electrodes. Further-
more, different geometries were presented that allow to control the properties
of the emitted light, such as radiation direction and polarization. Since the exact
shape of the respective nanostructures is crucial for their performance, focused
1ion beam milling of single-crystalline gold platelets was employed to achieve a
high fabrication accuracy [14, 53, 54].

The use of electrodes with different work functions is already well established
in commercial OLEDs. Mimicking this concept at the nanoscale offers intrigu-
ing potential for nano-optoelectronic devices, but presents a major challenge.
A solution was demonstrated in chapter 5, where the work function of gold
nanoelectrodes was selectively modified by self-assembled monolayers (SAMs).
In this procedure, surfaces are functionalized with thiolated molecules (e.g. alka-
nes or PEGs), which are subsequently removed from only one of the nanoelec-
trodes via oxidative desorption. This can be verified by Kelvin probe force
microscopy mapping the effective surface potential of bare and functionalized
gold surfaces. Moreover, it was shown that 1-octadecanethiol can block the
formation of a subsequent SAM, allowing to functionalize both electrodes with
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different molecules. Due to the molecule’s effect on the metal work function, this
technique enabled the fabrication of metal-organic nanoantennas with asym-
metric current-voltage characteristics, further demonstrating the potential for
nano-optoelectronics. Notably, site-selective functionalization also allows the
deposition of oriented molecular assemblies, which paves the way for antenna
controlled molecular machinery. A possible experiment is outlined in more de-
tail in section 5.4.

Another focus of this work was the development of devices for nanoscale opti-
cal communication. Inspired by radio frequency antennas, chapter 6 presented
the first electrically driven in-plane Yagi-Uda antennas that radiate light in a
specific direction with forward-to-backward ratios of up to 9.1 dB (pixel method)
or 6.5dB (areal method). These structure are thus clearly outperforming all
hitherto published antennas [40,46,158,159]. Tunnel junctions were created via
dielectrophoresis (DEP) replacing the tedious atomic force microscopy pushing
as well as electromigration. By applying an AC voltage to antennas, surface-
passivated gold nanoparticles are deposited in prefabricated 30 nm feed gaps,
reducing the gap size to only 1nm and enabling efficient electron tunneling.
Based on the antenna scattering, a live feedback system was employed during
this process and relatively high success rates (one particle in the gap) of 50 %
were achieved. Light around 870nm was emitted via antenna-enhanced IET
and quantum efficiencies on the order of 107° to 10~* were recorded. Yet, the
presented antennas are not suitable to efficiently detect light. Therefore, fur-
ther development is necessary in order to realize the optical communication be-
tween a set of nanoantennas. Missing steps as well as possible solutions are
discussed in more detail in section 6.5.

Chapter 7 presented a further building block for optical nanocircuitry: the
first electrically driven plasmonic two-wire transmission line. Distinct propa-
gating modes were launched based on the exact position of tunnel junctions,
which were placed with sub-10 nm accuracy by combining FIB milling and DEP.
Furthermore, a mode-selective nanocircuit with two tunnel junctions was
demonstrated that enables to switch between the excitation of symmetric and
antisymmetric waveguide mode. Due to the near-field symmetries of the modes,
this device also presents the smallest electrically driven light source with switch-
able linear polarization states.

So far, most of the possible applications and future experiments that have
been discussed in this thesis are about optical communication (with the
exception of antenna controlled supramolecular translation). Yet, the structures
presented here are also among the smallest light sources that can be driven elec-
trically, and, in combination with the polarization control offered by plasmonic
waveguides, are an interesting option to scale down the size of pixels in dis-
play technology. Recently, a further step in this direction was made by demon-
strating a color-switchable nanoantenna that mimics the function of OLEDs
[51]. However, the development of real-world applications still faces several
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challenges. In the following I want to focus on three aspects: material, fabrica-
tion and stability.

An immediate limitation is the use of gold, which is chemically stable, but

exhibits large damping in the visible regime and is thus more suitable for near-
infrared light. Single-crystalline silver, although more difficult to handle,
offers antenna resonances covering the entire visible regime (red, blue and green)
and, due to low damping, is especially interesting for plasmonic nanocircuitry
[25,154,191]. Moreover, silver Yagi-Uda antennas can reach even higher direc-
tionalities as shown in section 6.4.
Even though the fabrication scheme presented here is key for the device func-
tionality, neither FIB milling nor wet-chemical synthesis of gold or silver
platelets i1s suitable for mass production of optoelectronic components. Thus,
the fabrication of high quality nanostructures from evaporated silver (or other
metals) via lithography techniques should be further investigated. Another
aspect - which is not covered in detail here - is the CMOS compatibility of the
metal structures [192]. In this context, copper and aluminum electrodes on
top of silicon dioxide were recently explored in electrically driven plasmonic
devices [187].

Further challenges for IET-based light sources are efficiency and stability
(also discussed in section 6.5). While the efficiency can be increased by means
of field enhancement [50] or resonant inelastic electron tunneling [75], (time)
stability is a major obstacle. The tunneling current strongly depends on the
atomic-scale gap geometry and since large electric fields on the order of 1 GV/m
are created within the tunnel junction, the gap is subject to change, leading to
fluctuating currents as well as light emission (spectrum and amplitude varia-
tions). Typically, the structures presented here exhibit stable light emission
for 30 seconds [43, 74]. Controlling and maintaining the atomic-scale gap for a
longer time is very challenging, and thus, IET devices are suitable for proof-of-
principle experiments, but applications might require the use of a different light
generation mechanism. A possible solution is the coupling of optical antennas to
2D semiconductors such as WSe,. Such devices promise better efficiencies and
stabilities [170-173], however, the emission frequency is limited by the semi-
conductor band gap. This means, that the broadband character of IET is traded
for an improved stability. Note, layers of transition metal dichalcogenides can
be grown via chemical vapor deposition, which, in principle, is a scalable pro-
duction technique [169].

Although challenges remain, I am confident that we are going to see multi-
ple fascinating experiments in basic and applied research in the future. I also
want to highlight the potential of single-crystalline metal platelets, which are
currently being investigated in our group as a platform for surface-enhanced
Raman scattering applications. As shown here, the electrical connection of nano-
optical systems enables local light generation and offers new strategies for
device assembly as well as surface modification, yet, it paves the road for even
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more functionality, ranging from plasmoelectric conversion [193] and optical
field emission [194,195] to charge-modulated second harmonic generation. More-
over, the recent development of high-speed plasmonic modulators for optical in-
terconnects - these devices are fed by external optical signals and do not generate
light locally - proves that electro-plasmonics is closer to real-world applications
than ever [15—18]. Personally, I am very excited about future developments in
nanoantenna communication as well as antenna controlled molecular machin-
ery.
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