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Abstract

In this thesis, a detailed experimental study on Plasmon-Coupled Resonance Energy
Transfer mechanisms is presented. The coupling of nanoplasmonic structures with de-
fined single molecule donor-acceptor-pairs is investigated by utilizing specifically tailored
nanoparticle antennas. Taking into account the antenna’s properties, different influences
on the energy transfer process are considered. In particular, the impact of the localized
surface plasmon resonance (LSPR) position of the antenna in respect to the spectral
overlap integral of the used donor-acceptor pair is studied. For the first time, this in-
fluence is approached by means of fluorescence measurements on a single molecule level.
Hence, ensemble-averaging side effects can be excluded and a direct comparison of the
results is enabled.
For thorough characterization of the sample systems an optical scanning probe micro-
scope, which is based on the principle of antenna-enhanced near-field microscopy, is used.
The system was extended by several measurement modes, in order to perform time- and
spectrally resolved investigations. Moreover, a dark-field illumination was integrated
into the microscope to determine the plasmon resonance of the nanoparticle antennas.
This enables to observe plasmon hybridization effects in real-time, in dependence of a
dynamically varied nanoparticle gap distance. Additionally, in a correlative approach of
electron and dark-field microscopy, the influence of the nanoscale structure of a nanopar-
ticle gap on the near- and far-field properties is studied. The experimental investigations
were complemented with electromagnetical simulations of the utilized optical antennas.
The presented thesis shows the modification of the energy transfer by means of the
multiple plasmonic effects. Under utilization of NP-antennas with tailored optical prop-
erties, it is shown that the energy transfer can be enhanced or quenched. Furthermore,
the sensitivity of the detection principle can be increased. This investigation success-
fully demonstrates a targeted modification of the resonance energy transfer rates and
efficiencies by coupling to different types of antennas. The experimental results directly
validate the recently introduced theory by George C. Schatz and co-workers, who devel-
oped the concept of the Generalized Spectral Overlap integral in order to describe the
interaction of plasmonic nanostructures with RET quantum systems. Aside of a general
understanding of the fundamental processes affecting the energy transfer rate, the energy
transfer efficiency and the measurement accuracy, the final consequence of the obtained
results is that PC-RET can substantially increase the RET-interaction range.
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Zusammenfassung

In dieser Dissertation wird eine detaillierte experimentelle Studie zum plasmonen-ge-
koppelten Resonanzenergietransfer präsentiert. Die Kopplung von nanoplasmonischen
Strukturen mit definierten, einzelmolekularen Donor-Akzeptor-Paaren wird mithilfe von
spezifisch angefertigten Nanopartikelantennen untersucht. Unter Berücksichtigung der
jeweiligen Antenneneigenschaften werden die verschiedenen Einflüsse auf den Energie-
transferprozess diskutiert. Insbesondere die Wirkung der Position von der lokalisierten
Oberflächenplasmonenresonanz (LSPR) der Antenne im Vergleich zum spektralen Über-
lappintegral des verwendeten Donor-Akzeptor-Paars wird genauer betrachtet. Erstmals
wird dieser Zusammenhang im Rahmen von Fluoreszenzuntersuchungen mit Einzelmo-
lekülsensitivität behandelt, um auf diese Weise störende Mittelungseffekte zu vermeiden
und den direkten Vergleich der Ergebnisse zu ermöglichen.
Zur ausführlichen Charakterisierung der Probensysteme wird ein optisches Rasterson-
denmikroskop, das auf dem Prinzip der spitzenbasierten Nahfeldmikroskopie basiert,
verwendet. Das System wurde um weitere Messmodi erweitert um zeit- und spektralauf-
gelöste Untersuchungen durchführen zu können. Darüber hinaus wurde das Mikroskop
um eine Dunkelfeld-Beleuchtung erweitert, um die Plasmonenresonanz der Nanopartikel-
Sonden zu vermessen. Dies ermöglicht in Echtzeit Plasmonenhybridisierungseffekte in
Abhängigkeit eines dynamisch variierten Nanopartikelabstands zu beobachten. Ergän-
zend wird in einem korrelativen Ansatz aus Elektronen- und Dunkelfeldmikroskopie de-
tailliert der Einfluss der nanoskaligen Struktur eines Nanopartikel-Gaps auf die Nah- und
Fernfeldeigenschaften untersucht. Die experimentellen Arbeiten werden komplementiert
durch elektromagnetische Simulationen der verwendeten optischen Antennen.
Die vorgelegte Arbeit zeigt die Modifikation des Energietransfers mittels der vielfäl-
tigen plasmonischen Effekte auf. Durch die Nutzung von NP-Antennen mit spezifisch
angepassten optischen Eigenschaften wird gezeigt, dass der Energietransfer verstärkt
oder ausgelöscht werden kann. Darüber hinaus kann die Sensitivität des Detektions-
prinzips gesteigert werden. Mit dieser Untersuchung wird eine gezielte Modifikation der
Resonanzenergietransfer-Raten und -Effizienzen durch die Kopplung an verschiedene Ar-
ten von Antennen, erfolgreich demonstriert. Die experimentellen Resultate verifizieren
direkt die vor kurzem vorgestellte Theorie von George C. Schatz et al., die das Konzept
der Generalisierten Spektralen Überlappung (GSO) entwickelten, um die Interaktion von
plasmonischen Nanostrukturen mit RET-Quantensystemen zu beschreiben.
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1 Introduction

Energy research is one of the highly discussed topics in our modern world. Besides
of utilizing sustainable resources for energy production, today’s most demanding chal-
lenge in this field concerns fundamental processes leading to efficient energy migration
and storage with low losses. While there is still a conceptual discourse about this in our
macroscopic world, it has been already established as a common principle in multiple pro-
cesses taking place on the nanometer and mesoscopic scale. E.g., one of the underlying
principles of resonance energy transfer (RET) is the non-radiative transfer of energy from
a donor to an acceptor by dipole-dipole coupling. This particular type of energy transfer
was discovered by Theodor Förster in 1946,1 when he investigated photobiological pro-
cesses - more specifically the absorption of carbon dioxides by plants. Therefore, RET is
usually also denoted as Förster Resonance Energy Transfer (FRET). As a fundamental
process, it occurs in natural and artificial materials and composites with the prospect
to establish energy migration, localization, conversion and harvesting in these systems.
For instance, many biological organisms naturally utilize bioluminescent resonant energy
transfer (BRET) processes for the purpose of energy conversion. 2 However, RET is not
limited to the absorption and emission of light, but can also involve other kinds of energy
forms. As such, photosynthetic antenna complexes in plants or bacteria exploit RET
for the collection, migration and localization of the energy of sun light across a broad
spectral range and sequential release of electrons.3 Technologies which utilize RET are
found in the fields of photovoltaics4 and light emitting devices (LEDs).5 Additionally,
other types of energy transfer, such as the Dexter energy transfer 6 and the generation
of excitons by coupling of a singlet-state emitter and a triplet-state emitter 7 are often
sequentially connected to the RET process in these applications. In another direction,
FRET is also widely used as an analytical tool, in particular as an extremely precise
sub-nanometer ruler. Thus, FRET measurements are applied for analyzing biological
structures,8,9 molecular conformations10 and for characterizing dynamic processes.11,12

Considering that the dipole-dipole-coupling is a near-field effect, the interaction range,
and thus, the sensitivity scales with the inverse sixth power of the dipole-to-dipole dis-
tance. As a consequence of the extreme distance dependence, the resonant energy trans-
fer is restricted to donor-acceptor distances of ~8 nm. This causes several limitations in
terms of its applicability and the obtainable efficiency of processes associated with RET.
For instance, the size of a protein is often on the order of the FRET interaction range or
can be even larger. Therefore, investigations addressing protein-protein interaction can
become cumbersome by means of FRET. As a consequence, the figure of merit in terms
of efficiency and losses is a key parameter, which remains to be optimized by engineering
materials and material properties, in order to overcome current limitations. 13 A multi-
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1 Introduction

tude of manipulations by chemical engineering were developed, such as quantum dots
(Q-Dots),14,15 engineered quantum emitters (QEs),16 multiple QEs17 and multi-color
FRET.18 These approaches provide advantages, like tailorable bandgap structures and
an excellent photostability for Q-Dots. However, the strong modifications of the original
systems often lead to an increased toxicity, can be non-applicable due to incompatibili-
ties, require a high structural complexity and may bias the results.
In the same year Theodor Förster published this description of resonance energy transfer,
Edward M. Purcell discovered that the spontaneous decay rate of a quantum system can
be enhanced by changing its photonic environment, e.g., by means of a microresonator. 19

Crucial for obtaining a high Purcell enhancement factor are a high quality factor and a
small mode volume of the resonator. In this context, Fermi’s golden rule states that the
spontaneous emission rate is related to the partial local density of optical states (LDOS).
Therefore, the resonator, e.g. in the form of a plasmonic nanoantenna, can be designed
such that the density of final states is increased. The difference of applying a photonic
cavity or a plasmonic nanoantenna consists in their deviating quality factor. Optical
antennas are superior in terms of their ability to accomplish strongly confined fields
and to impose a directed emission of the coupled quantum emitter. Additionally, these
antennas can consist of a multi-part structure, e.g. a dimer, 20 where the nanoscale gap
size and gap morphology are crucial parameters that can drastically alter the antenna’s
properties in comparison to a single plasmonic nanoparticle.21,22

Under consideration of the substantial advantages and disadvantages, the question arises
if the non-radiative energy transfer from a donating dipole to an accepting dipole can be
manipulated by means of an optical antenna. If so, the conditions for an enhancement
or blockade of the energy transfer rate, the energy transfer efficiency and potential con-
sequences on routes for energy backtransfer have to be considered.
In this thesis, a detailed experimental study on plasmon-coupled resonance energy trans-
fer mechanisms is presented. The coupling of an optical antenna with defined single
molecule FRET-pairs is investigated by utilizing tailor-made nanoparticle antennas in
the form of spherical colloidal monomers and dimers thereof. Taking into account the
antenna’s properties, different influences on the FRET process are considered. In par-
ticular, the impact of the localized surface plasmon resonance (LSPR) position of the
antenna with respect to the spectral overlap integral of the used donor-acceptor pair
is studied. For the first time, this influence is approached by means of entirely single
molecule fluorescence investigations, which also avoid ensemble-averaging effects. The
molecules are evaluated in terms of the excited state lifetimes, emission spectra and
intensity timetraces. The presented results on the targeted modification of the energy
transfer rate for different kinds of antennas directly validate the recently introduced
theoretical concept of a Generalized Spectral Overlap (GSO) by the group of George
C. Schatz for the plasmon-coupled resonant energy transfer (PC-RET).23,24 Further-
more, the effect of the spectral dependence on the different involved transition rates of
donor and acceptor are identified as a crucial parameter determining the observed energy
transfer efficiencies. As a consequence of the different influences on the energy transfer
rate and efficiency, an enhanced energy transfer rate induced by the antenna does not
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necessarily manifest in an improved FRET efficiency if the donor and acceptor emission
rates are taken into account.
Other aspects to be considered are potential saturation effects arising from prolonged
excitation lifetimes of the acceptor in comparison to the donor. Since the antenna mod-
ifies both lifetimes independently from each other, an antenna either might lead to a
blockade of the energy transfer process, or vice versa, at least to a partial release of a
blockade. Therefore, the influence of the antenna on the donor-acceptor lifetime ratio is
also studied.
In a comparison of the antenna-coupled and -decoupled donor and acceptor emission, an
intermittency analysis yields a reduced blinking rate. The optical antenna improves the
FRET measurement accuracy and the modification of the effective FRET interaction
range is approximated. For instance, a typical dimer antenna enables to shift the limits
of the FRET interaction range already to 16 nm, which comprises a factor of 2. Thus,
antenna-coupled FRET investigations provide the prospect for studying protein-protein
interaction, e.g. in or at the plasma membrane of cells based on commonly used donor-
acceptor pairs and for improving the energy conversion and migration in technological
devices.
An overview of this thesis’ structure is given in the following. At first a motivation of the
topic (Chapter 2) is presented, which provides the state of the art in this field. Chapter
3 covers the theoretical background by outlining the concept and theory of optical an-
tennas, Purcell enhancement, resonance energy transfer and PC-RET. Included in this
chapter are electromagnetics simulations (MNPBEM) to evaluate the LSPR and electro-
magnetic field enhancement factors of the used plasmonic nanoantennas. In Chapter 4
the experimental details are provided, which comprise descriptions of the used confocal,
dark-field and near-field optical microscope setups, time-resolved measurements, sam-
ple and optical antenna preparation procedures and information on the data analysis.
Chapter 5 presents the experimental results, which can be divided into two parts. First
the utilized optical antennas are characterized for their far-field and near-field proper-
ties. Particular focus is set on the influence of the nanoscale gap morphology of the used
dimer antennas. The second part deals with the confocal and antenna-coupled FRET
studies of donor and acceptor pairs with high and low initial energy transfer efficiencies
in order to demonstrate the deviating response for different antenna types. The results
are discussed in the context of the GSO theory. The thesis finishes with a conclusion
(s.f. Chapter 6), which summarizes the most important results and provides an outlook
to assess the prospect of plasmon-coupled resonance energy transfer.
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2 Motivation

Over the last decade photonic cavities, plasmonic nanostructures and metasurfaces have
attracted high interest for the manipulation of light-matter interactions. 25–28 The de-
mand for these mesoscopic structures is expressed in their wide application in the fields
of optoelectronics,29 photovoltaics30 and also their application in common optical spec-
troscopy and microscopy,31 such as Raman-spectroscopy,32 IR-absorption,33,34 and flu-
orescence spectroscopy.35 Furthermore, such structures enable stimulation of non-linear
optical processes,36 controlling of the light polarization37 and confinement.20,22 From a
generalized point of view, such structures can be considered as designed elements, which
function as a bidirectional converter between free propagating radiation and localized
energy, i.e. they act as an efficient mediator between the far- and the near-field of op-
tical fields. Based on this principle, different kinds of light matter interactions can be
stimulated by means of photonic microresonators or plasmonic nanostructures. A coarse
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Figure 2.1: Schematic examples for different interactions of light with matter mediated
by an optical antenna. These can be discriminated into the three basic
categories in form of combination or generation of an electron-hole-pair and
spectroscopy. The inset illustrates the antenna-induced modification of the
local density of optical states of an excited state system.
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2 Motivation

picture of the possible fundamental responses boosted by these structures is displayed in
Figure 2.1. In general a polarization of matter, which leads to the generation of charge
carriers, e.g. electrons and holes, can occur electrically or optically. In the first case
electrically induced light emission occurs, i.e. the electrically induced charge carriers re-
combine under the emission of photons (s.f. Figure 2.1a). This process can be enhanced
by means of an optical/plasmonic resonator, which couples the local electrical field and
the propagation of radiation into the far-field. The reverse photovoltaic process leads to
the generation of charge carries through light absorption (s.f. Figure 2.1a(iii)). Here the
optical/plasmonic resonator enhances the coupling efficiency of free-propagation radia-
tion (far-field) into localized energy, i.e. stimulates the light absorption in the material.
In the last case (s.f. Fig. a(ii)), the recombination of light induced charge carriers leads
to the emission of light. Here, the optical/plasmonic resonator in principle can boost
both the light absorption by the material and the light emission from the material. Tak-
ing into account the two fundamental processes of light absorption and emission, the
effect of the optical/plasmonic resonator can be easily understood by considering the
possibilities of state occupation by a photon before and after population of an optically
excited state, i.e. knowing the accessible local density of optical states (LDOS) at the
position of a molecule in a homogeneous dielectric environment in comparison to the one
in the presence of a resonator. For the studies carried out in this thesis, it is sufficient to
consider only contributions from the electromagnetic enhancement due to the strongly
modified boundary conditions of the quantum emitter’s electromagnetic field. In prin-
ciple other contributions to the formation of electronically excited hybrid states due to
an overlap of surface orbitals of the resonator with molecular orbitals would have to be
considered in the regime of strong coupling.38,39 The latter requires superior resonator
structures or resonator structures in the vicinity to mirror substrates, which are not used
for the presented investigations.
Briefly, the population of an optical state is determined by the kind of optical transi-
tions taking place. Therefore, only a certain subset of optical states can be populated.
Whether an optical state can be occupied or is not accessible underlies the principle
of energy and momentum conservation. Assuming that the free-propagation radiation
leads to the material polarization in a homogenous environment, only a subset of optical
states can be populated according to the energy and the real wavevector of the incident
light. This subset of states determines the absorption of light in a system. Sequential
relaxation of the excited states leads to the emission of photons with a certain energy,
which either propagate to the far-field (real wavevector components) or decay exponen-
tially (imaginary wavevector components). As a consequence two subsets of the LDOS
have to be distinguished, which account for the states populated by the propagating (ra-
diative decay) and the evanescent photons (non-radiative decay). For a quantum emitter
in a largely homogeneous environment, e.g. such as a microresonator, the latter vanish.
However, in a non-homogeneous environment, for instance a plasmonic nanoantenna, the
evanescent contributions have to be considered. Therefore, both subsets for the LDOS
associated with the absorption and the emission are modified, due to a higher mode
density. As a result, the number of final states can be strongly increased. Whilst the
higher mode density of the resonator leads to an enhancement of the absorption and the
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emission process, the subset of states associated to the evanescent emission may lead to
quenching effects. A more detailed theoretical description of the contributing effects is
given in Section 3.4.1. As a consequence of the LDOS alterations, both microresonators
and plasmonic nanostructures are well-suited to manipulate the light-matter interaction
in quantum systems. However, their influence on a quantum emitter shows distinct dif-
ferences. A multitude of examples on dipole emitters, such as molecules, 40,41 Q-dots42,43

and one- and two-dimensional systems (like carbon nanotubes and graphene 44–47) have
demonstrated this ability, leading to commonly accepted principles and models in ac-
cordance with a generalized theory.48,49 Consequently, the question arises if a resonator
is also capable to enhance non-radiative resonant energy transfer processes (RET) in
coupled quantum emitter systems. Several studies approached the effect of a resonator
on the energy transfer rate or efficiency, with partially contradictory outcome, i.e. some
studies claim that such resonators enhance the energy transfer rate, whilst other studies
observe no influence on the energy transfer (ET) rate upon coupling to a resonator.
Therefore, the influence and the underlying principles of a photonic microresonator and
a plasmonic nanoantenna on the modification of the energy transfer rate, the efficiency
and the interaction distance is still under debate, to date.
First theoretical studies on resonant dipole-dipole-interactions (RDDI) indicated a mod-
ification of the energy transfer rate of excited atoms or molecules located in small cav-
ities.50–52 In 2000, Piers Andrew and William L. Barnes published a theoretical model
and verified this model by implementing FRET-pairs in a microcavity. 53 In this study
they demonstrated an enhancement of the energy transfer rate. This trend was also
confirmed by Petru Ghenuche et al.,54 Valerie Faessler,55 Xiong-Rui Su,15 and Zi-Mou
Zhang,56 who coupled optical antennas to FRET-pairs. In contrast to these studies,
experiments conducted by Michiel J. A. de Dood,57 Christian Blum58 and Freddy T.
Rabouw59 demonstrated no influence of the increased LDOS on the transfer mechanism.
These experimental results are in agreement with the work of Frank Schleifenbaum who
postulated that due to the near-field character of the RET process, the corresponding
ET rate is nearly independent of the optical mode density. 60

As a consequence of these contradictory results, plasmon-coupled energy transfer is an
ongoing intensively discussed topic. The complexity of a resonator’s influence on the
energy transfer process manifests in the multiple modifications of all transition rates of
the donating and accepting species. In particular, the spectral dependence of the transi-
tion rate modifications by means of the resonator can be identified as a key parameter,
which may lead to the diverse observations in the investigations mentioned above. The
fact that all of these studies are carried out by means of ensemble averaging further may
partially explain the non-consistent results.
In this thesis, PC-RET is therefore approached by means of a well-defined model system,
which even enables to carry out the first PC-RET experiments with single-FRET pair
sensitivity, and thus, ensemble-averaging effects are avoided. In general, ensemble stud-
ies bear a high risk of averaging about various populations of FRET-pairs with distinct
ET rates and/or efficiencies. In the present studies, due to the complexity of PC-RET
per se, the focus is set on defined FRET-pairs with different ET efficiencies utilizing the
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2 Motivation

same donor and acceptor molecules and orientation of the transition dipole. Further-
more, well-defined plasmonic nanoantennas in the form of spherical NP antennas and
dimers thereof are used. These provide the advantage of a high reproducibility in terms
of their far-field and near-field optical properties, and open up an easy approach for
tailoring these properties in regard to the spectral properties of the used FRET-pairs.
The advanced optical properties of these antennas are individually investigated ahead
of the studies on the energy transfer, which enables a direct comparison of the LSPR
and enhancement capabilities with the spectral properties of the used FRET-pairs. In
order to conduct all measurements using the same coupling efficiencies, a high posi-
tion accuracy of the antenna with regard to single FRET-pairs is required. Therefore,
the optical antennas are attached to a sharply pointed tip, which can be located with
sub-nanometer precision laterally and vertically in space utilizing an in-house built tip-
enhanced near-field optical microscope (TENOM). This eliminates potential antenna-
FRET-pair distance variations, which are difficult to control in commonly used ensem-
ble approaches. In summary, this method combines a high experimental precision with
enormous flexibility, so that it is ideally suited to approach the principle of PC-RET
by studying the effects of the LSPR, the spectral overlap integral and the LDOS at the
donor and the acceptor position.

8



3 Theory

This chapter outlines the theoretical background to provide a fundamental understanding
of the concept of optical antennas and their application for the strong confinement of
light, the electromagnetic field enhancement, directivity and radiative decay engineering.
At first, this implies to mediate an understanding of the principles of near-field optics,
for which the required mathematical representations are introduced. Subsequently, the
optical properties within the Drude-Sommerfeld model for metals are described and
its limitations are discussed. Next, the phenomenon of surface plasmon polaritons is
introduced, which are key to the function principle of optical antennas. In addition, in
Section 3.2.3 simulation results are presented, which are obtained by utilizing a MatLab
toolbox. This enables approximating the properties of the optical antennas based on the
implementation of simplified metal nanoparticle models.
Since, light matter interactions are in the focus of this thesis, Section 3.3 describes
molecular optical transitions induced by the absorption of light and finally outlines the
principles of resonance energy transfers in coupled quantum emitters. Finally, the impact
of an antenna on the optical transitions of fluorescence and resonance energy transfer is
presented.

3.1 Principles of Near-Field Optics

3.1.1 Angular Spectrum Representation

In order to mathematically describe optical fields in homogeneous media, e.g. propa-
gating light beams, the angular spectrum representation is a widely used method. It is
used to understand the function principle of near-field optics and optical microscopy. To
introduce this concept, scattering of light by an object is considered as outlined schemat-
ically in Figure 3.1.
The incoming light E⃗inc(r⃗) is scattered by an object at position r⃗ = (x, y, z), and the
resultant field is given by E⃗ = E⃗inc + E⃗sca, where E⃗sca denotes the field component of
the scattered light. In the next step, an arbitrary axis z is defined along a preferred
direction, in order to observe the field E in a plane for a constant value of z. The
two-dimensional Fourier transform of the electrical field is given by

Ê
⃗ (kx, ky; z) = 1

4π2

+∞∫︂∫︂
−∞

E⃗(x, y, z)e−i[kxx+kyy]dxdy (3.1)

9
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Figure 3.1: An incoming electric field E⃗inc, in form of a plane wave, is scattered by an
object at z = 0. The angular spectrum representation describes the fields in
a plane perpendicular to an arbitrarily defined z-axis. The second plane at
distance z > 0 schematically shows the resultant image formation.

with the spatial frequencies kx and ky. Therefore, the inverse Fourier transform is

E⃗(x, y, z) =
+∞∫︂∫︂
−∞

Ê
⃗ (kx, ky; z)ei[kxx+kyy]dkxdky (3.2)

Furthermore, a homogeneous, source-free and isotropic medium is assumed, so the optical
field needs to comply to the vector Helmholtz equation

(∇2 + k2)E⃗(r⃗) = 0 (3.3)

with the wavevector k = (ω/c)/n and the refractive index n. With the Ansatz E⃗(r⃗, t) =
Re{E⃗(r⃗)e−iωt} and kz ≡

√︂
k2 − k2

x − k2
y (for Im{kz} ≥ 0), equations 3.2 and 3.3 result

in
Ê
⃗ (kx, ky; z) = Ê

⃗ (kx, ky; 0)e±ikzz. (3.4)

The resultant two solutions describe waves, propagating into the half-spaces of z > 0 and
z < 0, which are indicated by the + and − sign. Furthermore, the factor e±ikzz enables
to multiply it with the Fourier spectrum (s.f. Eq. 3.1) at the object plane, located at
z = 0. This yields the spectrum in the image plane at constant z > 0.
By substitution of Equation 3.4 into 3.2 the angular spectrum representation is repre-
sented by

E⃗(x, y, z) =
+∞∫︂∫︂
−∞

Ê
⃗ (kx, ky; 0)ei[kxx+kyy±kzz]dkxdky. (3.5)

10
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Assuming a real, positive refractive index of the propagation medium, it is obvious
that the wavenumber kz can become either real or imaginary. As a consequence, the
factor e±ikzz determines a superposition of the two fundamental solutions of plane waves
(e±i|kz |z, k2

x + k2
y ≤ k2) and evanescent waves (e−i|kz ||z|, k2

x + k2
y > k2). In the limit of

k2
x + k2

y = 0 a plane wave propagates strictly along the x-axis, without any oscillation
frequencies in the transverse plane. In contrast, for k2

x+k2
y = k2, a plane wave propagates

along the transverse plane with a high spatial oscillation frequency. As a consequence
of these considerations, the coarse structure of an object is encoded in low spectral
frequencies, whilst fine details are represented by higher spatial frequencies, i.e. the
accuracy of an image is given by the recorded bandwidth of spatial frequencies. Since
higher spatial frequencies correspond to evanescent waves, this requires methods which
take advantage of their interaction with matter.
This formalism can be be further used to describe how an initial electromagnetic field
transforms, upon propagation from the object plane to a very far plane at r⃗, or for
focusing arbitrary fields. For approximation, the field is determined at an infinitely
distant position r⃗ = r⃗∞. Furthermore, the coordinates x, y and z are substituted by
unit vector

s⃗ = (sx, sy, sz) =
(︃

x

r
,
y

r
,
z

r

)︃
(3.6)

which is oriented parallel to r⃗∞ and r is defined by r =
√︁

x2 + y2 + z2. For r → ∞ and
sz =

√︂
1 − s2

x + s2
y, Equation 3.2 yields

E⃗∞(sx, sy) = lim
kr→∞

∫︂∫︂
(k2

x+k2
y)≤k2

Ê
⃗ (kx, ky; 0)e

ikr

[︂
kx
k

sx+ ky
k

sy± kz
k

sz

]︂
dkxdky. (3.7)

The evanescent waves are not included in the following considerations, since they vanish
at infinite distance and therefore the integration range is limited to (k2

x + k2
y) ≤ k2.

Through the ’stationary phase’-method,61 the integral can be formed to

E⃗∞(sx, sy) = −2πikszÊ
⃗ (ksx, ksy; 0)eikr

r
(3.8)

This result demonstrates that the far-field is determined by the Fourier spectrum of
Ê
⃗ (ksx, ksy; 0) at position z = 0. Additionally, by the substitution of kx = k ·sx, etc., the
unit vector s⃗ can be written as s⃗ = (kx/k, ky/k, kz/k). In regard to Equation 3.8, this
indicates that only one specific plane wave at z = 0 determines the resulting far-field,
while the other waves undergo destructive interference. By insertion of (3.8) into the
familiar angular spectrum representation Eq. 3.5, it can be written as

Ê
⃗ (x, y, z) = ire−ikr

2π

∫︂∫︂
(k2

x+k2
y)≤k2

E⃗∞

(︃
kx

k
,
ky

k

)︃
ei[kxx+kyy+kzz] 1

kz
dkxdky (3.9)

Therefore, at z = 0 the fields E⃗ and E⃗∞ can be converted into each other by Fourier-
transformation, as long as evanescent fields are non-existent and kz ≈ k. This enables
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to link far- and near-fields of optical problems, as it is required, e.g. for the description
of the focusing of fields. The latter is introduced in Section 3.1.4.

3.1.2 Diffraction Limitation of Confocal Microscopy

The first theoretical description of the image formation in a classical light microscope
was published by Ernst Abbe and Lord Rayleigh.62,63 On the basis of their observations it
became clear, that the optical resolution cannot be infinitely improved. For the definition
of the optical resolution of a microscope, Lord Rayleigh postulated a model system,
which is composed of two illuminated objects. These diffract the incoming light. The
two objects can be optically resolved, if the maximum of the diffraction pattern of one
object coincides with the first minimum of the other object.
The minimum distance ∆x of two distinguishable objects is then given by

∆x = 0.6098 λ

NA (3.10)

for a circular microscope aperture and incoherent illumination. Hence, the resolution
limit is determined by the light wavelength λ and the numerical aperture NA= n · sin θ
of the microscope objective. The latter depends on the environmental refractive index
n and the semi-aperture angle θ of the objective. For an increased numerical aperture
of ~1.5, e.g. by implementation of an immersion oil objective, the resolution limit can
be optimized and decreases to ≈ λ/2.

3.1.3 Sub-Rayleigh Resolution in the Context of Heisenberg’s Uncertainty
Principle

According to the description of the optical resolution of a microscope by means of the
angular spectrum representation, as outlined in Section 3.1.1, the obtainable resolution
can become arbitrarily high, if the bandwidth of spatial frequencies being detected is
infinite. This raises the question of validity, since Heisenberg’s uncertainty principle
states, that the more precisely the position of a particle (∆x) is known, the less accurate
its momentum (∆p) can be determined.64 Regarding Jean M. Vigoureux et. al, the min-
imum distance ∆x can also be understood as the localization uncertainty of an photon
scattered by an object, in terms of the uncertainty principle. 65. Here, the scattering di-
rection is in the range of the aperture angle 2θ and the momentum uncertainty is given
by

∆px = 2h sin θ

λ
(3.11)

with the de Broglie-wavelength p = h̄k = h/λ and the Planck constant h. Using this re-
lation, the Heisenberg uncertainty relation is obtained by multiplication with Eq. (3.10):

∆x∆px = 0.6098 λ

sin θ
2h

λ
sin θ = h. (3.12)
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Figure 3.2: Angular spectrum representa-
tion of a line source with varying widths
that are much wider (top diagram), sim-
ilar (middle diagram) and significantly
smaller than the wavelength (bottom di-
agram). In the first two cases, the inte-
gration domain covers almost the whole
spectrum in the far-field, which enables
a correct image reconstruction. For the
third case, substantial parts of the an-
gular spectrum are evanescent and can’t
be detected in the far-field. The dashed
line represents the spectrum of a smaller
object, which is now indistinguishable
from the original object.

As a result, the optical resolution of a microscope can be improved at the cost of an
increased momentum uncertainty ∆px, or respectively smaller wavelength λ. This pa-
rameter also sets the limitation, as a classical (far-field) microscope can only detect
propagating waves ((k2

x + k2
y) ≤ k2) and the aperture angle is restricted to max. 180◦.

By detection of evanescent fields, this limitation can be bypassed, as demonstrated in
the following example.
A line source can be describe by an emission function f(x) = δ(x − x0). According to
Eq. 3.5 the corresponding angular spectrum is then given by

f(k) =
+∞∫︂

−∞

δ(x − x0)eikxdx. (3.13)

In case of a classical microscope, with an objective that supports an aperture angle of
2θ, the spatial frequencies kx are only accepted in the interval [0, kmax = ω sin θ/c].
Therefore, the resultant image by Fourier-transformation can be expressed by

f(x) =
+kmax∫︂

−kmax

eikx0e−ikxdk = 2sin [ω sin θ · (x − x0)/c]
x − x0

. (3.14)

Despite the light line being defined as infinitely thin, the microscope image shows a
certain width, which is given by the sinc-function of Equation 3.14:

∆x = πc

ω sin θ
= λ

2 sin θ
. (3.15)

This expression is already familiar as the Rayleigh criterion in Equation 3.10 and shows
that the microscope is only able to obtain images with maximum resolution of ~λ/2. The
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limitation is a result of the restricted range of spatial frequencies of k ∈
[︁
−ω

c sin θ, +ω
c sin θ

]︁
.

In consequence, if the range is extended to k ∈ [−∞, +∞] the image would equal the
original line source.
Figure 3.2 resembles three cases of different line source widths. In the first case, the
width is significantly larger than λ/2 and the corresponding angular spectrum is com-
pletely covered by the integration domain k ∈ [−ω/c, +ω/c]. For the second case, the
angular spectrum is still largely covered and only a small fraction of information is lost.
This clearly changes for the third case, as large parts of the angular spectrum become
evanescent and cannot be detected. The dashed line in the bottom diagram of Figure
3.2 indicates the angular spectrum of a smaller object, whose image can’t be distin-
guished from the original object. Hence, in order to increase the optical resolution to
the nanoscopic scale of λ ≪ λ/2, an approach is to detect the evanescent fields, respec-
tively higher spatial frequencies (> ω/c). As it is k2

x + k2
z = (ω/c)2, the condition of

k2
x = (ω/c)2 − k2

z > (ω/c)2 can be fulfilled, if kz becomes imaginary. This approach has
been realized, e.g., in the form a Photon Scanning Tunneling Microscope (PSTM). 66

Another approach is the implementation of metallic nanoparticle antennas in order to
obtain strong localized electrical fields (≪ λ/2) for excitation of dipoles, which will be
presented in Section 3.2.3.

3.1.4 Focusing of Fields

Investigation techniques, such as optical tweezers67,68 or single molecule fluorescence
microscopy,69,70 demand for high optical resolution and large field intensities. The nec-
essary maximum light confinement for this purpose is typically realized by a strongly
focused laser beam. In order to provide a fundamental understanding of the process,
a paraxial optical field focused by an aplanar optical lens, as depicted in Figure 3.3, is
used as an exemplary model. Here, the theory developed by Emil Wolf71 and Bernard

Einc

plane wave

n1 n2

h

focal
point

f

lens

θ

a) b)
Einc

focal
point

reference sphere

θ

f
x

y

zϕ

nϱ

nϕ

nϕ

nθ

(x∞,y∞,z∞)

Figure 3.3: a) Focusing of an incoming laser beam in the form of a plane wave, by an
aplanar lens. b) Visualization of the geometrical parameters and vectors
incorporated in the aplanar system.
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Richards72 is pursued to describe the model system. As an approximation, classic geo-
metrical optics are used for description of the fields of the incoming light beam before
and after passing through the lens. Additionally, the energy conservation for each ray
and the sine condition h = f sin θ (s.f. Fig 3.3a) are required for the introduced model.
The fields have to follow

|E⃗foc| = |E⃗inc|
√︃

n1
n2

cos θ, (3.16)

where the magnetic permeability is assumed to be 1 for all wavelengths.
In the next step, the geometrical parameters, such as the unit vectors n⃗ϕ, n⃗ϱ and n⃗θ are
defined and shown in Figure 3.3b. In the following, the superscripts ’s’ and ’p’ denote
the s- and p-polarization of the incoming field, which is splitted into the components
E⃗

(s)
inc and E⃗

(p)
inc in order to calculate the refraction. The focal point is defined at the

location (x,y,z)=(0,0,0), whereas the subscript ’∞’ indicates a large distance from the
focus. Therefore, at far distance from the focal point (subscript ’∞’), the electrical field
can be written as

E⃗∞ =
[︂
ts
[︂
E⃗inc · n⃗ϕ

]︂
n⃗ϕ + tp

[︂
E⃗inc · n⃗ϱ

]︂
n⃗θ

]︂√︃n1
n2

cos θ (3.17)

where ts and tp are defined as the Fresnel transmission coefficients for each light ray.
Using the substitutions kx = k sin θ cos ϕ, ky = k sin θ sin ϕ and kz = k cos θ, Equation
3.16 can be inserted into (3.9). Thus, the angular spectrum representation of the focal
field can be expressed by

E⃗(ϱ, φ, z) = − ikfe−ikf

2π

θmax∫︂
0

2π∫︂
0

E⃗∞(θ, ϕ)eikz cos θeikϱ sin θ cos(ϕ−φ) sin θdϕdθ (3.18)

with the focal length f , and θmax representing an integration limit, as a finite size of
the incorporated lens is suggested. Additionally, the ’-’ sign was removed, as the fields
are regarded to move in positive z-direction. This result implies, that solely E⃗∞ affects
the field distribution in the focal region. Therefore, the characteristics of the laser beam
at the focal point can be modified by adjusting the amplitude and phase parameter
of E∞. A common practice is the use of the Hermite-Gaussian (HG) modes, which
enable modifications of the electromagnetic field distribution, i.e. the focus and strong
confinements. In the next section focusing of HG beams is discussed.

3.1.5 Hermite-Gaussian modes

For discussion of different laser beam modes, it is assumed that the laser beam propagates
along the z-axis with minimal spread in the transverse direction. Hence, the wavevector k⃗
is also almost parallel to the z-axis and contains only a very small transverse wavenumber.
In this case, the paraxial approximation can be used:

kz = k
√︂

1 − (k2
x + k2

y)/k2 ≈ k −
k2

x + k2
y

2k
. (3.19)
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Figure 3.4: Hermite-Gaussian Modes, Spatial distribution of the electric vector field of
a)-c) the modes HG00, HG01, HG10 and d) a radially polarized donut mode.
e-f) Exemplary calculated focal field of a radially polarized donut mode fo-
cused by a microscope objective (NA=0.8). The longitudinal component
exhibits a stronger and narrower distribution in comparison to the radial
component. (Adapted from Zhan73)

This approximation is applied for Fourier integral simplification in the following discus-
sion of the Gaussian laser beam. At first, a linearly polarized laser beam with a Gaussian
field distribution in the beam waist is assumed by

E⃗(x′, y′, 0) = E⃗0e
− x′2y′2

w2
0 (3.20)

with the beam waist radius w0, located at z = 0 and E⃗0=const. as the field vector of
the transverse plane. By calculation of the spatial Fourier spectrum and subsequent use
of the paraxial approximation, Equation 3.20 can be written in the angular spectrum
representation

E⃗(x, y, z) = E⃗0
w2

0
4π

eikz

+∞∫︂∫︂
−∞

e
−(k2

x+k2
y)
(︂

w2
0

4 + iz
2k

)︂
ei[kxx+kyy]dkxdky. (3.21)

After integration the paraxial representation of the Gaussian beam is obtained:

E⃗(x, y, z) = E⃗0eikz

1 + 2 iz
kw2

0

e
− x2+y2

w2
0

1
1+2iz/(kw2

0) . (3.22)

This fundamental beam is capable of forming laser beams with different transverse
modes. A frequently used variant are the Hermite-Gaussian modes. These can be
described mathematically by74

E⃗
H
νµ = wν+µ

0
∂ν

∂xν

∂µ

∂yµ
E⃗(x, y, z) (3.23)

with ν and µ denoting the order and the degree of the beam. In Figure 3.4a-c the
field distributions in the focal plane (z = 0) for different Hermite-Gaussian modes are

16



3.1 Principles of Near-Field Optics

presented. The polarizations are indicated by the arrows and are always parallel and
in-phase or out-of-phase. Of particular interest is the generation of a radially polarized
donut mode (s.f. Fig. 3.4d), as it exhibits several specific properties, used later in
the experimental investigations (s.f. Section 5.4.1). This mode can be acquired by a
superposition of two specific Hermite-Gaussian modes

RP = HG10n⃗x + HG10n⃗y (3.24)

with the unit vectors n⃗x and n⃗y denoting the polarization direction. In the focal region,
not only the transverse fields, but also the longitudinal field component is of interest, as
it is non-zero in contrast to the propagating beam fields and can take values larger than
the transverse part.
First, for simplification the incident field is assumed to be polarized along the axis:
E⃗inc = Einc · n⃗x. Also, the beam hits the lens with a planar wave front and no reflection
effects take place, so that the Fresnel transmission coefficients can be ignored (ts

θ = tp
θ =

1). According to Equation 3.17, the far-field E⃗∞ can then be written as

E⃗∞(θ, φ) = Einc(θ, φ) [cos φn⃗θ − sin φn⃗φ]
√︃

n1
n2

cos θ. (3.25)

Here, Einc is the amplitude profile of the incoming beam. For example, for the HG00-
and HG10-modes it is

Einc(r, θ, φ) = E0e
− f2 sin2 θ

w2
0 (3.26)

and

Einc(r, θ, φ) = 2E0r

w0
sin θ cos φe

− f2 sin θ

w2
0 . (3.27)

The aperture radius of the lens or microscope objective is given by rA = f sin θmax and
the filling factor f0 can be defined by

f0 = w0
f sin θmax

. (3.28)

Additionally, the apodization function is given by

fw(θ) = e
− 1

f2
0

sin2 θ
sin2 θmax (3.29)

which can be understood as a smooth cutoff of the incoming beam parts that are outside
of the lens aperture region.
In the next step, the resultant focal fields of the beams can be described by the angular
spectrum representation (3.18). For simpler notation, the field is displayed by means of
cylindrical coordinates and the linearly polarized Gaussian beam yields

E⃗(ϱ, φ, z) = − ikf

2

√︃
n1
n2

E0e−ikf

⎡⎢⎣ I00 + I02 cos(2φ)
I02 sin(2φ)

−2iI01 cos φ

⎤⎥⎦ (3.30)
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with the abbreviations I00, I01 and I02 for the integrals defined as

I00 =
θmax∫︂
0

fw(θ)
√

cos θ sin θ(1 + cos θ)J0(kϱ sin θ)eikz cos θdθ (3.31)

I01 =
θmax∫︂
0

fw(θ)
√

cos θ sin2 θJ1(kϱ sin θ)eikz cos θdθ (3.32)

I02 =
θmax∫︂
0

fw(θ)
√

cos θ sin θ(1 − cos θ)J2(kϱ sin θ)eikz cos θdθ (3.33)

where Jν is the νth-order Bessel function.
For the radially polarized donut beam, the result is

E⃗(ϱ, φ, z) = − ikr2

2w0

√
n1n2E0e−ikf

⎡⎢⎣ i(I11 − I12) cos φ
i(I11 − I12) sin φ

−4I10

⎤⎥⎦ . (3.34)

Here, the integral difference I11 − I12 is given by

I11 − I12 =
θmax∫︂
0

fw(θ)(cos θ)3/2 sin2 θJ1(kϱ sin θ)eikz cos θdθ. (3.35)

In contrast to the focal field of the linearly polarized Gaussian beam, the field vector con-
tains a rotationally symmetric z-component. Interestingly, its strength is proportional to
the numerical aperture of the lens, while its focal area is smaller than for the Gaussian
beam.75 Additionally, the x- and y-components yield a radial symmetry, whereas the
linear pol. Gaussian beam exhibits no symmetry. The radially polarized donut beam is
characterized by several symmetries and a strong longitudinal field component, and thus,
is excellently suited for a variety of applications, 76 e.g., for the detection of the dipole
orientation of single fluorescent molecules,77,78 trapping of metallic NPs79 or second-
harmonic generation.80 This beam is used throughout for the fluorescence excitation in
the experimental investigations presented in Section 5.4.

3.1.6 Spatial Light Modulation
In order to obtain a radially polarized donut mode, common techniques are the imple-
mentation of a spatially-variable retardation plate81 or a Liquid Crystal (LC) Spatial
Light Modulator (SLM).82 The latter enables a simple adaption to different laser wave-
lengths and also other arbitrary polarization schemes. Therefore, it is used for laser
beam modifications in the experimental setup as explained in Section 4.1.1.
Nematic liquid crystals are typically rod-shaped, are in liquid state at room tempera-
ture and exhibit molecular self-alignment along their long axis when no external electrical
fields are present. Furthermore, the typically used liquid crystals exhibit a birefringence,
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Figure 3.5: a) Schematic function principle of the polarization orientation modification
by liquid crystals arranged in a twisted configuration. b) Function principle
of a spatial light modulator, consisting of a matrix of many small liquid crys-
tal cells. The polarization of the incoming linear polarized Gaussian beam is
individually modified at each position of the beam waist. As an example of
a modification, a radially polarized donut beam is obtained. (Adapted from
Zhan73)

which is fundamental for the polarization modification of an incident laser beam. Their
roughly parallel orientation can be modified, for example in a ’Twisted Nematic’ cell as
schematically depicted in Figure 3.5b. Here, the two alignment layers on the inside of
the cell’s ITO-coated glasses are rotated by 90 degrees to each other, so that the liquid
crystals are twisted successively from the first to the second layer. Figure 3.5a shows the
corresponding effect onto the incoming linear polarized light. Due to the birefringence
of the LCs, the polarization direction is subsequently rotated from the x-axis towards
the y-axis.
By application of an electrical field between the ITO-coated glasses, the liquid crys-
tal’s orientation is turned, with their long axis now pointing towards the ITO-coated
glasses. Therefore, the birefringence effect for the incoming light is cancelled, which now
propagates unmodified through the cell. The electrical field strength, respectively liquid
crystal orientation, is continuously variable, which enables a smooth adjustment of the
polarization rotation. Thus, in order to spatially modulate a laser beam with a matrix of
small liquid crystal cells, a spatial light modulator can be assembled. By this technique,
a linear polarized Gaussian laser beam can be divided into many small quadratic zones
in which the polarization direction can be individually rotated. Under the assumption
of an appropriate spatial polarization pattern, the incoming beam can be, for example,
converted into a radially polarized donut beam.
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3.2 Optical Antennas

The common definition of an antenna describes these as devices which enable the trans-
formation of free-propagating radiation to localized energy, and vice versa. This principle
finds wide applications in radio frequency and microwave applications, such as Wireless
LAN, radio transmitters or near-field communication bank cards. However, optical de-

+
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λ

λ/2

Figure 3.6: Schematic visualization of the first
resonant modes of an optical antenna

vice technologies which base on this principle are rarely found. Instead, the control of
light propagation relies strongly on the utilization of diffractive elements, such as mir-
rors, lenses, gratings, etc. The reason for this is obvious if one considers the resonance
condition of an antenna with its dimensions. Common antennas such as monopole- or
λ/2-antennas are governed by a fundamental mode which corresponds to the length of
the antenna (s.f. Fig 3.6).
Consequently, antennas with optical resonance are nanoscale objects, which require fab-
rication tools with nanoscale precision. It is not accidentally, that the decade of optical
antennas started in 2000. Since then, corresponding bottom-up and top-down manu-
facturing techniques are routinely at hand. The antennas can be realized in manifold
structures, such as spheres, cubes, spirals or arrays,20,26,83–85 whereas the structural de-
sign is a key factor to the antenna’s resonance (position and bandwidth), respectively
energy reception/transmission efficiency. Here, nanoscale noble metal structures are
considered, so the interaction of light with metals has to be addressed first.

3.2.1 Metals

Metals provide unique properties when interacting with light. They can act as a mirror,
but also scatter, transmit or absorb light depending on the photon energy (s.f. Fig. 3.7).
The properties of metals are primarily determined by the facts that a) conduction elec-
trons can move freely within the material and b) interband excitations can occur if the
photon energy exceeds a certain material-dependent threshold. In general, a frequency-
dependent complex dielectric function is used to describe the optical properties of (noble)
metals. In order to model a free electron gas in presence of an applied electrical field
E0⃗ with frequency ω, we assume an electron displacement r⃗ associated with a dipole
moment p⃗ according to p⃗ = er⃗. Therefore, all individual dipole moments of all free
electrons yield a macroscopic polarization P⃗ = np⃗ per unit volume. The macroscopic
polarization P⃗ can be written as

P (ω) = ε0χe(ω)E⃗(ω) (3.36)
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Figure 3.7: Schematic visualization of the interaction of light and metal. The inten-
sity and direction of the reflected, scattered and transmitted light depends
on the optical metal properties, primarily in terms of the movement of the
conduction electrons and the interband excitation energy threshold.

with the vacuum permittivity ε0 and the electric susceptibility χe. From the Maxwell
equations we know

D⃗(ω) = ε0ε(ω)E⃗(ω) = ε0E⃗(ω) + P⃗ (ω), (3.37)

so that we can solve Equation 3.37 to the complex frequency-dependent dielectric func-
tion

ε(ω) = 1 + χe(ω). (3.38)

As a consequence, P⃗ and χe are dependent on r⃗ which can be acquired by implementation
of the Drude-Sommerfeld model.86–88

Drude-Sommerfeld Model

In this model the free electron movement resembles the motion of a damped oscillator
and is written as

me
∂2r⃗

∂t2 + meΓ∂r⃗

∂t
= eE0⃗ e−iωt (3.39)

with me and e as the mass and charge of the freely moving electrons. With the Ansatz
r⃗(t) = r0⃗e−iωt Equation 3.39 can be directly solved to the dielectric function

εm(ω) = 1 −
ω2

p
ω2 + Γ2 + i

Γω2
p

ω(ω2 + Γ2) (3.40)

with the volume plasma frequency of the metal ωp =
√︁

ne2/(meε0), damping rate
Γ = vF/le, Fermi velocity vF and mean-free path of electrons le.
The metal’s refractive index is defined by n = √

εm, so that it directly corresponds to the
dielectric function, which contains both, a real and an imaginary part. For ω > ωp the
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real part and therefore the refractive index is positive and light can propagate through
the medium. In case of ω < ωp the real part is negative and the refractive index contains
a strong imaginary part, so that the light only enters the metal to an very small extent,
i.e. the light is reflected. The imaginary part of the dielectric function accounts for
energy dissipation coupled to the electron motion inside the metal in case it’s positive.
In comparison to the prediction of the Drude-Sommerfeld model with experimental data,
it shows that for wavelengths shorter than a certain value, e.g. ~550 nm for gold, dis-
crepancies are found. These are caused by interband transition due to photons with
higher energies, which promote electrons from lower d bands into the sp conduction
band. This causes the imaginary part of the dielectric function to take on higher values
than previously predicted by Paul Drude and Arnold Sommerfeld.

3.2.2 Surface Plasmon Polaritons
When light interacts with a metal, free conduction electrons can be excited into a surface
charge-density oscillation at an interface between the metal and a dielectric medium.
Here, the smallest quantifiable parts are defined as polaritons. For further investigation
a planar interface between a metal and a dielectric medium with ε1 = εm for the metal
at z < 0 and ε2 = εarb for z > 0 is assumed. In order to obtain a homogeneous solution
of the Maxwell equation, localized at the interface, the wave equation (in Helmholtz
form) needs always to be fulfilled:(︂

∇2 + ε(r⃗, ω)k2
)︂

E⃗(r⃗, ω) = 0. (3.41)

Furthermore, due to the different permittivities, for each half-space a different solution is
required. As no plasmonic excitation is possible for s-polarized modes, only p-polarized
waves need to be considered.
Indexing the half-spaces with j = 1 (metal) and j = 2, the Ansatz is

Ej
⃗ =

⎛⎜⎝ Ej,x

0
Ej,z

⎞⎟⎠ eikxx−iωteikj,zz. (3.42)

The wavevector component kx parallel to the interface is conserved, thus the index j is
not required in this case, and it is

k2
x + k2

j,z = εjk2 (3.43)

with wavevector k = 2π/λ and vacuum wavelength λ. Additionally, for the displacement
fields in both half-spaces ∇ · D⃗ = 0 (no sources) is required and Equation 3.43 can be
written as

kxEj,x + kj,zEj,z = 0. (3.44)
Another boundary condition is that the parallel component of E⃗ and the perpendicular
component of D⃗ need to be continuous, which leads to the relations

E1,x − E2,x = 0
ε1E1,z − ε2E2,z = 0.

(3.45)
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Figure 3.8: Schematic visualization of an evanescent wave corresponding to a TM-mode,
propagating along an interface of metal and air. The z-component of the
electrical field (green curves on the left side) exhibits an exponential decay,
where the field decay length in metal is significantly smaller than in air.

In order to solve Equations 3.45 the corresponding determinant needs to vanish, which is
fulfilled for kx = 0 or ε1k2,z − ε2k1,z. Using Equation 3.44 with the introduced boundary
conditions, the plasmon dispersion relation follows as

k2
x = ε1ε2

ε1 + ε2

ω2

c2

k2
j,z =

ε2
j

ε1 + ε2
k2

(3.46)

with j = 1, 2. In order to find interface waves that propagate along the interface, it
requires k2

x to be real.

Under consideration of the plasmon dispersion relation (s.f. Equation 3.46) this condition
can only be met if first: ε1 · ε2 < 0 and second: ε1 + ε2 < 0. As shown in Figure 3.8,
under these conditions a ’bound’ electromagnetic wave is located at the interface, as the
resulting imaginary kj,z corresponds to an exponentially decaying wave. Therefore, the
metal surface is only penetrated up to a certain distance, depending on the material
properties. For an exponentially decreasing electrical field, the skin depth ζ is defined
as the distance for when the field strength drops by factor 1/e:

ζ = 1
|kj,z|

. (3.47)
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Figure 3.9: Visualization of the plasmon dispersion relation (red curve) for a metal/air
interface. The light-lines for air (yellow) and glass (green) are also depicted.
The dispersion line only asymptotically approaches the light cone, but does
not cross it. Another dielectric medium, e.g. glass, ’tilts’ the line and enables
the excitation at the resonance point.

For the different materials j = 1, 2 the skin depth yields:

ζ1 = c

ω

√︄
ε′

1 + ε2
ε′2

1

ζ2 = c

ω

√︄
ε′

1 + ε2
ε2

2

(3.48)

with the metal’s dielectric function ε1 = ε′
1 + iε′′

1 and ε′
1 and ε′′

1 being real. The second
medium’s losses (j = 2) are considered to be neglectably small, i.e. ε2 has no imaginary
component. Consequently, the wavenumber is also complex and defined by kx = k′

x+ik′′
x.

When a surface plasmon propagates along the interface, the intensity decreases with
e−2k′′

xx. Similar to the skin depth, the length for which the electrical field intensity drops
to 1/e is defined as the plasmon propagation length δ = 1

2k′′
x

. In correspondence, the
plasmon wavelength is determined by the real part of k′

x and can be written as

λpl = 2π

k′
x

≈
√︄

ε′
1 + ε2
ε′

1 · ε2
· λ (3.49)

with vacuum wavelength λ.
For plasmon excitation, the energy and momentum conservation are required. In order
to identify the corresponding boundary conditions, the plasmon dispersion relation needs
to be analyzed in detail. The correlation of wavevector kx and angular frequency ω is
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Figure 3.10: Surface plasmons can be excited in two different configurations. a) Otto con-
figuration: By total reflection at the glass/air interface an evanescent field
is generated and excites an SPP at the air/metal interface. b) Kretschmann
configuration: The plasmon is excited by the evanescent field of the total
reflection at the glass/metal interface. In contrast to the first method, the
plasmon is excited at the opposite side of the metal/air interface. There-
fore, it is necessary that the metal film is thinner than the skin depth of
the evanescent electrical field.

depicted in Figure 3.9 under the assumption that the dielectric medium is air/vacuum
(ε2 = 1).
Here, the red curve of the surface plasmon polariton does not cross with the free-space
light line (’light cone’), because for a given energy h̄ω, the wavevector kx is always
larger than the wavevector of light in free-space. Due to the strong coupling of the
surface charges with the incident light, surface plasmons possess a large momentum and
the surface plasmon polariton (SPP) line only asymptotically approaches the light line.
Consequently, no direct excitation with an electromagnetic wave is possible. In order to
provide the missing momentum, ϵ2 can be increased by switching to a dielectric medium,
e.g. glass, which tilts the light line (s.f. the green line in Fig. 3.9).
The experimental implementation can, for example, be realized by means of the two
setups presented in Figure 3.10. The first configuration (Fig. 3.10a) was introduced by
Andreas Otto89 and consists of a glass prism where the total reflection at the glass/air
interface generates an evanescent field. With this, an SPP can be excited at the air/metal
interface when the distance between glass and metal is kept at a distance in the order
of the light wavelength. Experimentally it has been shown, that it is experimentally
difficult to maintain the distance. However, it provides the option for SPP excitation
without physical contact to the metal surface. The second configuration (s.f. Fig. 3.10b)
was published in 1971 by Erwin Kretschmann90 and modifies the excitation scheme,
such that the glass prism is in direct contact to the metal surface. It is necessary that
only a thin film of metal is applied, as the SPP is generated at the opposite side of the
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metal layer. This requires a precise control of the layer thickness, since inappropriately
thin layers would result in strongly damped SPPs and overly thick layers absorb energy
excessively, leading to an efficient SPP excitation.

3.2.3 Localized Surface Plasmon Resonance

In order to obtain a field confinement in two or three dimensions, first the introduced
surface plasmon polaritons need to be reviewed. For the SPPs at a plane interface, it
is clear that their electromagnetic field is directed normal to the metal/air interface.
In the first section, plasmon resonances, limited by a spatial boundary, are considered,
e.g. in the form of nanostructures such as a wire or a spherical particle. In the next
step, the single nanoparticle model is extended with an additional nanoparticle in order
to take coupling effects into account. In particular, the impact on the energy levels
of the plasmon resonance are examined in detail. Finally, a method for computational
simulation of the electromagnetic fields of metal nanoparticles is introduced in form of
the ’MNPBEM’ toolbox for the software ’MatLab’.

Single Spherical Nanoparticle

When an electromagnetic wave is, for example, directed to a metallic nanosphere (with
its radius much smaller than the excitation wavelength) the electron gas is polarized and
in combination with the emerging restoring force a plasmonic oscillations occurs. Here, it
is important to differentiate between surface plasmon polaritons, which propagate along
the interface of a metal and dielectric medium, and localized surface plasmon polaritons,
which are bound to their position at the surface of metallic particles.
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electromagnetic
excitation field
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metal
NP

metal
NP

polarized
electron gas

Figure 3.11: Function principle of the polarization of a metal nanosphere with an elec-
tromagnetic wave. The resulting oscillating electron gas is defined as a
localized surface plasmon, with its resonance strength depending on the
incident field wavelength and the material properties.
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For the determination of the surface plasmon eigenmodes of nanoparticles, first the
wave equation (s.f. Equation 3.41) needs to be solved with the corresponding boundary
conditions. To simplify the approach, the quasi-static approximation is assumed. Thus,
retardation effects are omitted, and all points of the wire/particle oscillate in phase. The
latter point requires that the size of the metal object must be significantly smaller than
the skin depth. Furthermore, the Helmholtz equation can be reduced to the Laplace
equation for this approximation.91 Therefore, the electric field can be described by a
potential E⃗ = −∇Φ, which has to comply to the Laplace equation

∇2Φ = 0 (3.50)

and also the boundary conditions of the incorporated materials.
For a spherical nanoparticle it is useful to represent the Laplace equation in spherical
coordinates (r, θ, φ):

1
r2 sin θ

[︄
sin θ

∂

∂

(︃
r2 ∂

∂r

)︃
+ ∂

∂θ

(︃
sin θ

∂

∂θ

)︃
+ 1

sin θ

∂2

∂φ2

]︄
Φ(r, θ, φ) = 0. (3.51)

The corresponding solution can be written as

Φ(r, θ, φ) =
∑︂
l,m

bl,m · Φl,m(r, θ, φ) (3.52)

with bl,m as constant coefficients defined by the boundary conditions. The potential Φl,m

can be described by

Φl,m =
{︄

rl

r−l − 1

}︄{︄
P m

l (cos θ)
Qm

l (cos θ)

}︄{︄
eimφ

e−imφ

}︄
(3.53)

with P m
l (cos θ) and Qm

l (cos θ) defined as Legendre functions, respectively Legendre func-
tions of the second kind.92

The exciting electrical field is assumed to be homogeneous and to propagate along the
x-axis, which yields Φ0 = −E0x = −E0rP 0

1 (cos θ). Furthermore, Φ1 is defined as the
potential inside the sphere, while Φ2 is defined as the sum of the outside potentials of the
incoming and scattered electrical fields. Under consideration of the boundary conditions,
such as electrical field continuity,49 Φ1 and Φ2 derive to

Φ1 = −E0
3ε2

ε1 + 2ε2
r cos θ

Φ2 = −E0r cos θ + E0
ε1 − ε2
ε1 + 2ε2

R3
NP

cos θ

r2

(3.54)

with the sphere radius RNP. Note, that the electrical field is independent from the
azimuth angle φ because of the symmetry of the applied electrical field. With the
previously introduced equation E⃗ = −∇Φ, the electrical field can be expressed as

E1⃗ = E0
3ε2

ε1 + 2ε2
(cos θnr⃗ − sin θnr⃗) = E0

3ε2
ε1 + 2ε2

nx⃗ (3.55)
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E2⃗ = E0 (cos θnr⃗ − sin θnθ⃗) + ε1 − ε2
ε1 + 2ε2

R3
NP
r3 E0 (2 cos θnr⃗ + sin θnθ⃗) . (3.56)

Since the nanosphere radius is smaller than the skin depth, the electrical field inside the
particle turns out to be homogeneous. Additionally, the scattered field (represented by
the second term of Eq. 3.56) is of the same form as an electrostatic field of a centrally
placed dipole p⃗ in the sphere. The dipole is a result of the excitation by the external
electromagnetic field E0⃗ and is given by

p⃗ = ε2α(ω)E0⃗ (3.57)

with the quasi-static polarizability α.
Here, the quasi-static polarizability for the employed spherical nanoparticle is defined as

α(ω) = 4πε0R3
NP

ε1(ω) − ε2
ε1(ω) + 2ε2

. (3.58)

The introduced model is extended in the next section to take into account the coupling
effects with further added nanoparticles.

Coupling of Nanospheres

In order to understand the mechanism of the coupling interaction of nanoparticles, first
the function principle of the harmonic oscillator can be adapted to describe the plas-
mon resonance characteristics of a nanoparticle (as discussed in Section 3.2.3). Second,
an additional nanoparticle is located nearby, so that both oscillators can couple with
each other (analogue to a classical mechanical oscillator). As shown in Figure 3.12b,
depending on whether the oscillators oscillate in-phase or out-of-phase, two eigenmodes
with different frequencies in the form of the bonding or anti-bonding mode result. These
modes with lower and higher energy levels, can be described by the method of plasmon
hybridization.93,94

Following the description of the plasmon hybridization model, introduced by Emil Prodan
and coworkers, the free electrons inside the metal nanoparticle are conceived as a charged
and incompressible liquid. It is placed on top of the ion cores, represented by an immov-
able positive charge, which is approximated as uniformly distributed within the particle’s
boundary. Thus, the plasmon modes can be regarded as self-sustained deformations of
the electron liquid, which can only appear as fluctuations of the surface charge distribu-
tion because of the incompressibility.
In case of a spherical metal nanoparticle, the surface charge function can be written as

ς(Ω, t) = u0e
∑︂
l,m

√︄
l

R3
NP

Alm(t)Ylm(Ω) (3.59)

where Alm is defined as the deformation amplitude, and thus introduces new degrees of
freedom into the system.94 Additionally, Ylm is the spherical harmonic of the solid angle
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Figure 3.12: a) Geometrical parameters of the introduced model system for the plasmon
hybridization method. b) Snapshot of the surface charge distribution for
bonding and anti-bonding mode. The corresponding function principle of
the coupling mechanism is analog to the shown mass-and-spring model. c)
Diagram with the energy levels obtained by plasmon mode hybridization
for both longitudinal (m=0) and azimuthal (m=1) modes.

Ω and u0 the positive charge.
The deformations can be expressed by the Lagrange function

LA = u0me
2

∑︂
l,m

[︂
Ȧ

2
lm − ω2

A,lA
2
lm

]︂
(3.60)

with the plasmon resonance frequency of a nanosphere

ωA,l = ωp

√︄
l

2l + 1 . (3.61)

In this case, the plasmon frequency is given by

ωp =

√︄
4πe2u0

me
. (3.62)
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Here, further effects, e.g. dielectric effects induced by the environmental medium, are
omitted in order to focus on the effects of the plasmon mode hybridization. Similar to
Section 3.2.3, the quasi-static approximation is assumed and the instantaneous Coulomb
interaction between the sphere’s surface charges can be expressed by

V (C) =
∫︂

R2
NP1dΩ1

∫︂
R2

NP2dΩ2
ς1(Ω1)ς2(Ω2)

|r⃗1 − r⃗2|
(3.63)

with the spherical radii RNP1 and RNP2 and C defined as the distance between the
nanoparticle centres. The used geometrical parameters are also visualized in Figure
3.12a for ease of reference. For simplification, the polar axis is selected along the dimer
axis, so that the interaction respectively plasmon modes decouple for varying values of
m. The resonance modes can be indexed by µ and ν and Equation 3.60 can be written
as

L(m) = u0me
2

∑︂
µν

[︄
(Ȧ2

µ − ω2
µA2

µ)δµν −
ω2

p

4π
V m

µν(C)AµAν

]︄
(3.64)

for a selected azimuthal number m. Subsequently, the coulomb interaction (s.f. Equation
3.63) can be expressed by

V (m)
µν (C) = 4π

√︃
lµlνR

2lµ+1
NPµ RNPν

∫︂
dθν sin θν

P m
lµ

(cos Θµ(θν)
(2lµ + 1)Xµ(θν)lµ+1 P m

lµ (cos θν) (3.65)

where Θµ (θν) denotes the polar angle of the distance vector Xµ from the center of
nanoparticle Nµ to the surface of nanoparticle Nν in the coordinate system of nanopar-
ticle Nµ (Nν). Further parameters are the corresponding energy ωµ (ων) and angular
momentum lµ (lν). Note, that the interaction matrix is symmetric, so that Vµν = Vνµ.
This result allows to obtain the eigenvalue problem

det
[︂
M (m)

µν − ω2
]︂

= 0 (3.66)

with matrix M given by

M (m)
µν = ω2

µδµν +
ω2

p

8π
(V (m)

µν + V (m)
νµ ) (3.67)

from the Euler Lagrange equation, which shows an analogy to the formation of molecular
levels from atomic orbitals.94 The coupling of the plasmon modes µ and ν is expressed
through the interaction matrix Vµν and yields energy level shifts, strongly dependent on
the dimer gap size.
The result of the plasmon mode hybridization method, is depicted exemplarily in Figure
3.12c for a symmetric dimer (RNP1 = RNP2). The anti-bonding mode exhibits slightly
higher energy levels due to the counter-phase oscillation, while the bonding mode en-
ergy levels are decreased by a larger magnitude. This effect respectively the nanoparticle
interaction increases with shrinking gap distances by 1/C3. While the bonding modes
of the symmetric dimer can be easily excited by light, and thus are referred as ’bright
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modes’, the anti-bonding modes possess a net dipole moment of zero because of the
antisymmetric fields. Therefore, these modes are strongly suppressed and are referred
as ’dark modes’. Because of the low radiation rate, a narrow linewidth for the fre-
quency spectrum of dark modes is also found, in contrast to wider linewidths of bright
modes.49,95

Altered excitation characteristics can be found for an asymmetric dimer, i.e. the nanopar-
ticle symmetry is broken in terms of the size,96–98 geometry,99–101 the material98 and/or
the relative nanoparticle orientation.99,102–104 As a simple approach, a heterodimer con-
sisting of two spherical nanoparticles with different radii is considered. 105,106 Accordingly,
the net dipole moment for both modes is not zero anymore, i.e. all dimer plasmon modes
with ∥m∥ ≤ 1 are bright and the frequency spectrum can be characterized by multiple
peaks. Especially for short nanoparticle distances, plasmon modes of heterodimers can
show dipole-multipole type interactions.100,101,107 Finally, gap shape variations can lead
to an alteration of the gap capacitor strength and therefore modify the energy levels. 100

In general, the gap size, gap area, refractive index, gap conductivity, etc. have been
found to determine the dimer optical response.94,96,97,107–110

Nanoparticle Simulation by Boundary Element Method

As a powerful technique for engineering analysis, such as structural mechanics, acoustics
and hydraulics, the Boundary Element Method (BEM) was developed. In electrody-
namics, common simulation approaches are for example finite difference time domain
(FDTD),111,112 finite element method (FEM)113,114 and discrete dipole approximation
(DDA).115

In 2002, F. Javier Garcia De Abajo and Archie Howie adapted the BEM in order to
overcome slow calculations of the full Maxwell equations. Later, this approach was pub-
lished as the Metallic NanoParticle Boundary Element Method (MNPBEM) toolbox,
integrated into MatLab by Ulrich Hohenester et al. in 2012.116 It is in popular use
by numerous research groups, especially in the fields of plasmonics and EELS, and has
undergone fortgoing development.117,118 As suggested by its name, the toolbox is in par-
ticular programmed and tested for metallic nanostructures and -particles with feature
sizes of a few nanometers to a few hundred nanometers and frequencies in the optical
and near-infrared regime.
In the simulations presented in the subsequent sections, the sizes of the nanoparticles
are significantly smaller than the light wavelengths, so the quasi-static approximation
can be employed in the following theoretical approach. To start, the electric field can be
expressed by a scalar potential Φ and the Poisson equation is given by

∇2Φ(r⃗) = −4πυ(r⃗) (3.68)

for an external charge distribution υ.
Equation 3.68 can be further reduced, in case that there are no external charges present,
in form of the Laplace equation

∇2Φ(r⃗) = 0. (3.69)
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Figure 3.13: a) Discretization of the surface of a spherical 80 nm gold nanoparticle into
529 equally sized triangles. The zoom-in shows the normal components of
the surface triangles and an exemplary connection of two different points by
the Green function. b) Simulation of the surface charge distribution map
for the introduced gold nanoparticle, excited at a wavelength of 550 nm.
c) Corresponding external electrical field distribution, calculated with the
MNPBEM toolbox.

Such differential equations can be solved by the Green’s function, which is given by

∇2G(r⃗ − r⃗ ′) = −4πδ(r⃗ − r⃗ ′) (3.70)

with
G(r⃗ − r⃗ ′) = 1

|r⃗ − r⃗ ′|
(3.71)

and fulfills the Poisson equation for an unbounded region. Therefore, the scalar potential
can be expressed by

ϕ(r⃗) =
∫︂

∂Ξ
G(r⃗ − s⃗ ′) + ς(s⃗ ′)da′ + ϕext(r⃗) (3.72)

for an external excitation ϕext and the surface charge distribution ς at the boundaries
of the particle surface ∂Ξ. In this way, the Laplace equation is automatically fulfilled in
the different dielectric media, while the surface charge distribution has to be fitted to
the requirements of the boundary conditions of Maxwell’s equations.
Furthermore, for a provided continuity of the potential at the particle boundary, the
tangential electrical field is also necessary to be continuous. This requirement is fulfilled
if the surface charge distribution exhibits equal values inside and outside of the particle
boundary. For this reason, the normal component of the dielectric displacement also
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needs to be continuous at the same locations. Such condition can be expressed by

lim
r⃗→s⃗

n⃗̂ · ∇ϕ(r⃗) = lim
r⃗→s⃗

∂ϕ(r⃗)
∂n

= lim
r⃗→s⃗

∫︂
∂Ξ

∂G(r⃗ − s⃗ ′)
∂n

ς(s⃗ ′)da′ + ∂ϕext(r⃗ ′)
∂n

. (3.73)

Subsequently, a change to a polar coordinate system with radius ϱ, height z and angle
ϕ, yields the vector n⃗̂ = e⃗̂z, which points along the z-axis, and also r⃗ = (0, 0, z)T and
s⃗ ′ = ϱ(cos ϕ, sin ϕ, 0)T . Then, the surface charge distribution is assumed to be constant
in a small circle of radius U and the limes can be written as

lim
z→±0

n⃗̂ ·
∫︂

r⃗ − s⃗ ′

|r⃗ − s⃗ ′|3
da′ (3.74)

and can be formed to
lim

z→±0
2πz

∫︂ U

0

ϱdϱ

(ϱ2 + z2)3/2 = ±2π (3.75)

with the + and − signs denoting the surface inside or outside the particle. Therefore,
the partial differential of the scalar potential can be expressed by

∂ϕ(s⃗)
∂n

= ±2πς(s⃗) +
∫︂

∂Ξ
F (s⃗ − s⃗ ′)ς(s⃗ ′)da′ + ∂ϕext(s⃗)

∂n
(3.76)

with function F defined as

F (s⃗ − s⃗ ′) = ∂G(s⃗ − s⃗ ′)
∂n

. (3.77)

Note, that this BEM approach is fundamentally based on Equation 3.76, since it enables
to replace the boundary integrals with boundary elements. This allows the discretization
of the particle boundary into small parts of the surface area, e.g. triangles as demon-
strated in Figure 3.13a. Under the assumption that the corresponding surface charges
of each element are located at each elements center, Equation 3.77 can be written as(︃

∂ϕ

∂n

)︃
µ

= ±2πςµ +
∑︂

ν

Fµνςν +
(︃

∂ϕext
∂n

)︃
µ

, (3.78)

where the indices µ and ν are used to address the individual surface elements.
The dielectric displacement also must follow a continuity along its normal components.
With an additional compact matrix notation of F for all elements F (sµ, sν), it is

ε2

(︃
2πς + Fς + ∂ϕext

∂n

)︃
= ε1

(︃
−2πς + Fς + ∂ϕext

∂n

)︃
(3.79)

which can be transformed to

ς = −
(︃

2π
ε2 + ε1
ε2 − ε1

+ F

)︃−1 ∂ϕext
∂n

(3.80)

This equation poses a central component of the MNPBEM toolbox, as it enables to apply
an external excitation, e.g. a plane wave, and acquire the resulting surface charge by
simple inversion of the matrix. The simulation can be set up and executed in MatLab by
a set of functions, implemented by the MNPBEM toolbox. In the following paragraph,
three snippets of code, which were used to generate the simulation results presented in
Figure 3.13, are used to explain the elementary function principle.
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1 op=bemoptions( ’sim’, ’stat’, ’interp’, ’curv’ );
2 epstab = { epsconst( 1 ), epstable( ’gold.dat’ ) };
3 aunp = trisphere(529,80);
4 figure;
5 plot( aunp, ’EdgeColor’, ’b’ );
6 aunp = comparticle( epstab, { aunp }, [ 2, 1 ], 1, op );

At the beginning, several options for the simulation method are available. Here, the
quasistatic BEM solver is selected. Additionally, the ’interp’-option enables to apply a
flat (’flat’) or curved (’curv’) particle boundary element integration, where the latter is
chosen, in order to avoid artifacts by the sphere surface discretization. In line 2, the
wavelength-dependent refractive indices of all used materials, e.g. the dielectric environ-
ment and a gold nanoparticle, are defined. The table data for silver and gold is provided
by the toolbox and is based on Peter B. Johnson and Robert W. Christy,119 whereby
the toolbox interpolates additional values if necessary.
The nanoparticle is created in line 3, in the form of a sphere with 80 nm diameter and
composed of 529 triangles. Depending on the necessary spatial resolution, also higher or
lower numbers of triangles can be specified. By execution of the next two lines, a new
window is opened and the nanoparticle is plotted for control purposes. Afterwards, for
simulation preparation all required variables are bundled collected in the ’comparticle’-
class, along with the parameter whether the particle boundaries are open or closed
surfaces.

7 bem=bemsolver( aunp, op);
8 exc = planewave( [ 0, 0, 1 ], [ 1, 0, 0 ], op );
9 enei = 550;

10 sig = bem \ exc( aunp, enei );
11 figure;
12 plot(aunp, sig.sig);
13 [ x, z ] = meshgrid( linspace( - 60, 60, 41 ) );
14 pt = compoint( aunp, [x(:),0*z(:),z(:)], op, ’medium’, 1 );
15 g = greenfunction( pt, aunp, op );
16 f = field( g, sig );
17 figure;
18 coneplot( pt.pos, f.e, ’scale’, 3 );

The initialization of the solver algorithm, the illumination method (function ’planewave’,
polarization in z-direction, propagation along x-axis) and the excitation wavelength (vari-
able ’enei’, 550 nm) is done at the start of the second code snippet. In the next step, the
surface charge distribution is required for further calculations and therefore determined
first and plotted as presented in Figure 3.13b. If required, the profile of the electrical
field vectors can also be evaluated. For this purpose, a data grid is created (in line 13)
with a coarse resolution of ~3 nm and all necessary information is stored in an object of
the ’compoint’-class. Then, the Green’s function (function ’greenfunction’) is executed
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Figure 3.14: Simulation results of the previously introduced gold nanosphere example,
plotted by the MNPBEM toolbox in MatLab of: a) the two-dimensional
map of the electrical field enhancement, b) the scattering cross-section di-
agram and c) the extinction cross-section diagram.

and the electrical field vector data is copied into a new variable ’f’. At last, the result
is plotted with the field vectors shown as arrows with their intensity indicated by their
size and color.

19 [ x, z ] = meshgrid( linspace( - 100, 100, 1001 ) );
20 emesh = meshfield(aunp,x,0,z,op,’mindist’,0.1,’nmax’,1000);
21 e = emesh( sig ) + emesh( exc.field( emesh.pt, enei ) );
22 ee = sqrt( dot( e, e, 3 ) );
23 figure;
24 imagesc( x( : ), z( : ), ee );
25 colorbar; colormap jet( 255 );
26 xlabel( ’x / nm’ );
27 ylabel( ’z / nm’ );
28 title(’80 nm gold nanosphere electrical field enhancement’);
29 set( gca, ’YDir’, ’norm’ );
30 axis equal tight

The third code snippet provides the simulation of the electrical field enhancement. As
before, in line 19 a grid of datapoints is initialized in the range of -100 nm to +100 nm
divided into 1001 parts, and a resolution of 0.2 nm is achieved. In case of very small
gaps or particle surface feature even smaller resolution can be evaluated, whereas the
prolonged calculation times need to be considered. Subsequently, all required data of
the incorporated particles and the data grid is stored in a new variable, with additional
information about the maintained minimum distance to the particle surface boundary.
Optionally, for larger particles and high resolutions (like in this example), the ’nmax’-
option enables to subdivide the simulation model into smaller parts due to the high
memory demand. The simulation is executed by calculation of the sum of induced and
incoming electrical field (s.f. line 21) and subsequently the norm of each field vector.
The resultant matrix is plotted on a two-dimensional heatmap, as presented in Figure
3.14a.
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31 enei = linspace( 400, 800, 401 );
32 sca = zeros( length( enei ), 1 );
33 ext = zeros( length( enei ), 1 );
34 parfor ien = 1 : length( enei )
35 sig = bem \ exc( aunp, enei( ien ) );
36 sca( ien, : ) = exc.sca( sig );
37 ext( ien, : ) = exc.ext( sig );
38 end
39 figure;
40 plot( enei, sca, ’-’ );
41 xlabel( ’Wavelength (nm)’ );
42 ylabel( ’Scattering cross-section (nm^2)’ );
43 title( ’80 nm gold nanosphere scattering cross-section’ );
44 figure;
45 plot( enei, ext, ’-’ );
46 xlabel( ’Wavelength (nm)’ );
47 ylabel( ’Extinction cross-section’ );
48 title(’80 nm gold nanosphere extinction cross-section’);

In the last code snippet the simulation of the scattering and extinction cross-section
is demonstrated. For preparation, the arrays of resonance wavelength and the cross-
sections are initialized in their final size to avoid possible MatLab slowdowns. From line
34-38 the BEM solver is executed in a (parallelized) loop for each wavelength, where
the nanoparticle’s plasmonic response is determined and the scattering and extinction
results are copied into the corresponding array. Subsequently, the accumulated data is
plotted in a diagram, like presented in Figure 3.14b and c.

3.2.4 Calculation of the Electrical Field Enhancement and Scattering
Spectra of Different Nanoparticles

Monomer Antenna

In order to ease the evaluation, the electrical field enhancement resulting from the nor-
malization of the field distribution E⃗(r, θ) against the incident field E0 is examined
below. The following simulation results are obtained, using the introduced MNPBEM
toolbox.
The parameters are set as briefly explained below: The diameter of the spherical nanopar-
ticle is set to 80 nm and 20 nm, respectively and the geometrical nanoparticle models
consist of 529 triangle elements. Gold and silver are modeled by using the corresponding
wavelength-dependent refractive indices. For the environment of the nanoparticle in the
form of air or vacuum, a refractive index of n = 1 is assumed. The excitation of the
electric field in the form of a plane wave propagates in X-direction with polarization
in Z-direction. According to the spectral absorption peak of donor and acceptor of the
FRET-pair molecule, which are introduced in the next chapter, the excitation wave-
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Figure 3.15: Calculated electrical field enhancement maps of gold (a, b, d and e) and
silver (c and f) nanoparticles with 80 nm, respectively 20 nm diameter. The
nanoparticles are placed in a homogeneous air environment (n=1) and illu-
minated by a planewave excitation with two different excitation wavelengths
of 550 nm and 633 nm.

lengths used for the analysis are 550 nm and 633 nm. The calculation is performed in
three-dimensional space with a spatial resolution of 0.2 nm. For the two-dimensional
representation, the magnitude of the vectors at a distance of at least 0.1 nm from the
nanoparticles is displayed in order to filter out calculation artifacts on the surface of
the sphere. Finally, the spectrum of the scattering cross-section is calculated for the
simulated model in the wavelength range of 300-750 nm (s.f. Figure 3.16a). In Figure
3.15 the calculated electrical field enhancement distributions of three different nanopar-
ticles for two selected excitation wavelengths are shown. For the following analysis, the
field enhancement factors FE are observed at a distance of 5 nm below the nanopar-
ticle, equivalent to the antenna FRET-pair-molecule distance used in the experiments.
As expected, the field enhancement decreases when changing the diameter from 80 nm
to 20 nm. However, the ratio of the enhancement factors at the preselected excita-
tion wavelengths (FE,550/FE,633 ≈ 0.9) remains constant. In contrast, the 80 nm silver
nanoparticle (s. Fig. 3.15 c and f) provides identical enhancement factors for both wave-
lengths, so that FE,550/FE,633 ≈ 1. The cause of the different enhancement factors can
be explained by the scattering cross-section σscatt of the nanoparticles, which is defined
as

σscatt = k4

6πε2
0
|α(ω)|2 (3.81)
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Figure 3.16: a) Scattering cross-sections calculated for models of a spherical 80 nm gold
nanoparticle (AuNP) and silver nanoparticle (AgNP) in air. For visualiza-
tion, the cross-section of gold is amplified by factor 100. b) Zoom-in to the
spectral overlap region of the Förster resonance energy transfer for more
detailed comparison of the cross-sections of gold and silver.

with wavevector k = √
εdω/c of the surrounding dielectric medium. The simulated

scattering cross-sectional spectra of the 80 nm gold and silver nanoparticles are shown
in the wavelength range relevant for the FRET-pair in Figure 3.16. A representation
of the spectrum of 20 nm AuNP was omitted, since it is identical to the spectrum of
80 nm AuNP, but more than a factor of 4000 weaker. The zoom-in of the spectral region
corresponding to the FRET experiment demonstrates the differences in the scattering
cross-section for the two selected wavelengths. At 550 nm there is a stronger deviation
of both curves than at 633 nm. This is due to the fact that the AuNP is excited closer
to its LSPR than the AgNP. For the latter, only the tail of the LSPR accounts for the
enhancement. It should also be noted that the dependence of εd by nearby objects with
higher refractive indices, such as the glass tip in the used experimental configuration,
can cause a redshift of the spectrum. In addition to the scattering of the light by the
noble metal nanoparticles, a part of the incident energy is dissipated by the absorption
of light in the NP. The absorption cross-section can be written as

σabs = k

ε0
Im [α(ω)] . (3.82)

Comparing Equation 3.81 with 3.82, it is shown that the absorption cross-section scales
with R3

NP, while the scattering cross-section scales to R6
NP. Consequently, for small

particles (particle sized in the range of a few nanometers, such as the 20 nm AuNP) the
absorption dominates over scattering and for larger particles vice versa. In this context,
the previously simulated 80 nm AuNP and AgNP are assigned to the group of larger
nanoparticles. However, energy dissipation has to be taken into account later for the
interpretation of the experimental results.
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Dimer Antenna

In section 3.2.3 the coupling mechanism of metallic nanoparticles is discussed. The plas-
mon hybridization method indicates, that when two metallic nanoparticles are placed
nearby, very strong electrical fields can be generated in the gap region depending on
the nanoparticles properties. Also, due to the energy level splitting, the spectrum of
the scattering cross-sections exhibits significant changes. In order to take advantage
of such coupling effects, composite designs can be used.20,106 Of particular interest are
hetero-structures, i.e. structures providing an asymmetric size distribution of NPs, since
these were predicted by Mark I. Stockman to yield nanolensing capabilities.105 Anten-
nas following the design principle of self-similarity are characterized by a cascade of the
electromagnetic field enhancement. The undergoing mechanism can be described for a
chain of sequentially decreasing spheres as follows: In a first step, the largest particle en-
hances the incident field by a certain factor, depending on the nanoparticles properties.
Subsequently, the enhanced field excites the next smaller particle which also enhances
the field by a certain factor. This process continues as many times as the number of
nanoparticles the antenna is composed of. In this self-similar chain of nanospheres, the
nanolensing effect is characterized by the fact, that the strongest enhanced field is lo-
cated in the gap between the smallest nanoparticles. As a consequence, the gap plasmon
strength of, e.g. a dimer, can be by more than a magnitude higher, than of an individual
nanoparticle. Moreover, by variation of the nanoparticle distances, the antennas reso-
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placed in a homogeneous air environment and illuminated by a plane wave
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Figure 3.18: Scattering cross-sections cal-
culated for gold nanoparti-
cle dimers with gap sizes of
5.0 nm, 2.0 nm and 1.5 nm.
For comparison, the scatter-
ing cross-section of an 80 nm
gold nanoparticle is shown in
the top diagram (green dashed
line). The spectral resonance
positions of the single gold
nanoparticle and of the 1.5 nm
gap dimer are marked in order
to visualize the redshift of the
localized surface plasmon reso-
nance peak.

nance characteristics are altered according to the modification of the coupling forces in
terms of the classical oscillator model.
The simulations of the investigated multiple nanoparticle-antennas are carried out al-
most identically to the monomers. In an attempt to obtain sufficient data points in
the area of the gap for small nanoparticle distances, the spatial resolution is doubled to
0.1 nm. Additionally, the nanospheres are discretized in up to 1444 triangles for optimal
uniformity of the nanoparticles’ surface and gaps.
Figure 3.17 depicts the electrical field enhancement distributions for several simulations
of dimers with nanoparticle spacings ranging from 5.0 nm to 1.5 nm. For reference, in
Figure 3.17a and e) the simulations of the monomers are also included (from Fig. 3.15).
In comparison of the monomers and dimers, the enhancement factors are slightly in-
creased, while even higher values can also be achieved within the nanoparticle gaps.
Depending on the gap size, factors of 21 - 125 are reached in the simulated models.
In the past, similar constructs were used to detect molecules embedded in guest host
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Figure 3.19: Simulation of the cascaded enhancement of the optical field of self-similar
gold nanoparticle antennas for an excitation wavelength of 550 nm. The
optical antennas are placed in the identical environment as before. a) Three
gold nanoparticles with 80 nm, 40 nm and 20 nm are coupled with a gap
size of each 1 nm. b) A fourth 10 nm gold nanoparticle is placed below
the trimer, with an identical gap size. c) Corresponding scattering cross-
sections of the trimer and tetramer. For comparison, the spectral curve
of the dimer with a gap size of 1 nm is also shown (red dashed line). d)
Zoom-in into the spectral region of the redshifted plasmon resonance peaks.

systems.120,121 The scattering cross-section spectra in Figure 3.18, correspond to the
introduced dimers. The peak value, evaluated at the endpoint of the smallest NP, is
increased by a factor of ~2.2 compared to the individual 80 nm gold nanoparticle (in-
dicated by the green dashed line). In addition to this, the cross-section peak positions
of the 5 nm (Fig. 3.18a) and 1.5 nm (Fig. 3.18c) gap dimer are marked by grey dashed
lines. Here, a continuous redshift of about 26 nm of the spectral curve is observed with
decreasing gap size. As postulated by the plasmon hybridization method, the bonding
mode yields lower lying energy levels due to the growing coupling strength between the
two nanoparticles respectively oscillators. Note, that this effect can be utilized, to adapt
the plasmon resonance frequency of the used antenna to the excitation wavelength of
molecules under investigation, as demonstrated in Section 5.3.4.
In order to further investigate the cascaded field enhancement, simulations with ad-
ditional gold nanospheres with a diameter of 20 nm (s.f. Fig. 3.19a) and 10 nm (s.f.
Fig. 3.19b) are carried out with each gap distance set to 1 nm and an excitation wave-
length of 550 nm. As a result, the obtained field enhancement factors in the gaps are
up to ~190. Due to the smaller radii of the lowest nanoparticles, the electrical field ex-
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Figure 3.20: Scattering cross-sections simulated (by the classical MNPBEM toolbox
model) for very narrow gaps of a) 1 nm and b) 0.5 nm. In part c) both dimer
nanoparticles are partly merged and start to act as one large oscillator with
a significantly further redshifted resonance peak.

hibits a significantly higher concentration. The stronger confinement comes along with
a fast decay of the electromagnetic near-field. Therefore, the field enhancement factor
is determined for a boundary distance of 0.6 nm. The trimer yields an enhancement
factor of 9.3, while the tetramer reaches an increased factor 11.0, as expected by the
nanolensing effect. Here, it is important to note that the field enhancement factors are
directly dependent on the excitation wavelength, respectively the spectral profile of the
scattering cross-section, depicted in Figure 3.19c. The trimer and the tetramer exhibit
only a small redshift of ~5 nm compared to the dimer with a gap size of 1 nm (represented
by a red dashed line). Meanwhile, the peak value is further increased by up to ~46%.
Therefore, the resultant field enhancement factors can be further increased, e.g. up to
~15.4 for an excitation wavelength of 577 nm for the tetramer. Besides, the electrical
field is stronger focused at the bottom of the 10 nm gold nanoparticle in comparison to
the dimer, typically leading to a theoretical spatial resolution of <10 nm.
When further narrowing down the gap size in the simulated model, the obtained scat-
tering cross-section of dimers with 1 nm and 0.5 nm gap size in Figure 3.20a-b show
a continuous redshift of the spectral peak. In Figure 3.20c, a partly merged dimer
is depicted with a small volume overlap of 3.0 nm, which enables electron movements
from one nanoparticle to the other. Hence, the cross-section peak now corresponds to a
charge transfer plasmon (CTP) instead of the previously observed gap plasmon (GP).
For such gap sizes of ≤ 2 nm, a continuous transition starts from classical regime to
quantum regime, due to electron tunnelling between the nanoparticle surfaces and non-
local screening.122 Note, that the MNPBEM toolbox implements the Maxwell’s equation
(s.f. Section 3.2.3) and therefore does not cover quantum mechanical effects, as it is a
purely classical approach. For an incident electromagnetic field, the classical models are
not able to consider the actual localization of the induced surface charges.
For example, the induced currents flow through the metallic nanoparticle in one part of
the wave cycle and accumulate at the nanoparticle surface in the other part of the cycle.
The classical model assumes that the electrons are located in an infinitesimal thin layer
at the boundary. In contrast, due to electron-electron interactions, the electrons in real
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metals are distributed in a region with a certain thickness near the surface. 123 With-
out the idealized two-dimensional charge localization, the metal interface boundaries are
modified, such that the effective gap distance deviates from the given geometric prop-
erties.124,125 As a consequence, this effect needs to be considered for small structures or
gaps with sizes of < 2 nm where, e.g. the resultant redshift of the plasmon modes is
smaller than the prediction by the classical model.
Another involved quantum mechanical effect is the electron tunnelling. For narrow gaps,
the electron densities of the metal surfaces in the gap region start to overlap and con-
duction electrons can tunnel through the potential barrier. By this transfer of electrons,
a new plasmon mode emerges. The charge transfer plasmon typically provides strongly
redshifted resonance peak wavelengths in comparison to the gap plasmon. When the gap
is continually closed, the electron current between both nanospheres further increases and
the gap plasmon rapidly vanishes. The initial dimer can now be interpreted as one larger
nanoparticle or oscillator, with its corresponding increased resonance wavelength at, e.g.
~699 nm for an overlap of 3 nm (s.f. Fig. 3.20c). With continued nanoparticle merging
process, the resonance peak shifts to shorter wavelengths, as the effective resonator length
decreases. A comparison of the quantum-corrected model by Ruben Esteban et al.126,127

and a completely quantum-mechanical model based on time-dependent-density-function
theory (TDDFT),128 indicates that the ’tunnelling threshold’ is at approx. 0.4 nm
gap size. Thereby, the quenching of the plasmonic enhancement 129 and appearance of
charge transfer plasmons130 can be observed, before the nanoparticles are in direct con-
tact. Thus, for sub-nanometer gaps the tunnelling effect yields a smooth transition of the
plasmonic response from individual to surface-connected nanoparticle characteristics, as
the capacitive coupling is continuously replaced by conductive coupling.
In order to take full account of these effects, it is possible to perform complete quantum-
mechanical simulations, such as TDDFT. Currently, due to technological limits, modelled
plasmonic structure sizes of ≤ 10 nm are possible.124,128 However, the dimer antennas
with gaps of 1.5 nm and 2.0 nm used in the experimental investigations can be treated
classical, as the influence of quantum effects is limited to ≤ 10%.122 By contrast, e.g.
in Section 5.2 dimers with sub-1 nm gaps are also characterized and thus, the discussed
quantum mechanical effects have to be considered.

3.3 Fluorescence

3.3.1 Characteristic Processes

Luminescence is defined as the emission of light by an arbitrary object or substance,
and typically originates from electronically excited states. The involved processes can
be best understood using a two level quantum system. First, an incoming photon is
absorbed by the quantum system and excites electronic, vibrational and rotational sub-
levels. In Figure 3.21a, example (i) and (ii) visualize the transition paths of an excited
electron. The Born-Oppenheimer approximation states, that the electron motion is much
faster than the motion of the nuclei. This is also reflected in the transition time of an
electron to an anti-bonding molecular orbital when excited. The absorption process takes
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~10−15 s, while molecular vibrations are typically in the range of 10−10 − 10−12 s. Based
on this characteristic, the Franck Condon-Principle can be postulated: The highest
probability of an electronic transition is to occur without changing the positions of the
nuclei in the molecular structure and its environment. 131,132 This principle results in a
vertical transition of the excited electron into a Franck-Condon state. The exemplary
systems (i) and (ii) are based on two different nuclear configurations. The vibrational
states of ground state S0 and excited state S1 are identical, but the excitation transition
with the highest probability and the corresponding emission spectrum are different. The
probability of the transition is given by the Franck-Condon factor

FFC(χi, χj) =
⃓⃓⃓⃓∫︂

Ψvib
χi

(r) · Ψvib
χj

(r)dr

⃓⃓⃓⃓2
(3.83)

where χi and χj denote the vibrational states and Ψ is the electronic wavefunction of
the two level quantum system located at r⃗. In the systems in Figure 3.21a, the highest
probability is given for the transition from χ0 in S0 to χ0 in S1 for example (i) and
to χ2 in S1 for example (ii), as denoted by the red arrows. A common visualization
method for the excitation and relaxation paths is the Jablonski diagram, as depicted
in Figure 3.21b. In the next step, the electron quickly undergoes vibrational relaxation
(VR) into the lowest vibrational state in S1. In case the electron was previously excited
into state S2, it can relax into S1 by a process called Internal Conversion (IC), which
occurs on a timescale of ~10−12 s. Subsequently, the transition from the lowest excited
state S1 occurs to a higher vibrational state of the ground state S0 and is followed by
vibrational relaxation. Due to the different vibrational states to where transitions are
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Figure 3.21: a) Visualization of the potential energies in ground state and excited for
quantum systems with two different nuclear configurations. The vertical ex-
citation transitions, with the highest probability due to the Franck-Condon
principle, are denoted with red arrows. b) Jablonski-diagram depicting the
possible transition paths of valence electrons from the ground state into
different excited states and back.
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initial state | i 〉=|e,{0}〉

...
|g,{1ωk1

}〉

| f 〉=|g,{1ωk
}〉

|g,{1ωk2
}〉 |g,{1ωk3

}〉

final states

...

Figure 3.22: Schematic representation of the quantum-electrodynamic two-level system.
The transition occurs from an initial state |i⟩ = |e, {0}⟩ to a group of final
states |f⟩ = {1ω

k⃗
⟩ . The states consist of the atomic states |e⟩ or |g⟩, and

the single-photon states |{0}⟩ or |{1ω
k⃗
}⟩. The number of final states is given

by the partial local density of states. Note, that in this representation the
variable k⃗ is not the wavevector, but a label for a specific mode of the
radiation field, which itself is characterized by the polarization vector and
the wavevector.

possible, the ’Stokes Shift’ is visible as shifted sidepeaks in relation to the strongest
emission wavelength in the emission spectra. The excited electron always experiences
vibrational relaxation first before deexcitation, and the relaxation path respectively the
emission spectrum is completely independent of the excitation energy, which is known
as Kasha’s rule.133

The transition to the ground state of the excited electron can happen radiatively or
non-radiatively. In the first case, the luminescence is categorized into fluorescence and
phosphorescence, depending on whether the excited state before emission is a singlet or
triplet state. For a singlet state, the excited electron is paired to the second electron
in the ground-state orbital by opposite spin direction. Therefore, the direct transition
γo

D,rad is spin allowed and generally occurs after ’short’ state lifetimes of ~1-10 ns. More-
over, it can experience spin conversion, called Intersystem Crossing (ISC), to the triplet
state T1. In this case, the excited electron has now the same spin direction like the
ground state electron, and therefore the decay takes magnitudes longer (µs to ms) as
it is ’spin-forbidden’. Finally, also non-radiative transitions by quenching from either
S1 and T1 are possible. Although, there are several known mechanisms, typically the
interaction with triplet oxygen molecules causes the electron to go into the T1 state.
Furthermore, the oxygen can quench that long-living state to S0 by conversion of the
excitation energy to heat. In order to reduce the non-radiative transitions, in the ex-
perimental Section 4.1.1 the ambient air is replaced by a less reactive gas in form of an
argon atmosphere.
The relaxation of an excited electron is triggered by vacuum fluctuations of the electric
field, leading to a spontaneous emission of light. In order to determine the total decay
rate of the excited state, again the introduced two-level quantum system is used, pre-
sented in quantum-electrodynamic terms in Figure 3.22. The state energies are given
by Ei = h̄ωi for the excited state |i⟩ and Ef = h̄ωf for the ground state |f⟩, so Fermi’s
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golden rule yields:134

γ = 2π

h̄2
∑︂

f

⃓⃓⃓
⟨f |ĤI|i⟩

⃓⃓⃓2
δ (ωi − ωf) , (3.84)

where ĤI = −µ̂⃗ · Ê⃗ is the interaction Hamiltonian in the dipole approximation, with
dipole moment operator µ̂⃗ and vacuum electric field operator Ê⃗.
Under the circumstances of a continuous distribution of final states, in Equation 3.84
the sum can be reduced to an integral and solved due to the delta function to

γ = πω0
3h̄ε0

|µ⃗|2 ρµ (r⃗0, ω0) (3.85)

with the transition frequency ω0 and the partial local density of electromagnetic states
(LDOS) of the transition dipole moment µ⃗ located at position r0⃗. The LDOS is given
by

ρµ (r⃗0, ω0) = 6ω0
πc2

[︂
n⃗µ · Im

{︂↔
G (r⃗0, r⃗0; ω0)

}︂
· n⃗µ

]︂
(3.86)

with the dipole unit vector n⃗µ and the dyadic Green function
↔
G, indirectly defined by

E⃗(r⃗) = 1
ε0

ω2
0

c2
↔
G (r⃗, r0⃗, ω0)µ⃗ (3.87)

with the electric field E⃗(r⃗). Equation 3.85 states that the spontaneous decay rate de-
pends on the transition matrix element and the partial local density of states and allows
to establish a two-level quantum system in any environment with an arbitrary LDOS.
This enables decay rate engineering by modification of the environment in terms of the
LDOS, e.g. by application of an optical antenna (s.f. Section 3.4.1 for further details).
Regarding the Jablonski-diagram in Figure 3.21b, the emission rate γem can be deter-
mined by the excitation rate γexc with

γem = γexc · Q, (3.88)

where the excitation rate is proportional to the dipole moment µ⃗ and the electric field
E⃗(r⃗). The variable Q denotes the quantum yield, which is defined as the ratio of radiative
and non-radiative transitions from an excited state to the ground state:

Q = γrad
γrad + γnr

. (3.89)

3.3.2 Förster Resonance Energy Transfer

Energy Transfer (ET) can be basically defined as the migration of energy due to the
interaction of at least two individual entities. The involved entities can be of various
types, for example, ions, molecules, graphene or quantum dots. In case of the Res-
onance Energy Transfer (RET) the process is based on the coupling of point dipoles,
which transmit respectively receive the energy, as schematically outlined in Figure 3.23a.
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Figure 3.23: a) Basic function principle of energy migration. The donor transmits its
excitation energy, which is received by the acceptor. b) Simplified Jablon-
ski diagram of a donor-acceptor pair, coupled by Förster resonance en-
ergy transfer. c) Examples of various two-dimensional donor and accep-
tor dipole orientations in 45◦-steps and the corresponding orientation fac-
tors. d) Demonstration of the distance-dependence of the resonance energy
transfer, dividing the interaction into the far-field (kR ≫ 1) and near-field
(kR ≪ 1) regimes and a mixed zone (kR ≈ 1) inbetween. e) Exemplary
curve of the energy transfer efficiency in dependence of the donor-acceptor
separation.

The multitude of different entities demonstrates, that energy transfer is found in many
systems and therefore represents an important role.
For simplification, a system with two molecules is considered. One molecule is required
to be in an excited state and the other molecule in a ground or other energy accepting
state. By relaxation of the excited state of the first molecule, it is possible to trans-
fer the released energy to the second molecule. The energy-transferring and -accepting
molecules are referred to as the donor and the acceptor, which are separated by the
distance R. In dependence of the distance, the energy transfer relies on different mech-
anisms. If the molecular separation is comparable or larger than the wavelength of the
transferred photon (R ≥ λ), the donor emits a photon, which is subsequently re-absorbed
by the acceptor. This transmission mechanism is typically categorized as a long-range
or far-field interaction and is termed radiative RET.135 For smaller separations, a the-
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oretical model for short-range interaction was postulated by Theodor Förster.1,136 The
developed Förster equation indicates that the energy can be transferred non-radiatively,
as the evanescent waves radiated by the donor dipole interact with the acceptor and
yield a R−6 distance dependence.
For R ≪ 2 nm, the previously electric isolated molecules now overlap with their elec-
tron orbitals, enabling energy transport for example by exchanging electrons, called the
Dexter energy transfer.6 This process yields an exponential donor-acceptor separation
dependence and is weaker than the Förster Resonance Energy Transfer (FRET) when
the donor-acceptor-pair exhibits allowed dipole-dipole-transitions. It is also important
to note, that the type of the donor excitation and relaxation, does not influence the
energy transfer rate, as it primarily depends on the coupling mechanism.
In the classical electrodynamic representation for a donor-acceptor pair, Förster’s model
is based on Coulombic interaction. Here, donor and acceptor are represented by an os-
cillating charge distribution that induces a dipole with the corresponding dipole moment
µ⃗. Following the Jablonski diagram in Figure 3.23b, in the first step the donor needs to
be excited. Subsequently, the excited donor is required to dissipate its energy by spon-
taneous decay in form of radiation which leads to a decrease of the dipole moment. The
nearby located acceptor couples with its dipole to the radiated field, starts to oscillate
and therefore increases its dipole moment. In order to obtain the rate of energy transfer
γet, the electric field emitted by the donor with frequency ω needs to be evaluated at the
acceptors position, where it subsequently can be absorbed. The donor’s dipole electric
field is given by

p⃗D = µ⃗D · e−iωt, (3.90)

where the dipole moment is given by µ⃗D = µD · n⃗D. Next, the retarded electric field
received at the acceptor’s location can be written as137

E⃗D(R⃗) = |µD|
4πε0

{︃
k2 (n⃗R × n⃗D) × n⃗D

R
+ [3n⃗R (n⃗R · n⃗D) − n⃗D]

(︃ 1
R3 − ik

R2

)︃}︃
· eikr

n2 eiωt

(3.91)
with the frequency-dependent refractive index n(ω) and R defined as the donor-acceptor
separation with unit vector n⃗r = r⃗D − r⃗A/|r⃗D − r⃗A|2. The variable k is defined as the
magnitude of the wave vector and is calculated by k = ω · n(ω)/c. With the first term of
Equation 3.91, the far-field interaction of donor and acceptor is represented. Here, the
relevant electric field component is transverse to the direction n⃗R and therefore corre-
sponds to a wave propagating towards the acceptor. The other two terms contain longi-
tudinal components which can be ascribed to near- and intermediate-field interactions
due to evanescent waves. While the far-field interaction takes place for donor-acceptor
separations of R ≥ λ, primarily near-field effects occur when R ≪ λ, so that FRET can
be observed. The diversification into different interaction domains in dependence of the
distance of donor and acceptor138 can be understood by the example in Figure 3.23d.
Three regimes are established: near- and far-field interaction, as well as a mixed area in
which both mechanisms are combined with approximately equal influence.
In order to focus on the Förster resonance energy transfer, the second term of Eq. 3.91
is further evaluated at the position of the acceptor r⃗A under exclusion of the time-
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dependence:

ED(r⃗A) = |µD|
4πε0

{︃
[3R (R · n⃗D) − n⃗D]

(︃ 1
R3

)︃}︃
· eikr

n2 . (3.92)

The power absorbed by the acceptor is given by

Pabs = 1
2cε0σA(ω)n(ω)

⃓⃓⃓
E⃗(r⃗A)

⃓⃓⃓2
(3.93)

where σA is the absorption cross-section of the acceptor. Additionally, the electrical field
vector needs to be averaged, as the absorption cross-section represents an average for all
dipole orientations, and results in

Pabs = 3
2cε0σA(ω)n(ω)

⃓⃓⃓
n⃗A · E⃗D(r⃗A)

⃓⃓⃓2
. (3.94)

According to Lukas Novotny and Bert Hecht,49 the normalized rate of energy absorption
and spontaneous emission (in a quantum mechanical system) are equal:

γ

γo
= Pabs

P o
, (3.95)

where the superscript ’o’ denotes the free-space or reference values. For the donor, the
average of the radiated power can be expressed by

P o = |µD|2n(ω)
12πε0c3 ω4 (3.96)

and the normalized power absorption rate Pabs/P o can be determined by combination
of Eq. 3.94 and 3.96. Since the absorption cross-section and the refractive index ex-
hibit a frequency-dependency, the normalized rate also needs to be integrated over all
frequencies:

Pabs
P o

= 9c4

8πR6

∞∫︂
0

fD(ω)σA(ω)
n4(ω)ω4 · ([3 (n⃗A · n⃗R) (n⃗R · n⃗D) − n⃗A · n⃗D] (1 − ikR))2 dω, (3.97)

with fD(ω) defined as the normalized donor emission spectrum. Here, a critical pa-
rameter contained in Equation 3.97 is the orientation factor of the donor and acceptor
dipoles, which is defined by

κ2 = ([3 (n⃗A · n⃗R) (n⃗R · n⃗D) − n⃗A · n⃗D] (1 − ikR))2 (3.98)

and under the assumption of near-field interaction (1/k ≫ R) simplifies to

κ2 = [n⃗A · n⃗D − 3 · (n⃗R · n⃗D) (n⃗R · n⃗A)]2 . (3.99)

The analysis of Eq. 3.98 reveals, that both, the dipole orientation to each other and
the relative orientation to the separation unit vector nR⃗, are relevant. Furthermore, the
orientation factor gains a distance-dependence in the intermediate and far-field zone,
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Figure 3.24: Feynman diagram for fluorescence res-
onance energy transfer between donor
(D) and acceptor (A). Their effective
transition dipole directions are denoted
by TD and TA, with the dressed photon
propagator G (Green function).

while it stays constant for all separations in the near-field zone.
Consequently, as visualized in Figure 3.23c, the result in the near-field regime can range
from the minimum of κ2 = 0, if the dipoles and the separation vector are oriented
perpendicular towards each other and to n⃗R, up to the maximum κ2 = 4 for head-to-tail
parallel dipoles. This means that even with a relative perpendicular dipole alignment,
the energy transfer is not completely inhibited if the dipoles partially coincide with the
separation vector. Additionally, parallel oriented dipoles do not necessarily correspond
to the maximum orientation factor, as it is required that both dipoles are aligned in the
same direction of the separation vector. For randomly orientated donor-acceptor pairs,
e.g. by rotational diffusion in liquids, κ2 is statistically averaged to 2/3.
In order to describe the RET, the QED representation is also frequently used. Based on
Fermi’s golden rule, the ET rate can be related to the square of the transition matrix
element.139 In this formalism, the energy transfer is achieved by creation and annihilation
of a virtual photon, as schematically depicted by the Feynman diagram in Figure 3.24.
Due to the low fraction of quantum effects involved the studied FRET process, the
classical representation can be retained in the further discussions.
Taking into account that the spontaneous emission rate of the donor is given by

γo = Qo
D

τd
, (3.100)

where Qo
D and τd represent the intrinsic quantum efficiency respectively lifetime of the

donor, Equation 3.95 can now be reformed to the Förster equation in order to determine
the energy transfer rate

γet = 1
τd

(︃
R0
R

)︃6
(3.101)

with τd denoting the donor decay lifetime when decoupled from the acceptor and the
Förster radius R0. Accordingly, the Förster radius is defined as the donor-acceptor
separation R for which the energy transfer rate equals the spontaneous decay rate of
the donor. In Figure 3.23e the relation of the donor-acceptor separation and the ET
efficiency is visualized. It is evident, that the ET rate is extremely sensitive for R ≪ R0,
while in the range of R ≫ R0 only small changes occur. In the following, the Förster
radius can be expressed by

R6
0 = 9c4Qo

D
8π

κ2J(ω) (3.102)
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with the spectral overlap integral defined as

J(ω) =
∞∫︂

0

fD(ω)σa(ω)
n4(ω)ω4 dω. (3.103)

The overlap integral correlates the normalized emission spectrum of the donor with the
absolute absorption cross-section of the acceptor as a function of the wavelength. There-
fore, the overlap of the shapes of both curves are determined by the molecules properties
by means of the available optical transitions. Due to the Franck-Condon principle, op-
tical transitions exhibit varying probabilities in dependence of the wavelength, which
yields different emission intensities and absorption coefficients. Thus, for optimization
of the overlap integral, the donor and acceptor are required to possess excited states for
similar frequencies and a high Franck-Condon factor for the corresponding transition of
the acceptor.
Besides the energy transfer rate, the energy transfer efficiency is frequently used to quan-
tify the FRET-pair properties. The ET efficiency is typically defined by the fraction of
the donor’s emission rate with and without the acceptor. It can be expressed in terms
of the ET rate and the spontaneous decay rate:

ET = γet
γet + γo

, (3.104)

which can be solved with the Förster Eq. 3.101 to

ET = 1

1 +
(︂

R
R0

)︂6 . (3.105)

As the ET efficiency scales with R−6, it is taken advantage of the strong distance-
dependence of FRET-pairs, for example as a ’nanoruler’, in order to precisely determine
the distance of two molecules. For common FRET-pairs in applications and experiments,
the Förster radius usually ranges between 2 and 9 nm.
In an experiment, often the accessible values are the photon count rates (cps) of the
donor in the presence cpsD and absence cpso

D of the acceptor, as well as the acceptor
count rate cpsA itself. Here, the ET efficiency of a single FRET-pair can be determined
by the fraction of photon count rates acceptor and donor:

ET = cpsA
cpsA + cpsD

= 1 − cpsD
cpso

D
. (3.106)

Further accessible values are the decay state lifetimes of the donor in absence τd and
presence of the acceptor τda, which allows to determine the ET rate by

γet = τ−1
da − τ−1

d . (3.107)

In combination with Eq. 3.101, the energy transfer efficiency can be determined by

ET = 1 − τda
τd

. (3.108)
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With the determination of the energy transfer rate of a quantum-mechanical system,
consisting of two entities coupled by Coulomb interaction, a dependence of the ET rate
on several parameters results. These are found in the form of the orientation factor κ,
the spectral overlap integral J(ω), the refractive index of the environment n(ω) and the
donor-acceptor distance R.
Apart from the optimization of the parameters involved in the FRET process, 140 fur-
ther efforts are ongoing to increase the Förster radius, respectively the ET rate. A novel
approach poses the modification of the partial LDOS of the donor to enhance the spon-
taneous decay rate. This effect is for instance achieved by coupling to optical antennas,
whose influence on optical transitions are discussed in the following section.

3.4 Interactions with Optical Antennas

3.4.1 Antenna-Enhanced Fluorescence

Considering the spontaneous decay rate of a quantum emitter, Edward M. Purcell 1946
postulated an enhancement factor induced by its photonic environment, e.g. a cavity,
which is given by19

FP = 3
4π2

(︃
λ

n

)︃3
· q

Vm
(3.109)

with the free-space wavelength λ and cavity refractive index n, quality factor q and mode
volume Vm. The interaction of the quantum system with the modes of the environment
can be understood by means of the density of final states, which are related to the
emitters transition rate due to Fermi’s golden rule. In this context, the enhancement
factor can be defined as the ratio of the cavity and the free-space state densities:

ρc

ρo
= 1

8π

(︃
λ

n

)︃3
· q

Vm
. (3.110)

For a modification of the LDOS, not only cavities but also optical antennas can be
used, e.g. in the form of metallic nanoparticles, which have been demonstrated as an
appropriate tool in various applications.141–144

Depending on the separation of the optical antenna and the investigated quantum emit-
ter, a differentiation is typically made between three regimes. 49,145 For very short sepa-
rations the electron orbitals of the metal NP and the quantum emitter start to overlap,
which leads to a strong modification of the emitter’s electronic structure. Meanwhile,
for very large separations in the range of at least half the wavelength, the evanescent
field components are decayed, and thus, near-field effects cannot be utilized. For the
later experimental investigations have to be at a distance which relates to the optical
near-field regime. As a rough estimation, this corresponds to antenna-quantum emit-
ter distances of ~1-30 nm. In order to describe the electromagnetic interaction, for the
quantum emitter, e.g. in the form of a molecule, a simplified energy level system is
adopted, as visualized by the Jablonski diagram in Figure 3.25a. Additionally, the elec-
tron populations Nj correspond to the excitation states Sj , whereas triplet states are not
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Figure 3.25: a) Jablonski diagram of the available transition paths of a quantum emitter
with altered decay rates due to the modification of the LDOS, e.g. by an
optical antenna. The transition rates are γexc for excitation, γnr and γnr,P
for nonradiative decays, and γrad and γrad,P for radiative decays from the
excited singlet and triplet state. b) Differentiation of three enhancement
regimes, depending on the intrinsic quantum yield of the quantum emitter,
mode density and the illumination strength.

further considered due to the very low occurrence probability assumed for a high Q-yield
quantum emitter. In this case, the transition rate γ depends on the rate constant k and
the state population N , e.g. the excitation rate can be defined as γo

exc = ko
exc ·N0. Corre-

spondingly, the radiation rate is defined as γo
rad = ko

rad · N1. As demonstrated by Edward
M. Purcell , the transition rates are influenced by the quantum emitter’s environment.
For the experimental investigations in Chapter 5, the excitation and emission of light
by the molecule is of interest, such that the coupling of the optical field needs further
evaluation. Here, the LDOS defines the number of states which a photon can populate
in a quantum system before absorption. Thus, an enhancement of the excitation and
emission rates can be achieved by modification of the density of states ρ(r⃗) at position
r⃗, e.g. the position of the quantum emitter.
Since, absorption and emission represent different optical interactions, the LDOS needs
to be distinguished into three subsets.49,146 The first subset ρinc determines the num-
ber of states that can be populated by the incoming light, which depends on the light
frequency ωexc and momentum. The second subset ρpr contains the states that can be
occupied by a photon which is emitted by the molecule with frequency ωem and only real
values of the wave vector component kz. Hence, these photons are propagating waves
which can be detected in the far-field. In contrast, the third subset ρev describes the
states for photons with a complex-valued kz and corresponds to evanescent waves. The
following evaluation of the corresponding enhancement factors for these three subsets
roughly follows the description given by Kern et al.35
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For photon absorption, the excitation rate constant can be expressed by

kexc = σabsρincη (3.111)

with the mode population η and the molecule’s absorption cross-section σabs. Hence,
the excitation rate enhancement can be described by

Fexc = γ′
exc

γo
exc

= k′
exc

ko
exc

= ρ′
inc

ρo
inc

, (3.112)

where the superscript ′ denotes the antenna-modified values and the symbol o the free-
space properties.
The radiative enhancement Frad is governed by ρpr as only the far-field modes can be
detected in free space and therefore it is

Frad = γ′
rad

γo
rad

= k′
rad

ko
rad

=
ρ′

pr
ρo

em
. (3.113)

The free-space emission LDOS is given by ρo
em = ω2

0/(π2ε0h̄c3) with the frequency of the
emitted light ω0 and vacuum light speed c. Here, the radiative rate constant can be by
influenced through the LDOS. According to Fermi’s golden rule 147 krad can be expressed
by

krad = πω0
3h̄

|µ|2 ρpr (3.114)

with the molecule’s dipole moment µ.
Dissipation occurs due to the LDOS-subset ρev as the energy transferred to these modes
can’t be detected in the far-field and goes, for example, into ohmic losses. This effect is
typically referred to as ’quenching’ and the quenching factor is written as

Fquen = γquen
γo

rad
= kquen

ko
rad

= ρ′
ev

ρo
em

. (3.115)

Usually, Fquen can be omitted in free space or other environments with no metallic
structures nearby, as in that case it is ρev = 0. Based on the previous definition of the
various parameters, the total emission rate of the molecule can now be determined:

γtot
em = ko

excFexc · ko
radFrad

ko
excFexc + ko

rad (1/Qo − 1 + Frad + Fquen) . (3.116)

Furthermore, depending on the illumination intensity and quantum yield of the molecule,
three radiation enhancement regimes can be distinguished as visualized in Figure 3.25b.
The blue marked zone corresponds to a weak illumination (kexc ≈ 0) and high quantum
yield (Qo ≈ 1), so that the total emission rate is

γtot
em = ko

excFexc
Frad

Frad + Fquen
= γo

exc · Qo. (3.117)

Hence, the radiative transition rate exhibits a linear dependency to the excitation rate
and the blue zone is referred to as the linear regime.107 In contrast, the red colored ’lossy’
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3.4 Interactions with Optical Antennas

regime is assigned with a low quantum yield Qo ≪ 1 and the total radiative decay rate
is given by

γtot
em = ko

excFexcFradQo. (3.118)

The green saturation regime in Figure 3.25b corresponds to a strong illumination (kexc ≫
0) combined with a high quantum yield (Qo ≈ 1) and the radiation rate yields

γtot
em = ko

radFrad. (3.119)

Bharadwaj et al. have developed an expression particularly for the use of an spherical
metal nanoparticle (as previously introduced in Section 3.2.4). 148 According to their
model in the frame of the dipolar approximation, for a field E0⃗ by weak illumination,
the excitation rate takes the form

γexc = 3
2

ε0σexc
h̄ωexc

⃓⃓⃓
n⃗exc · E⃗(r⃗0, ωexc)

⃓⃓⃓2
, (3.120)

where the unit vector n⃗exc depicts the direction of the transition dipole moment, which
couples to the local field E⃗. The latter is given by E⃗ = (1+

↔
fE) · E⃗0 with the local field

enhancement factor
↔
fE. Furthermore, the emission rate γem can be expressed by

γ′
em = γ′

rad + γquen + γstim, (3.121)

where the stimulated emission rate γstim depends on the local field at frequency ωem

γstim = 3
2

ε0cσem
h̄ωem

⃓⃓⃓
n⃗em · E⃗(r⃗0, ωem)

⃓⃓⃓2
(3.122)

with the stimulated emission cross-section σem. The sum of the other two transition
rates can be resolved (in the range of validity of Fermi’s golden rule) with the partial
LDOS in Eq. 3.86 to

γ′
rad + γquen = γo

rad
2πc3

ω2
em

ρ(r⃗0, ωem). (3.123)

An estimation of γquen is possible under assumption of a plane interface instead of the
antenna particle’s curvature, which is valid to a first approximation (for small antenna-
emitter distances z). Therefore, the emitter interacts with its mirror image:

γquen = γo
rad

3
16Im

{︃
εm − 1
εm + 1

}︃ 1
(kemz)3

[︂
n⃗em · n⃗∥ + 2n⃗em · n⃗⊥

]︂
, (3.124)

where the wave vector kem is given by kem = ωem/c and the dielectric constant εm
denotes the antenna material at frequency ωem. Additionally, the unit vectors n⃗∥ and
n⃗⊥ represent the normals parallel and perpendicular to the antenna surface. Here,
maximum quenching is observed for Re{εm} = −1, which is correlated to the excitation
of surface plasmons along the plane interface. In contrast to localized plasmon modes,
these plasmons are non-radiative and dissipate into heat.
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Figure 3.26: Approach of an 80 nm gold
nanoparticle antenna towards a flu-
orescent molecule. The photon
count rate is acquired in depen-
dence of the distance of the optical
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right corner schematically shows
the approach procedure.

Recalling Eq. 3.58, the polarizability of a single spherical nanoparticle takes the form

α = 4πε0R3
NP

εm − 1
εm + 2 , (3.125)

where the resultant resonance condition is Re{εm} = −2 in contrast to the resonance
in Eq. 3.124. This difference is due to the fact, that whilst the antenna’s scattering
cross-section is based on a spherical structure, the dissipated energy is descripted by the
interaction with a planar surface. One obvious consequence of this quenching effect is
that the emission wavelength of a molecule should be redshifted from the LSPR for max-
imum antenna efficiency. Under consideration of Eq. 3.112, the excitation enhancement
factor for a spherical NP is given by:

Fexc =
⃓⃓⃓⃓
⃓1 + 2α̃(ω) R3

NP
(RNP + z)3

⃓⃓⃓⃓
⃓
2

(3.126)

with α = α̃4πε0R3
NP, which solely depends on the nanoparticle’s form in the dipole limit

RNP ≪ ωexc. Furthermore, for a molecular emitter, which can be represented by a dipole
µ⃗ aligned towards the antenna’s particle origin, emission multipoles of higher orders can
be ignored for RNP ≪ ωem. The correspondingly induced dipole in the antenna is
represented by µind. This enables to express the emission enhancement factor by:

Frad = |µ + µind|2

|µ|2
=
⃓⃓⃓⃓
⃓1 + 2α̃(ω) R3

NP
(RNP + z)3

⃓⃓⃓⃓
⃓
2

(3.127)

which in this case equals Eq. 3.126. This shows, that for high quantum yields, the emis-
sion enhancement is primarily related to the excitation rate enhancement. Furthermore,
with Equation 3.124 the quenching factor takes the form

Fquen = 3
4Im

{︃
εm − 1
εm + 1

}︃ 1
(kemz)3 . (3.128)
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3.4 Interactions with Optical Antennas

The interplay of the different enhancement factors can be followed by Figure 3.26. As
shown in the inset of the figure, the optical antenna is continuously approaching the
molecule, while the photon count rate is determined in dependence to the antenna-
molecule distance. For decreasing distances, an increasing fluorescence enhancement
can be observed, while for separations smaller than ~10 nm, quenching effects start
to dominate the optical response (spont. emission). In order to quantify the output
efficiency of a coupled emitter-antenna system, the quantum yield (QY) is an important
parameter. In regard to Eq. 3.89, the intrinsic QY is defined by Qo = γo

rad/ (γo
rad + γo

nr),
whereas the effective QY Q′ is modified through the inhomogeneous environment in
presence of the antenna. Thus, the nonradiative transition rate γquen is added, so that
Q can be written as

Q′ = γ′
rad/γo

rad
γ′

rad/γo
rad + γ′

nr/γo
nr + 1−Qo

Qo

= Frad

Frad + Fquen + 1−Qo

Qo

. (3.129)

Here, a critical parameter for a maximum QY is the antenna-molecule separation. In
the linear regime, Q′ equals Qo for large distances, while for extremely short separations
the dissipation losses dominate all other transitions, so that Q′ ≈ 0. For an 80 nm gold
nanoparticle (s.f. Fig 3.15a), the common separation is 4-5 nm. Note, that in case of an
emitter with very high intrinsic quantum yield (Qo ≈ 1), the antenna even lowers the
resultant QY, as the only non-radiative losses are by dissipation through the antenna.

3.4.2 Antenna-Enhanced Förster Resonance Energy Transfer

In the previous section, it was demonstrated that an optical antenna can potentially
enhance the radiative decay rate of a molecule. This effect has been shown by studies
including whole quantum emitters. As such Ru2+-complexes have been studied. Cou-
pling to an 80 nm AuNP antenna enabled investigations with single molecule sensitivity
despite of their weak QY<10−4.144 This raises the question whether the transition rates
of a FRET-pair can also benefit from an antenna, including the energy transfer rate and
correspondingly the ET efficiency, as visualized by the Jablonski diagram in Figure 3.27a.
For description of the interaction of FRET-pairs with plasmonic structures, Liang-Yan
Hsu and Wendu Ding published a generalized theory, discussing the ’Plasmon-Coupled
Resonance Energy Transfer’ (PC-RET).23,24 Here, PC-RET is addressed in the context
of quantum electrodynamics, as it is capable to describe adequately both, short- and
long-range effects combined in one theory.149–151 The FRET-pair model introduced in
Section 3.3.2 is used, with the donor and acceptor location given by r⃗D and r⃗A inside a
time-invariant medium with the refractive index n(ω).
In a first step, the total Hamiltonian is divided into the three segments of the molecular
Hmol, electromagnetic HEM and interaction Hamiltonian Hint. Here, HEM yields the
energy of the electromagnetic in an arbitrary medium and is described by means of a
bosonic vector field (in order to quantize the energy by photons). 152 In addition to this,
for the simulation model it is necessary to assume Fermi’s golden rule, the electric-dipole
approximation and the Condon approximation for the molecule’s electronic transition
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Figure 3.27: a) Simplified Jablonski diagram of a generic FRET-pair, coupled to a plas-
monic structure. Especially the energy transfer rate is significantly altered
in comparison to the FRET-pair in free space. b) Visualization of the emis-
sion and absorption of spectra of donor and acceptor in correspondence to
the coupling factor introduced by the optical antenna. The resultant gener-
alized spectral overlap is marked by the yellow area. (Part b adapted from
Hsu et al.24)

dipoles.
Then, the energy transfer rate can be expressed by24

γet = 2π

h̄

∑︂
d,d′

∑︂
a,a′

∫︂
dEphPd′Pa |⟨ϕa′ |ϕa⟩|2 |⟨ϕd|ϕd′⟩|2 |M(Eph, r⃗D, r⃗A)|2

δ(Ed′ − Ed − Eph)δ(Ea′ − Ea − Eph)
(3.130)

with the indices d′ and a′ (d and a) denoting the vibrational states of the excited (ground)
state of the donor and acceptor molecule. Additionally, the variables Pd′ and Pa are
assigned to the probability distributions of the donor and acceptor (at thermal equi-
librium) and the Franck-Condon factors are represented by |⟨ϕd|ϕd′⟩|2 (for the donor),
respectively |⟨ϕa′ |ϕa⟩|2 (for the acceptor). Basically, they can be understood as the
shape of the absorption cross-section σA(ω) and emission spectrum fD(ω). The param-
eter M(Eph, r⃗D, r⃗A) is defined as the transition amplitude, in dependence of the donor
and acceptor position, and the photon energy Eph. The transition amplitude is used to
describe the coupling strength of the FRET-pairs molecule and is given by 23

M(Eph, r⃗D, r⃗A) = −µDµA
n⃗A · E⃗D(r⃗A, Eph)

pex(Eph) = −µ⃗A · ˜︃E⃗D(r⃗A, E) (3.131)

with the transition dipole µ⃗A (µ⃗D) with its magnitude µA (µD) of the acceptor (donor)
and the electrical field ˜︃

E⃗D of the donor at the acceptor position. The scalar pex corre-
sponds to the external polarization P⃗ ex(r⃗, t) = pex(t)δ(r⃗ − r⃗D), generated by the donor
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3.4 Interactions with Optical Antennas

molecule utilizing the point-dipole approximation.23 The maximum magnitude is ob-
tained for the parallel orientation of n⃗A and E⃗D, which is an already familiar criterium,
defined by the orientational factor κ in classical RET (s.f. Eq. 3.98 in the ’FRET’-
Section 3.3.2). By substitution of Eq. 3.131 into 3.130, the energy transfer rate yields

γet = 9c4QD
τda8π

∫︂
dω

fD(ω)σA(ω)
ω4

⃓⃓⃓⃓
⃓ n⃗A · E⃗D(r⃗A, ω)

pex(ω)

⃓⃓⃓⃓
⃓
2

. (3.132)

It is important to note, that plasmonic effects, such as the enhancement of the radiative
transition rate of the donor, are included in the transition amplitude M . Thus, a careful
selection of the optical antenna in terms of its plasmon resonance is necessary, in order
to positively enhance the energy transfer, which the coupling factor strongly affects. In
the case that no plasmonic medium is present, Eq. 3.132 automatically takes the form of
the Förster equation. Consequently, the rate of energy transfer depends on the overlap
of the acceptor’s absorption cross-section, the normalized donor emission spectrum and
the coupling factor. This overlap is further referred to as the generalized spectral overlap
(GSO) J̃(ω), which reduces Eq. 3.132 to

γet = 9c4QD
8πτda

J̃(ω). (3.133)

Figure 3.27b exemplifies the GSO schematically.
Another important property of a FRET-pair is the energy transfer efficiency, which
is significantly dependent on the ET rate (recall Eq. 3.104), and therefore can also
be influenced by a plasmonic structure, e.g. an optical antenna in the form of a gold
nanosphere. For the antenna-enhanced energy transfer mechanism the ET efficiency can
be expressed by

ET ′ = FET · γo
et

FET · γo
et + (Frad + Fquen) · γo

= FEff · γo
et

FEff · γo
et + γo

(3.134)

with the effective enhancement factor Feff = FET/(Frad + Fquen) and ET enhancement
factor

FET = γ′
et

γo
et

. (3.135)

Depending on the choice of the antenna, this enhancement factor can be positively or
negatively modified and therefore, yields Feff < 1 or Feff > 1, which corresponds to an
observable decreased or increased ET efficiency. Reformulation of Eq. 3.134 results in

ET ′ =
(︄

1 +
1

ET o − 1
Feff

)︄−1

, (3.136)

so that it becomes obvious, that the achievable antenna-enhanced ET efficiency is exclu-
sively determined by the initial ET efficiency ET o and the effective enhancement factor
Feff . The equation also indicates, that the relative change of ET ′ increases for lower
values of ET o. Thus, an optical antenna is is expected to be perfectly suited to extend
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the ascertainable Förster radius, which is limited to ~8 nm in conventional RET.
A convenient method to approximate Feff is provided by the excitation rate γexc(A) which
corresponds to the ET rate of the FRET-pair. As the acceptor is supposed to exhibit a
high quantum yield (Qo

A ≈ 1), the excitation rate γexc(A) equals the emission rate γem(A).
Thus, the effective enhancement factor can be approximately determined by the ratio of
the fluorescence enhancement factors FD and FA of donor and acceptor:

Ffluo ≈ FA
FD

. (3.137)

In the context of the following characterization of the employed optical antennas in
Section 5.1, the various previously simulated nanoparticles exhibit values for Ffluo in the
range of ~1-10, indicating that an enhancement of FRET efficiency is to be expected.
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4 Experimental Setup and Materials

4.1 Optical Microscopy

4.1.1 Far-field and Near-field Optical Imaging with higher Order Donut
Modes

The measurements were realized with an in-house built AFM combined with a confo-
cal microscope (Eclipse-Ti-U, Nikon, Japan), which is equipped with an oil-immersion-
objective (CFI Plan Apo TIRF 100x NA 1.49, Nikon, Japan), a 100x100 µm2 piezo-
electric xy-scan stage (NanoH-100, Mad City Laboratories, USA) and an AFM scan
head. A custom-designed environmental chamber, mounted on the sample holder, en-
ables to apply argon gas to replace normal atmosphere, in order to protect the examined
molecules from oxygen and contamination. A detailed schematic representation of the
optical components and paths is given in Figure 4.1.

F

spectrometer

Nd:YAG
@ 532 nm

HeNe
@ 633 nm

DM

F    P  L         L  PC  L   PH   L    F      BC
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Figure 4.1: Schematical drawing of the setup (List of abbreviations: APD: avalanche
photodiode, BC: Berek compensator, BS: beamsplitter, DM: dichroic mirror,
F:Filter, FM: flip mirror, L: Lens, M: mirror, MO: microscope objective, P:
polarizer, PC: polarization converter, PH: pinhole, PLL: phase-locked loop
amplifier)
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Figure 4.2: a) Exemplary confocal scan image of single fluorescent molecules with a ra-
dially polarized beam. The beam enables to determine the orientation of
the molecule’s transition dipole as demonstrated by the three spots marked
by white dotted circles. b) Zoom-in of the marked spots and corresponding
simulated fluorescence patterns for (i) in-plane orientation, (ii) vertical ori-
entations and (iii) tilted by 45◦. The simulated patterns are taken from Sick
et al.77

Used excitation sources are a frequency doubled Nd:YAG laser (Compass 315, Coher-
ent, Germany) at 532 nm and a HeNe laser (Linos HeNe 633-15-P, Qioptiq, France) at
633 nm. The laser emission is first filtered by laserline filters Z532/10x or Z633/10x
(Chroma Technology Corporation, USA). Because of the slightly different refractive in-
dices for the used wavelengths, individually adjusted optical paths for the modulation
of the laser beams are built for each excitation source. The beam is reflected by two
orthogonal placed silver mirrors to control lateral position and direction of the beam.
As the transformation into a radially polarized donut beam requires a linear polarized
Gaussian mode and a beam diameter of ~7 mm, the beam passes through a Glan-Taylor
polarizer and is expanded by two lenses with focal lengths of 11 mm and 60 mm. The
beam is transformed by a liquid crystal polarization converter (Arcoptix, Switzerland)
and is spatially filtered by focusing the beam with a 60 mm lens on to a 20 µm pinhole.
In order to direct the beam precisely into the microscope beam input port, a mirror
periscope is used. A Berek-polarizer (5540M, Newport Corp., USA) is used to compen-
sate for phase shifts created during reflection on the mirrors. Additionally, the beam
power is adjusted by neutral density filters and measured via a powermeter (OP-2 VIS
& FieldMate, Coherent, Germany). Inside the microscope the beam is reflected into
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4.1 Optical Microscopy

the microscope objective (MO) by a dichroic mirror Z532/633rpc (Chroma Technology
Corp., USA) in order to separate the laser excitation from the fluorescence signal later
on.
After sample illumination, the fluorescence signal first passes an 8:92-beamsplitter pelli-
cle, where the minor part is directed onto a low-light CCD camera (Watec 120N, Watec
Co. Ltd., Japan) for manual control of the beam position and the correct height of the
focus plane. The major part is spectrally divided by a Chroma Z640dcxr filter, complying
to the emission spectra of the used FRET-pairs. To block laser excitation and crosstalk,
the signal passes through a combination of Chroma HQ580/60m + HQ590/75m to the
first APD, or through two Chroma HQ685/70m-filters to the second APD. Both APDs’
TTL outputs are connected to the pulse counter inputs of the RHK SPM100 unit (RHK
Technology Inc., USA) which also controls the xy-scan stage and operates in a typical
line-by-line mode. Inside the included XPMPro-software, for each pixel the number of
incoming pulses is integrated over a certain time interval and the corresponding fre-
quency is calculated and displayed in the scan images, that are taken for forward and
reverse line scan direction, for both APDs individually.
Due to the utilization of the radially polarized beam (s.f. Section 3.1.5), the orientations
of the molecule’s transition dipoles can be determined by analyzation of the fluorescence
patterns. In the exemplary confocal scan image shown in Figure 4.2, in-plane and ver-
tical dipole orientation can be distinguished. In rare instances, a molecule occurs to be
tilted and thus a mixture of the two fluorescence patterns occurs, as demonstrated in
Figure 4.2b(iii).

Antenna-Enhanced Mode

Antenna-enhanced measurements are carried out with the optical antenna attached to
the AFM scan head, which is mounted onto the top of the microscope (s.f. Figure 4.3a).
Control of the z-height and the xy-offset is realized by a segmented piezo-tube, where
the antenna is placed at the bottom end. The optical antenna in Figure 4.3b consists
of a quartz glass tip with a gold nanoparticle at the apex of the tip. The glass tip is
glued onto a piezoelectric tuning fork, which is mechanically excited at its resonance
frequency of ~32.6 kHz. At first, the electronically detected response signal passes a
two-stage amplification. Subsequently, the amplified signal is analyzed by means of a
phase-locked loop amplifier (RHK PLLPro, RHK Technology Inc., USA) to measure the
frequency shift from the oscillating tuning fork induced by the interaction forces acting
on the tip. Regulating on this frequency shift enables a sub-nanometer-precise control
of the tip-sample distance. The frequency shift can be calibrated to the distance, so that
it can be recorded for each image pixel. Hence, the sample topography can be acquired
simultaneously to the optical maps.
In order to map the electromagnetic enhancement provided by an optical antenna,
two different methodological approaches are employed. The first method utilizes the
background-corrected line profiles obtained from a molecule during a far-field and a
corresponding near-field scan. The second method is based on a manually controlled
variation of the antenna-sample separation. The photon count rate is acquired in de-
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Figure 4.3: a) Photo of the measurement head, placed on top of the microscope setup.
In addition, the optical path is drawn in. b) Zoom-in of the glass tip glued
to a tuning fork on a magnetic base. c) Further zoom-in with a schematic
representation of the experimental details, depicting a dimer antenna with
80 nm and 40 nm AuNPs in ~5 nm distance to a single molecule FRET-pair.

pendence of the distance, while the tip approaches continuously towards the surface, or
away from it. The acquired data is also subsequently corrected for the background signal
(e.g. by the illumination or the dark noise of the APDs) and the luminescence of the
antenna’s nanoparticle.

4.1.2 Time-Resolved Optical Emission Characterization

In order to evaluate the dynamic emission characteristics of the optical transmitters, pi-
cosecond time-resolved measurements are carried out. These provide information on the
excited state lifetime and blinking characteristics, and thus, on the coupling efficiency
of an optical antenna. For time-correlated single photon counting (TCSPC) investiga-
tions, two different pulsed excitation sources are used.The first source is a ps-pulsed
SuperK EXW-12 (NKT Photonics, Denmark) supercontinuum laser operating at 9.735
MHz repetition rate with 532 nm peak wavelength by combination of two filters (Ver-
saChrome TBP01-501/15 (Semrock, USA) on rotation mount PRM1/MZ8 (Thorlabs
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GmbH, Germany) and Chroma Z532/10x). The second source is a pulsed laserdiode
(LDH-P-C-640B & diodedriver Sepia PDL808+SOM808+SLM808, Picoquant GmbH,
Germany) with 10 MHz repetition rate, a wavelength of 639 nm and a pulse length of
~63 ps. The elliptical beam profile of the laser diode is corrected by an anamorphic
prism pair (PS873-A, Thorlabs GmbH, Germany). In the next step, the same beam
path like for imaging purpose is utilized and the APD-signals can be send alternatively
to the TCSPC module (PicoHarp300, Picoquant GmbH, Germany) to acquire intensity
time traces or realize time-domain lifetime measurements. The TCSPC module can be
run in two different operating modes, designated as ’TTTR’- and ’T3’-mode, which re-
sult in two distinct internal circuit configurations. Additionally, a laser beam shutter
is connected to ’active acquisition’-signal output of the module in order to prevent an
unnecessary illumination of the targeted molecule.
In the TTTR-mode, from the start of data acquisition, the module runs an internal
timer, which assigns an individual timestamp to each incoming photon count pulse sent
by the APDs. This enables to measure two independent input channels, and for ex-
ample, to further process the data into timetraces. In the T3-mode, one input channel
is connected to the laser pulse reference output, while the other input channel remains
connected to an APD. Here, every time when a reference pulse arrives from the laser,
a new timer is started. The timer stops when a photon count pulse is sent by an APD
or is reset, when a new laser reference pulse is detected. This enables two measure the
time interval between laser excitation of the investigated sample and the corresponding
response signal, and e.g., is usually carried out for the purpose of lifetime measurements.

Intensity Timetraces

The TCSPC module is operated in time-tagged time-resolved mode (TTTR mode),
so that for every detected photon the arrival time and detection channel is saved, as
schematically visualized in Figure 4.4a. Both detection channels are recorded indepen-
dently from each other to observe the time evolution of the fluorophore emission inten-
sities. In case of a FRET-pair emission, the timetrace can be further used to calculate
the FRET efficiency. Here, for compensation against blinking on short timescale (µs),
time intervals without FRET activity are filtered out by a count rate threshold. After-
wards, the photon timestamps are binned into 100 ms bins and a correction for channel
crosstalk, caused by fluorescence photons falling into the acceptor detection channel, is
applied. The correction follows countsA,corr = countsA −cblth ∗countsD, with cblth as the
bleedthrough constant (avg. confocal cblth = 0.06, antenna-enhanced cblth = 0.11). In
case of uncoupled donor emission after irreversible acceptor bleaching, the bleedthrough
constant can also be determined individually for that molecule. Afterwards, the FRET
efficiency is calculated for each time bin (ET = countsA,corr/(countsA,corr + countsD)),
sorted into a histogram and is fitted with a Gaussian distribution. Additionally, in case
the acceptor of the FRET-pair bleaches first, the FRET efficiency can also be determined
with the photon count rates of the donor before (countsD) and after the photobleaching
(countsD0). The FRET efficiency is then obtained by ET = 1 − (countsD/countsD0),
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Figure 4.4: Schematic data processing steps: a) In TTTR-mode the photon count pulses
of both APD channels are independently recorded by timestamps of each
pulse. Subsequently, the photons are binned in fixed time intervals and
the count rate is calculated. b)In T3-mode one APD channel is replaced
by the laser pulse reference signal. The internal module timer is restarted
every time a reference pulse arrives, in order to measure the time interval
between excitation and response. The interval is internally calculated and
then transferred to the computer in order to sort the different results into a
histogram. Finally, an exponential fit can be applied.

which can be used, for example, for crosschecking purposes.
For evaluation of the blinking characteristics of single molecules, typically the offtime
probability distribution is obtained from the occurring emission offtimes. 153 The time
intervals between photons, which were filtered out by the count rate threshold, are
weighted by the average distance to its next neighbour and are plotted in a double log-
arithmic diagram in dependence of the interval length. Therefore, a linear evolution
corresponds to a typical power law dependence, as it is typically found for individual
molecules.154–156 In the next step, a linear fit is applied to the offtime probability den-
sity distribution. Here, only datapoints which exhibit a high probability are taken into
account, i.e. the exponential cutoff region at longer offtime intervals is omitted due to
the lower confidence level of the affected datapoints.

Time-Domain Lifetime Measurement

In contrast to the acquisition of time trajectories, the TCSPC module runs in the so-
called T3 mode, so that the first input channel is now connected to the sync pulse
output of the pulsed excitation source for timestamp referencing, as shown in Figure
4.4b. The second input channel is still connected to an APD and the relative time
interval between excitation pulse and fluorescence photon is recorded, as well as the
absolute time since the measurement started. For measurement control and data trans-
fer, a self-written MatLab script (The Mathworks Inc., USA) is executed, utilizing the
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manufacturer-provided programming interface (Phlib-API, Picoquant GmbH, Germany)
for direct TCSPC module access. First, the recorded absolute timestamps are integrated
into 100 ms bins for visualization of the timetrace to check for emission intensity char-
acteristics, e.g., if an observed FRET-pair is intact. Second, the corresponding relative
time intervals are counted in a histogram with bin widths spaced to 4 ps, respectively
multiples of 4 ps. As every APD exhibits a specific instrument response function (IRF),
in combination with the laser excitation pulse form and the optical transfer function of
the setup, it is also acquired with an empty, clean cover slide sample to prevent any dis-
tortion by fluorophores, nanoparticles, etc. The full width at half maximum (FWHM) of
the IRF also needs to be considered for timing resolution, while it is difficult to specify
a general lower limit of the fluorescence lifetime. As a rule of thumb, one can assume
a resolution of 1/10 of the IRF width in case of low noise and sufficient counts in the
histogram.157 The acquired decay histograms are fitted with a multiexponential function
(f(t) =

∑︁
n = exp(−t/τn)), with the fluorescence decay rate constants τn. Here, the de-

cay model fit is optimized via the Levenberg-Marquardt algorithm and reconvolution by
the corresponding IRF for increased timing precision (FluoFit Pro, PicoQuant GmbH,
Germany).

4.1.3 Spectroscopy Techniques

Fluorescence Emission Spectroscopy

In order to measure fluorescence emission spectra, the microscope is switched to its
second output port, which corresponds to the beam path below the APDs, depicted in
Figure 4.1. Here, a motorized mirror flip allows to switch between a low-light camera
(Watec 120N) for control of laser focus adjustment and the beam path to the spec-
trometer. By a two-lens-system, the beam is first collimated, passes through a longpass
filter for 532 nm (LP03-532RU, Semrock, USA), respectively 633 nm (LP02-633RE-25,
Semrock, USA) excitation wavelength, and is finally focused onto the spectrometer in-
put. The used spectrometer basically consists of a diffraction grating with 300 lines/mm
(Acton 2300i, Princeton Instruments, USA) and a liquid nitrogen-cooled CCD-camera
(PyLoN:400BR, Princeton Instruments, USA). Before use, the spectrometer is precisely
calibrated by a HgAr-light source for wavelength offset, and linear and dispersion errors,
to provide a spectral wavelength precision of 0.1 nm. Also, for the desired exposure du-
ration the camera noise is measured and subsequent spectra are automatically corrected
by the acquisition software (WinSPEC, Princeton Instruments, USA). Afterwards, the
spectral data is fitted via the MatLab curve fitting tool in order to obtain peak position
and width.

Dark-Field Spectroscopy

For acquisition of the localized surface plasmon resonance (LSPR) spectra of the tip-
attached metal nanoparticles, a separate custom beam path is introduced as visualized
in Figure 4.5. In the first step, the linearly polarized laser beam of the supercontin-
uum laser is filtered from the IR-radiation ≥950 nm by two cascaded dichroic mirrors
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Figure 4.5: a) Schematical representation of the dark field setup for annular beam illumi-
nation and nanoparticle scattering spectrum detection (List of abbreviations:
A: aperture, AX: axicon, BD: beam dump, BS: beamsplitter, DM: dichroic
mirror, F: filter, FM: flip mirror, L: lens, M: mirror, MO: microscope ob-
jective, PH: pinhole, PM: point mask). b) Annular beam cross-section after
passing the point mask in order to block central illumination due to diffrac-
tion, c) Focused annular laser beam for illumination of the nanoparticles. d)
Exemplary scattering signal of an 80 nm gold nanoparticle detected by the
dark-field cam

(DMSP950T, Thorlabs GmbH, Germany), so that the VIS spectrum is used for optical
excitation. Followed by two orthogonal oriented mirrors, the beam can be adjusted pre-
cisely in terms of lateral position and direction. Subsequently, the beam is widened and
spatially filtered by a combination of two lenses (11 mm and 100 mm) and a 20 µm pin-
hole, so that a Gaussian beam intensity profile is obtained. Next, two tip-to-tip oriented
axicons (AX255-A, Thorlabs GmbH, Germany) transform a single mode Gaussian beam
into an annular beam with a diameter sufficient to fill out the focal backplane aperture
of the MO. An additional optional filter provides a wavelength-selective excitation, if
required. Afterwards, a mirror periscope, similar to the one introduced in Section 4.1.1,
enables to direct the beam precisely into the microscope beam input port.
Inside the microscope the annular beam is first filtered by a point mask, as due to
diffraction a weak central spot builds up during propagation from the axicons to the
microscope objective. Then, the beam is reflected by a 50:50-beamsplitter into the mi-
croscope objective. The scattered and reflected beam passes the beamsplitter again,
whereas the reflected beam components are subsequently blocked by an 1 mm aperture
and only the scattered spectrum signal is further transmitted. By a flip mirror, the beam
can be directed to the dark-field cam (DS-Fi2 + DS-U3, Nikon, Japan) to acquire color
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4.1 Optical Microscopy

images (s.f. Figure 4.5c, d) or the spectrometer output port. The microscope features
also an optional Bertrand lens built into the dark field camera output port and, e.g. for
adjustment purposes, the laser focus can be imaged (s.f. Fig. 4.5c) when the aperture
is removed. The lenses in front of the dark-field camera collimate and expand the beam
to fill out exactly the CCD chip area.
In case the second output port is selected, the beam is first collimated and then focused
by a two-lens-system onto the input slit of the spectrometer. The optional filter between
both lenses can be used, for example, to block specific wavelength bands or to attenuate
the beam intensity. The scattered signal is measured by the spectrometer in a similar
routine to the fluorescence signals. Finally, the spectral data is corrected for the back-
ground noise and the optical transfer function, which is determined by the laser emission
spectrum, the optical components and the spectrometer CCD.
The acquisition of dark-field spectra is not only limited to nanoparticles located on a
cover slide, but also available for tip-attached nanoparticles. The nanoparticle is brought
into the laser focus identically to the procedure introduced for antenna-enhanced image
scans and the spectrum is detected with no other modifications required. Nanoparti-
cle coupling effects onto the LSPR spectrum can be studied by placing an additional
nanoparticle onto the cover slide surface, and positioning it into the focus area next to
the other nanoparticle (refer to Section 5.1.2 for further details).
For characterization of the plasmon response of the cucurbit[8]-linked gold nanoparti-
cle dimers presented in Section 5.2.3 (or also for SiO2-Au-PNIPAM superclusters158), a
second setup is utilized. In contrast to the first setup, which provides a reflected light
geometry, this setup is implemented in a transmitted light configuration, i.e. the excita-
tion beam propagates through the sample. As illustrated in Figure 4.6, the illumination
source is a halogen lamp (D-LH/LC, Nikon, Japan) and the light is directed into a
dark-field condenser. The light is focused onto the nanoparticle(s) on a glass substrate,
which can be moved by a piezoelectric stage (Nano-H, Mad City Labs Inc., Ireland), and
collected by the microscope objective (PlanFluor 100x with variable iris (NA 1.3-0.5),
Nikon, Japan). The iris of the MO is typically operated in the range of NA=0.5-0.75
in order to separate the plasmon response signal (central beam) from the illumination
light (outer ring beam). The signal output can be selected with a flip mirror, with the
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right beam path leading to a two-lens-system for beam expansion and the dark-field
camera. The left path is used for observation of the beam and acquisition of the spectra
by a spectrometer (Shamrock-303i-A, Andor Inc., Ireland) with an attached EMCCD
(Newton DU970P-BVF, Andor Inc., Ireland).

4.2 Samples and Molecules

4.2.1 Glass Tip Functionalization and Gold Nanoparticles

Required materials for the preparation of an optical antenna are spherical gold nanopar-
ticles (AuNP) with 80 nm diameter (EM.GC80, BBI Solutions, UK) and glass tips made
from quartz capillaries with an outer diameter of 1 mm, pulled apart by a micropipet
puller (P-2000, Sutter Instruments, USA) to obtain sharp glass tips. Afterwards, the
glass tips are plasma cleaned (Atto, Diener electronic GmbH + Co. KG, Germany) and
functionalized by vapor phase deposition of 3-amino-propyltrimethoxysilane (APTMS,
#281778, Sigma-Aldrich, Germany) for ~1 h. The APTMS molecules are aminogroups
which silanize onto the quartz glass tip surface in form of a monolayer. Excess APTMS
on the tips is removed by subsequent rinsing with Toluol and ultrapure DI water (each for
~10 s) and are finally dried with N2. In order to attach a gold nanoparticle to the func-
tionalized glass tip, the AuNP-solution is previously cleaned from additives by centrifu-
gation and replacement of the original solvent with ultrapure DI water (18.2 MΩ/cm).
Subsequently, drops of the AuNP-solution are deposited on an ethanol-cleaned cover
slide and dried on air. As the AuNPs are citrate-stabilized, their surface is negatively
charged. This enables them to bind electrostatically to the positively charged surface
of the functionalized glass tip during the picking process. First, the functionalized glass
tip is mounted onto the AFM scan head and a topology scan of an area on the AuNP
sample is acquired, as shown by the example in Figure 4.8a. In the next step, the tip

b) c) d)a)

Figure 4.7: a) Chemical structure of 3-amino-propyltrimethoxysilane b-d) Schematic
metal nanoparticle picking process: b) The glass tip with a chemically func-
tionalized surface is positioned centrally above the targeted nanoparticle.
Subsequently, the tip approaches towards the sample surface. c) The glass
tip chemically binds with the NP. d) Retraction of the glass tip with the
attached nanoparticle.
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Figure 4.8: Exemplary topographical scans of a) a spherical 80 nm gold nanoparticle by
a functionalized glass tip and b) a 40 nm gold nanoparticle by a tip-attached
80 nm gold NP. c) Schematic topographical change of the sample by picking
a nanoparticle enables to validate that the correct nanoparticle is attached
to the tip.

is positioned directly above one AuNP and, with the force feedback loop set on hold,
approaches until the tuning fork resonance frequency shows a strong shift. This indicates
strongly increased interaction forces, which means that the tip touches the AuNP. Fi-
nally, the AuNP binds to the tip. Afterwards, the tip is retracted to the initial height and
the force feedback loop is reactivated. The previous location of the attached nanopar-
ticle is scanned again, like schematically shown in Figure 4.8c, in order to validate that
the correct nanoparticle was picked.

4.2.2 Additional Functionalization of Gold Nanoparticles
In order to attach a second nanoparticle onto the previously picked nanoparticle, the
glass tip with the attached nanoparticle is immersed for 1 min in a 0.05% solution of
1,6-Hexanedithiol (#725382, Sigma-Aldrich, Germany) in ethanol (s.f. Figure 4.9b)
and afterwards dries for at least 15 min. This linker molecule typically provides a gap
distance of ~1.5 nm.
For narrower gaps another linker molecule can be used, e.g. Cucurbit[8]uril hydrate
(CB[8], s.f. Fig. 4.10a), with a 10 nM solution in ultrapure DI water. Here, the tip is

a) b) c) Figure 4.9: General AuNP dimer picking
procedure: a) Chemical bath of
tip-attached AuNP, b) Central
pressing of the upper nanoparti-
cle onto the smaller nanoparticle
on the surface c) Retraction of
the glass tip with newly formed
dimer from surface

71



4 Experimental Setup and Materials

40 nm AuNP80 nm AuNP

~1.5 nm

O

O

N

N

N

N
H H

● xHCl

● xH2O

8 ~0.9 nm

80 nm AuNP 40 nm AuNP

a)

b)
(ii)

(ii)(i)

(i) with
AuNPs

Figure 4.10: Chemical structure (i) and 3D model (ii) of a) Cucurbit[8]uril hydrate and
b) 1,6-Hexanedithiol

immersed for 5 min in the solution, then another 5 min in ultrapure DI water, and finally
dries off for at least 30 min. This linker molecule typically provides a gap distance of
~0.9 nm. If necessary, the NP-sample is exchanged, e.g. to 40 nm gold nanoparticles.
Further on, the same picking procedure can then be used to attach additional NPs to
form, for example, trimer tips.

4.2.3 Electrostatic Self-Assembled Asymmetric AuNP Dimers

For the preparation of self-assembled gold nanoparticle dimers, the citrate stabilized
40 nm gold nanoparticles (EM.GC40, BBI Solutions, UK) are first diluted in ultra-
pure DI water until a concentration of 15 · 10−6 M is reached. A higher stability of
the nanoparticles during the ligand exchange reaction is achieved by adding Tween 20
(5.00 mg, 4.07 µmol; Carl Roth GmbH + Co. KG, Germany), and the solution is stirred

a) (i)

(ii)

b)

~0.7 nm ~0.5 nm

citrate cysteamine 40 nm
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Figure 4.11: a) Chemical structures of (i) citrate and (ii) cysteamine, b) Schematical
representation of the electrostatical forced formation of the dimer structure
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for ~30 min. Subsequently, cysteamine (s.f. inset (ii) in Fig. 4.11a) is added to the solu-
tion, which is stirred for another 3 h and then purified by dialysis overnight. Afterwards,
the 40 nm AuNPs are mixed with the 80 nm gold nanoparticles in a 2:1 V% ratio for
24 h for formation of the electrostatically linked dimers with an (expected) gap size of
~1.2 nm, as schematically outlined in Figure 4.11c. The resultant dimer solution is then
used without any further purification and is prepared on the required substrates, such
as glass or TEM-grids.

4.2.4 AuNP-Coated Coverslides

For preparation of the gold nanoparticle substrates, glass coverslips (No.1, Menzel, Ger-
many) are cleaned by sonication bath in 1% aqueous Hellmanex (Hellma GmbH & Co.
KG, Germany) solution at ~70◦C for 30 min to remove any contaminations. Afterwards,
the samples are thoroughly rinsed and placed in ultrapure DI water for additional 30 min
in a sonication bath. The coverslips are rinsed once again and then functionalized by
vapor phase deposition of APTMS (s.f. chemical structure in Fig. 4.7a) identically to the
procedure used for the glass tips. The subsequent rinsing treatment and AuNP-solution
preparation also follows the procedure previously described. The AuNP-solution is then
spincoated onto the glass substrate. The gold nanoparticles chemically bind to the
APTMS monolayer, and thus, are fixed on their positions.

Figure 4.12: Schematic representation of the
glass substrate coated with a monolayer of
APTMS and individual gold nanoparticles.
The NPs are fixed on their positions, as
they are chemically bound to the mono-
layer.

glass substrate
APTMS layer
gold nanoparticles

4.2.5 Polyethylenimine-Coated Cover Slides

In order to obtain polyethylenimine (PEI) coated cover slides, first the cover slides
are cleaned as described in the preceding section. Afterwards, they are immersed into
a solution of 300 ml ultrapure DI water and 100 µl PEI suspension (concentration:
0.164 M) for 30 min to achieve a thin polyethylenimine coating. Followed by another
rinse and a 10 min sonication bath treatment at room temperature to remove excessive
PEI-molecules, as well as a final rinse, the coverslips are dried with N2. The prepared
cover slides can then be employed, e.g. as a substrate for fluorescent molecules, as later
described in Section 4.2.6.

4.2.6 DNA-Bound FRET-Pairs

For realization of precisely defined FRET-pairs, ATTO550 and ATTO633 (ATTO-TEC
GmbH, Germany) are selected as donor and acceptor fluorophore. Both molecules are
bound to complementary single DNA strands (ssDNA) with 39 base pairs, as shown in
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Figure 4.13: a) Schematic representation of both complementary ssDNA strands with
the donor and acceptor molecules bound onto specific locations. These
are hybridized to a FRET-pair based on a single dsDNA strand. b) Sep-
aration vector and orientation of the transition dipoles, determining κ2.
c) Schematic representation of the chemical structure of 6-hydroxy-2,5,7,8-
tetramethylchroman-2-carboxylic acid (Trolox).

Figure 4.13a. In order to prepare two model systems with different FRET-efficiencies,
the donor is fixed at the end of the DNA-sequence X-5’-ATCTCACGATTAAGATG
AGTATAAGAAATAGGAGCAACA-3’ (X = donor bound to end of DNA-sequence),
while the acceptor is placed at two positions 3’-TAGAGTGCTAAXTCTACTCATAT
TCTTTATCCTCGTTGT-5’ (X = acceptor at T base) and 3’-TAGAGTGCTAATT
CTACTCATXTTCTTTATCCTCGTTGT-5’ (X = acceptor at A base). The distance
between the different acceptor positions is 10 base pairs (=3.4 nm), which corresponds to
a complete DNA helix turn, to maintain the relative orientation of the transition dipole
moment of donor and acceptor. Therefore, modifications of the orientation factor κ are
avoided and changes of the transfer efficiency can be assigned to the donor-acceptor
distance.
Here, the absolute donor-acceptor-separation accounts to 5.5 nm, respectively 8.9 nm,
resulting in two different FRET efficiencies. Donor and acceptor are hybridized into
FRET-pairs on a double-stranded DNA (dsDNA), by heating the mixed solution in an
oven at 75◦C. Afterwards, the concentrated stock solution is diluted to a final concen-
tration of ~100 pM with a solution of 1.5 mM Trolox and 12.5 µm Tris-EDTA buffer (for
ph-value regulation). Trolox is a synonym for 6-hydroxy-2,5,7,8-tetramethylchroman-2-
carboxylic acid (Trolox, #238813, Sigma-Aldrich, Germany) and a water-soluble analog
of vitamin E (see Fig.4.13c for chemical structure). As it has been shown in previous
studies, Trolox acts as an antiblinking and anti-bleaching agent, so that e.g. the number
of emitted photons before irreversible photobleaching can be increased. 159,160 The Trolox
solution is prepared by dissolving Trolox powder in ultrapure DI water by sonication for
several hours. Afterwards, the solution is filtrated to remove any undissolved residuals
and long-term stored at -18◦C for further use. The FRET-pair samples are prepared
with about 20 µl of the FRET-pair-solution dropped on a PEI-coated coverslip. The
DNA-solution is incubated for ~20 s and then, the residual liquid is spinned off at a
rotation speed of 3000 min−1. As the donor and acceptor molecule are completely fixed
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at their positions on the DNA strands (also no rotational movements), the transition
dipole orientations are also static (s.f. Fig. 4.13b). Therefore, the orientation factor κ
in the overlap integral J of a FRET-pair cannot be approximated to the statistic aver-
age of 2/3. Also, the orientation factor is not specified by the manufacturer and can’t
be directly measured. Therefore, κ is determined by taking the other characterized
FRET-pair parameters (s.f. Section 5.3) into account and reforming Equation 3.102.
Additionally, the refractive index yields n ≈ 1.5290, due to the PEI coating. This leads
to κ2 ≈ 3.25, which most probably corresponds to a tail-to-tail parallel orientation with
a slight transverse offset. This result is taken into account later to differentiate between
intact and malfunctioning FRET-pairs in the fluorescence images based on the found
emission pattern. According to the value of 3.25, the lobes of the emission pattern of
donor and acceptor must overlap.
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5 Results

In this chapter the results obtained on individual and ensemble averaged FRET measure-
ments in the presence of an antenna are discussed and compared with common confocal
FRET investigations. In order to provide the full picture on the modification of the tran-
sition rates of the donor, acceptor and the coupled donor-acceptor-pair by an antenna,
at first, the different types of used NP antennas are characterized for their far-field and
near-field optical properties. In particular, these investigations aim at their plasmon
resonances, the provided signal enhancement capabilities at distinct absorption wave-
lengths and the obtained light confinement. Based on this initial characterization, the
antenna geometry and the nanoscale morphology of NP gap antennas are sequentially
considered to evaluate the impact on their optical properties.

2 µm

Metal NP structures Fluorophores & FRET-pairs

500 nm

80 nm AuNP

20 nm

dimer

SEM TEM Dark-field Imaging Timetraces Lifetimes

1 µm

+ NP

+
monomer

Fl. Spectra

Figure 5.1: Overview of the different characterization methods used for the metallic
nanoparticles on substrates or attached to the glass tip, and also for the
single fluorophores or, in hybridized form, as FRET-pairs.

The second section then comprises the characterization of the unmodified single donor
and acceptor molecules in terms of their absorption and emission spectra and addresses
their photostability in the confocal and the antenna-coupled state.
In the last section, the antenna-induced modifications of energy transfer rate and effi-
ciency of FRET-pairs with initially high and low energy transfer efficiencies are charac-
terized in detail in the frame of a single molecule study as well as comparative ensemble
averaged measurements. These investigations clearly demonstrate that optical anten-
nas with well chosen optical properties enable a modification of the FRET state. The
obtained experimental results are compared to recently developed theories addressing
PC-RET to the modification of the spectral overlap integral.
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5.1 Optical Antenna Characterization
5.1.1 Spherical Noble Metal Nanoparticle Antennas
In this section monomer antennas in the form of spherical gold and silver nanoparticles
are characterized for their optical properties. Silver and gold monomer antennas pro-
vide the simplest antenna structures with largely spectrally distinguishable far-field and
comparable near-field properties in the spectral range of 500-650 nm considered for the
FRET investigations (s.f. Section 3.2.4). The latter can be simply addressed by probing
the modification of the spontaneous emission rate of single dye molecules with a high
intrinsic quantum yield (QY).
In Section 3.4.1 it is shown that the spontaneous emission rate is given by the product
of the excitation rate and the intrinsic quantum yield. Hence, for a high-QY emitter,
i.e. Qo ≈ 1, the enhancement of the spontaneous emission rate by an optical antenna is
largely governed by the enhancement of the electromagnetic field. I.e. the modification
of the fluorescence emission can be used to probe the electric near-field distribution and
thus, as an indicator of the enhancement capabilities of an antenna. However, using
the approach instead of more sophisticated methods, such as, utilization of femtosec-
ond laser-induced ultrafast photoemission,161 EELS,162,163 SERS,164,165 or two-photon
excited photoluminescence,166 one has to take into account that the metallic nanostruc-
ture also imposes quenching of the fluorescence signal. Therefore, the previous mapping
of high Q-yield quantum emitters provides only an approximation of the local elec-
tromagnetic field enhancement. In fact, this methods always underestimates the real
electromagnetic field strength.
Here, the 80 nm gold and silver NPs act as model type antennas to probe and modify ET
processes since they provide a high reproducibility and can be well simulated as already
demonstrated in Section 3.2.3. At first, 80 nm AuNPs are selected, since their LSPR
is expected to show some coincidence with the spectral overlap integral of the chosen
DA-pairs. For comparison, spherical 80 nm AgNPs are also exploited in the FRET stud-
ies. The theoretical simulation in Section 3.2.3 implies already that the electromagnetic
field enhancement capabilities in the considered spectral range are comparable. However
their LSPR is expected to differ strongly.

Gold Nanospheres

Figure 5.2a shows an intact antenna consisting of an 80 nm gold nanoparticle bound to
the apex of the quartz glass tip. The far-field characterization determined by dark-field
spectroscopy (with reflected light configuration) yields a localized surface plasmon reso-
nance of 549 nm with an FWHM of 55 nm (s.f. green curve in Fig. 5.2b). This is also
in good agreement with the true color dark-field image (shown in the inset of the figure)
and coincides with the expected LSPR of a single nanoparticle, which does not inter-
fere with other nanoparticles. In comparison to the simulation data, the experimentally
obtained peak is redshifted by 28 nm compared to the simulated peak of 521 nm and
exhibits a reduced FWHM. These differences of the experimentally determined LSPR
can be ascribed to the dependence of the plasmon resonance on the refractive index
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Figure 5.2: a) SEM image of an AuNP-antenna consisting of an 80 nm AuNP attached
to a quartz glass tip. b) Simulated (orange curve, extracted from Figure 3.16
for comparison) and averaged experimentally (green curve) acquired plasmon
resonance spectrum with Lorentz fit. The inset shows the corresponding
dark-field image of a typical 80 nm AuNP antenna.

of the environment. In the experiment, citrate stabilized NPs are used and the NP is
attached to a quartz glass tip. Both parameters are not considered in the simulation.
The near-field properties of the 80 nm AuNP antenna are probed by means of the fluo-
rescence emission of the dyes ATTO550 and ATTO633 (Qo ≈ 1). Linescan profiles are
extracted from antenna-coupled fluorescence spots of individual molecules with an out-
of-plane orientation. The curves of the fluorescence enhancement factors are displayed
in Figure 5.3 and calculated from the antenna-enhanced photon count rates, divided
by the confocal background signal. Similar to literature values, 156,167 the fluorescence
enhancement factors of FD ≈ 4 for the donor and FA ≈ 10 for the acceptor are obtained.
The difference in the enhancement factors can be ascribed to the spectral dependence
of transition rates’ modification, as theoretically discussed in Section 3.4.1. Whilst the

position / nm
100-200 200-100 0

10

8

2

4

6

0flu
o.

 e
nh

an
ce

m
en

t f
ac

to
r

λ e
xc

=6
33

 n
m

λ e
xc

=5
32

 n
m

ATTO633

ATTO550

Figure 5.3: Fluorescence enhancement factors of the
ATTO550 and ATTO633 fluorophores
determined from linescan profiles, ob-
tained for decoupled and coupled state to
an 80 nm gold nanoparticle antenna
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absorption and radiative rate coincide with the plasmon resonance, the dissipative res-
onance is blueshifted from the LSPR. Hence the largest fluorescence enhancement is
always found redshifted from the LSPR of the used antenna. Compared to other, more
sophisticated optical antennas, such as bowtie antennas, rod antennas, etc. these fluo-
rescence enhancement factors are moderate. However, these simple antennas provide an
easy and reproducible approach for studying ET processes.

Silver Nanospheres
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Figure 5.4: a) TEM image of typical AgNPs which are subsequently attached to a glass
tip, identically to the AuNPs. b) Simulated (green) and experimentally
(blue) obtained plasmon resonance spectrum with Lorentz curve fit of a typ-
ical 80 nm silver nanoparticle antenna. The inset shows the corresponding
dark-field image of the antenna.

Alternatively to the 80 nm AuNP antennas described above, silver nanospheres with
a diameter of 80 nm which have been attached to a quartz glass tip are utilized. The
dark-field spectroscopy analysis in Figure 5.4 exhibits a significantly blue shifted plasmon
resonance compared to AuNPs. The LSPR peak is located at 453 nm and the FWHM of
22 nm is reduced by a factor of 2 in relation to gold NPs. In comparison to the simulation
data from Section 3.2.3, the green curve in Figure 5.4 clearly shows that the peak was

Nanoparticle FE,550 FE,633 FE,550/FE,633 FD FA Ffluo
80 nm Au 3.3 2.8 1.2 4 10 2.5
80 nm Ag 2.8 2.7 1.0 10.8 ~9.5 0.88

Thiol-dimer Au 4.9 3.9 1.3 2 14 7

Table 5.1: Electromagnetic properties of single and coupled metallic nanospheres with a
diameter of 80 nm, respectively 80 nm and 40 nm.
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Figure 5.5: Fluorescence enhancement factor of the
ATTO550 fluorophore determined from
linescan profiles, obtained for decoupled
and coupled state to an 80 nm silver
nanoparticle antenna.

expected at a much shorter wavelength of 355 nm with an FWHM of 8 nm. As before,
this discrepancy is due to the simplifications in simulation, such as the environmental
conditions. In addition to this, it is well-known that the shape homogeneity of AgNPs
is lower than for AuNPs and that Ag is rapidly oxidized under ambient conditions. The
dark-field image (shown in the inset of Fig. 5.4) confirms a single nanoparticle without
any external interference, e.g. mode coupling, by other nanoparticles (s.f. lorentzian fit,
Figure 5.4). The theoretically determined electrical field enhancement factors are similar
for the one found for the AgNPs. Table 5.1 summarizes the theoretical and experimental
obtained values (for definitions refer to Section 3.2.4 and 3.4.1).
Comparing the ratio of the electric field enhancement factors FE,550/FE,633 indicates that
the gold nanoparticle can provide a stronger enhancement of the spontaneous emission
rate for the acceptor, which is excited at a wavelength of 633 nm, than for the donor
at 550 nm (refer to Section 3.4.1). However, for the AgNP approximately equal fluo-
rescence enhancement factors are expected. The fluorescence enhancement factors FD
and FA of the spontaneous emission rates of donor and acceptor are relevant for the
following experiments and are determined by making the same approach being used for
the 80 nm AuNP, i.e. by means of the fluorescence emission of the dye ATTO550. The
curve of the fluorescence enhancement factor is displayed in Fig. 5.5 and takes a similar
peak value as in literature (from which FA can also be obtained).141 Compared to the
gold nanoparticle, there is a reversal of the fluorescence enhancement factor ratio Ffluo
(s.f. Section 3.4.1) of donor and acceptor of F Au

fluo ≈ 2.5 to F Ag
fluo ≈ 0.88, which stems from

the largely blueshifted LSPR peak of the AgNPs. In Section 3.4.2 Equation 3.136 was
introduced in order to calculate the FRET efficiency of antenna-coupled FRET-pairs.
As discussed before, the incorporated factor Feff can be approximately determined by
the enhancement factor ratio Ffluo. Using the fluorescence enhancement factors deter-
mined for the monomers, different FRET efficiencies can be expected for gold and silver
nanoparticle antennas for identical FRET-pairs.
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5.1.2 Gold Nanoparticle Dimers

As outlined in Section 3.2.3, coupling of plasmon resonances of individual antennas can
be understood by the plasmon hybridization model and leads to a shift or the formation
of new resonances. In particular for the formation of gap structures, the gap modes can
be associated with strong electromagnetic fields localized in the gap region, so-called
hot-spots of the electromagnetic field. The far-field and near-field optical response of
these plasmonic resonators is strongly influenced by the gap capacitor properties, i.e.
the gap size, the conductivity, the refractive index, and the gap morphology. In the fol-
lowing sections, the optical properties of antennas formed by an 80 nm gold nanoparticle
to which a 40 nm gold nanoparticle is coupled, are discussed.

Nanoparticle Dimer Gap Plasmons

The influence of the gap size on the LSPR is probed with sub-nanometer precision by
coupling of a common 80 nm Au nanoparticle antenna (s.f. Figure 5.2a) to a 40 nm Au
nanoparticle adhered to an APTMS coated coverslip. The procedure is schematically

distance d

tip

fixed
AuNP

stepwise
approach

Au

Figure 5.6: Schematic gold nanoparticle dimer coupling proce-
dure. The tip-attached is placed with a defined sep-
aration to the second AuNP and a small distance to
the surface. The feedback loop is put on hold and the
tip-attached AuNP approaches in subsequent steps
towards the other nanoparticle, while for each step
the dark-field spectrum is recorded.

visualized in Figure 5.6, where the tip-supported 80 nm Au nanoparticle is initially main-
tained in the feedback regime and is positioned with respect to the substrate supported
AuNP. Then, the feedback loop is disabled and the lateral (in-plane) interparticle dis-
tance is sequentially decreased. For each step, the DF spectrum is acquired (s.f. Section
4.1.3). Figure 5.7 displays the corresponding spectra, where the initial nanoparticle sep-
aration is reduced from >10 nm (position 1) to 2.0 nm (position 2), and finally to 1.5 nm
(position 3). As predicted by the plasmon hybridization method in Section 3.2.3, the
coupling strength of the two gold nanoparticles should increase anti-proportional to the
gap distance and the plasmon resonance spectrum should be affected by the formation
of the bonding and anti-bonding mode. Clearly, for decreasing gap sizes the LSPR shifts
to longer wavelengths, and at the same time the FWHM of the resonance peak broad-
ens. Starting with position 1, the 80 nm AuNP’s initial plasmon resonance spectrum in
Figure 5.7a shows a peak at 552 nm and a half-width of 56 nm, corresponding to the
average LSPR characteristics of an individual 80 nm gold nanosphere antenna shown in
Section 5.1.1.
For a gap distance of 2 nm between 80 nm and 40 nm AuNP, a redshift of the spec-
tral curve by ~17 nm and a broadening of the LSPR peak FWHM by ~19 nm can be
observed. In comparison to the simulation, a similar shift of 22 nm and a broadening
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Figure 5.7: a) LSPR spectra of an 80 nm AuNP antenna for discrete approach-steps to
an 40 nm nanoparticle fixed to a glass substrate. The nanoparticle distance is
reduced stepwise from position 1 to 3, accompanied by a shift of the peak to-
wards longer wavelengths. A corresponding Lorentz curve fit with Levenberg-
Marquardt optimization was performed on each spectrum. b) Measured and
simulated LSPR spectra of uncoupled and 40 nm-AuNP-coupled 80 nm gold
nanoparticle, normalized to initial scattering peak intensity.

of 27 nm can be observed. The weak ’ripples’ appearing in the high intensity range of
the spectrum curve can be most likely ascribed to white light interference of the quartz
glass tip, since they are not visible in the presented monomer antenna spectra as well as
in the static dimer antenna spectra shown in the next sections. Therefore, they can be
neglected for the following data analysis.
The trend observed in the first step continues with further progress to position 3 with
a gap distance of 1.5 nm. Overall, a redshift of the peak from 551 nm to 583 nm oc-
curs. This shift of 32 nm is in excellent agreement with the simulation, which reveals a
shift of 34 nm. Also, the change of the FWHM of 43 nm in the experimental data and
36 nm for the simulation data agrees well. Furthermore, a shoulder on the blueshifted
tail of the bonding dimer plasmon peak starts to emerge. The nanoparticle interaction
in the form of the bonding mode leads to opposite charges in the gap area and thus
to a considerably increased resonance amplitude of the nanoparticle dimer, which can
be determined by the intensity of the spectral peaks. As shown in Figure 5.7b, peak
intensities increase from uncoupled to coupled state by approximately factor 2.0 in the
experiment and coincide with factor 2.1 in the simulation.
In summary, the experimental results are in very good agreement with the theoretical
model within the quasi-static approximation. The observed deviations between mea-
surement and simulated model data can be explained by the fact that the altered refrac-
tive index by the quartz glass-tip and ligand shell around the gold nanoparticles is not
included in the simulation. Furthermore, the 80 nm AuNP and 40 nm AuNP do not rep-
resent perfectly round spheres as assumed in the simulation. Usually these colloidal NPs
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are fabricated by seed-mediated growth protocols.168,169 Therefore, the surface of these
largely monocrystalline nanostructures is formed by crystal facets, which leads more to
an icosahedron shape than a perfect spherical shape on the nanometer-scale. The gap
distance of the two nanoparticles is a critical parameter for the coupling strength, elec-
trical field enhancement and the LSPR spectrum. Besides the distance, the nanoscale
morphology of the dimer gap represents a significant factor and is discussed in detail
in Section 5.2. As a consequence, the subsequent interaction with the fluorophores
ATTO550 and ATTO633 requires an adjustment of the dimer gap to the absorption and
emission spectra in order to prevent unwanted quenching and achieve optimum fluores-
cence enhancement.
The selected thiol-linker molecule used to fix the two nanoparticles in a gap configura-
tion is expected to yield a static gap size of ~1.5 nm to 2 nm. The corresponding LSPR
spectrum measured at position 3 is similar to the theoretical spectra shown in Figure
5.8, representing a dimer with a gap of 1.5 nm. Slight deviations to these LSPR spectra
are likely due to the fact that the 40 nm AuNP in the presented experiment is coupled
to the glass coverslide, while for the static dimer-antennas it is placed in free-standing
environment below the 80 nm AuNP.

1.5 nm Nanoparticle Gap Antenna Formed from 80 nm and 40 nm Gold
Nanoparticles

Figure 5.8a shows an SEM image of an intact dimer antenna. The chemical linking of
80 nm AuNPs and 40 nm AuNPs is mediated by 1,6-hexanedithiol (see Section 4.2.2 for
details). This results in a gap size of ~1.5 nm. (According to the molecular length of
~1.1 nm (s.f. Fig 5.8) and the thickness of the gold nanoparticle ligand shell.) It has
also to be noted, that the linker molecules do not align themselves exactly perpendicular
to the gold surface, as revealed by studies of self-assembly layers of thiols on gold sur-
faces.170 The SEM picture indicates a correct dimer geometry and adequate nanosphere
diameters of 80 and 40 nm. Simulated and typical experimental plasmon resonance
spectra are depicted in Figure 5.8b. The inset shows the obtained dark-field image of
the third characterized dimer antenna (with its LSPR spectrum represented by the blue
curve). Compared to the scattering spectra of individual nanoparticles, the distribution
of the dimers’ plasmon resonance peaks is redshifted and slightly wider, in the range of
approx. 530 to 564 nm, while the FWHM is also broadened. This trend is also sup-
ported by the dark-field image, which exhibits a decreased intensity of the blue channel
in comparison to the 80 nm AuNP antenna. Due to the slightly asymmetric shape of
the curve, adapting individual Lorentz curves is no longer appropriate and indicates a
mixture of two Lorentz curves, which corresponds to the theory of resonance splitting
into bonding and anti-bonding mode. Although both modes exist, the antisymmetric
mode is much weaker and thus, is only clearly visible for extremely strong coupling, e.g.
very narrow gaps. Simulated and experimental LSPR spectra exhibit approximately
identical FWHMs, while due to the scattering of the experimental peaks, these are only
partially consistent with the computed values. In particular, peak and curve shape of
the blue graph in Figure 5.8b have particularly similar properties for the simulation of
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Figure 5.8: a) SEM-image of a typical dimer antenna consisting of an 80 nm and
40 nm AuNP, b) chemical structure of the nanoparticle linking molecule 1,6-
Hexanedithiol with specified end-to-end distance, c) Simulated (red curve)
and experimentally obtained (other curves) plasmon resonance spectra of sev-
eral of dimer antennas constructed from 80 nm and 40 nm gold nanospheres
with a gap of ~1.5 nm. The inset shows the corresponding dark-field image of
the third characterized dimer antenna, with its LSPR spectrum represented
by the blue curve.

a dimer for a gap size of 1.5 nm. This demonstrates that the dipolar approximation
sufficiently well reflects the optical properties of dimers with gaps ≥ 1.5 nm.
The simulated field enhancement factors of 4.9 respectively 3.9, acquired at a position
5 nm below the AuNP (refer to Section 3.2.4 for details), are significantly higher com-
pared to the individual nanoparticles and can be verified with the help of the fluorescence
enhancement factors. As illustrated in Figure 5.9, the enhancement factor of FD = 2
for ATTO550 and FA ≈ 14 for ATTO633 and a ratio of Ffluo = 7 are obtained. The
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Figure 5.9: Fluorescence enhancement factors of
ATTO550 and ATTO633 fluorophores
coupled to a dimer antenna consisting of
1,6-hexanedithiol-mediated 80 nm and 40 nm
gold nanospheres.
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large difference between the calculated electrical field enhancement factor and experi-
mentally determined fluorescence enhancement can be explained by the progression of
the LSPR spectrum. While in the case of a simple 80 nm AuNP antenna, the peak re-
gion of the plasmon resonance lies at shorter wavelengths than the emission spectrum of
ATTO550, they now almost completely overlap. This leads to a higher quenching rate of
the fluorescence emissions of the fluorophore by energy dissipation due to non-radiative
energy transfer from the excited state to the metal interface, and subsequently the op-
tical antenna. The emission spectrum of ATTO633, however, lies at longer wavelengths
in regard to the LSPR leading to a low overlap with the plasmon resonance. Despite of
the lower electrical field enhancement observed at 633 nm, an enormously increased fluo-
rescence photon counting rate is achieved. In order to investigate the dependence of the
far- and near-field characteristics on the gap size of the dimer antenna, the gap is further
reduced in the following section to achieve even higher electrical field enhancement and
to maximize Ffluo.

Dimers with Sub-Nanometer Gaps

A further reduction of the dimer gap is achieved by changing to the linker molecule
Cucurbit[8]uril hydrate (CB[8]).22 With a monolayer of CB[8], the gap distance drops to
just below 1 nm. Such a fabricated dimer antenna is shown in the SEM image in Figure
5.10a. Both gold nanoparticles can be identified and possess adequate sphere diameters
and the intended dimer geometry. An image scan of high quantum-yield Alexa680 fluo-
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Figure 5.10: a) Top: SEM image of dimer antenna made of an 80 nm and an 40 nm
AuNP coupled with Cucurbit[8] Bottom: Table of several characterized
dimer antennas and their corresponding fluorescence enhancement factors,
b) Near-field image of Alexa680 coupled to an 80-40 nm CB[8]-mediated
dimer antenna, Bottom left insets: Emission patterns can be distinguished
between in-plane and vertically aligned molecules. The small lobe distance
of ~20 nm indicates an intact dimer antenna.
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Figure 5.11: a) Normalized progressions of the photon count rates as a function of the
antenna-sample-separation for a single 80 nm AuNP and a dimer-antenna
with a gap size of ~1.0 nm. The tip approach curve of the dimer antenna
exhibits a shifted peak position of the highest fluorescence enhancement.
b) Top: Multiple linescan profiles of fluorophore Alexa680 coupled to sev-
eral, identically constructed dimer-antennas for a laser excitation power
of 50 nW at 633 nm, Box: linescan profiles of several Alexa680 molecules
acquired with the same dimer-antenna, Bottom: Linescan profile for confo-
cal excitation mode (laser excitation power: 500 nW at 633 nm). (Part a
adapted from Herrmann et al.22)

rophores is performed for verification of the enhancement capabilities. Here, ATTO633
is replaced by Alexa680 in order to account for the redshifted dimer plasmon, which
leads to a higher quenching rate of the fluorescence compared to the 1.5 nm gap dimer.
A corresponding antenna-enhanced fluorescence image of Alexa680 molecules is shown in
Figure 5.10b. As for single-nanoparticle antennas, individual molecules are clearly visi-
ble and emission patterns can be discriminated [as shown in the two insets] for in-plane
and out-of-plane orientations of the transition dipole. Double-lobe patterns belong to
in-plane oriented molecules, and single spots are caused by vertically oriented molecule
dipoles. For example, near-field localization can be determined by the distance of the
double lobes which here is ~20 nm. This is comparable to the thiol-linked dimer antenna.
The CB[8]-linked dimer antenna can thus be used in the same way as the thiol-linked

87



5 Results

dimer antenna. In order to map the local field enhancement near an optical antenna, the
photon count rate as a function of the antenna-sample separation is recorded. In Figure
5.11 two normalized approach curves of a single 80 nm AuNP antenna and an 80-40 nm
dimer are depicted. In comparison to the monomer, the dimer antenna exhibits a much
steeper slope. This corresponds to the expected stronger field confinement of the 40 nm
AuNP as derived from the simulated electrical field enhancement map shown in Figure
3.17. Additionally, the peak of the fluorescence emission curve of the dimer is shifted to
larger distances. An offset of ~2.5 nm is observed. This can be attributed to a larger
quenching rate, according to the larger total size of the dimer.
For further analysis, line profiles are taken from the single spots for several manufactured
dimer antennas and compiled in Figure 5.11b. A Gaussian curve model is fitted on each
line profile to determine the FWHM for each used dimer antenna. In comparison to the
underlying confocal line profile, one can easily see the improved spatial resolution. On
average, the FWHM is ~20 nm. But there is also an unexpected heterogeneity of the
calculated near-field enhancements factors ranging from 6 to 94. As outlined in Figure
5.12, this wide variation does not occur for the single 80 nm AuNPs and the thiol-linked
80-40 nm AuNP dimers. Considering the properties of each dimer antenna component
there are several potential sources for the observed effect.
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Figure 5.12: Optical antennas consisting of 80 nm gold
monomers, and also thiol- and CB[8]-
linked 40-80 nm AuNP dimers are com-
pared in terms of their relative and ab-
solute fluorescence enhancement factors.
The standard deviations are indicated by
the error bars. (Taken from Herrmann et
al.22)

First, an unrecognized variation of the dye molecule orientation could cause differing
near-field signals. The inset in Figure 5.11b shows several z-oriented spot line profiles
for the same dimer antenna, leading to only minor changes in the photon count rate and
the FWHM. By that, we consider similar properties for all examined vertically oriented
molecules and exclude any sample-based influence. Antenna-related characteristics are
the nanoparticle-symmetries, -diameters and -gap size. For the displayed curves, the
diameters for both 80 nm and 40 nm AuNPs is measured during the fabrication process
and exhibits only small variations of very few nanometers. Therefore, the local field
enhancement is expected to be about the same strength for all used dimer antennas.
Only spherical, undamaged nanoparticle antennas are selected for picking a second,
smaller NP. After each successful picking of a 40 nm AuNP, the tip height difference
is determined. This enables to distinguish if the nanoparticle is attached in a straight
or oblique line between an 80 nm AuNP and the sample surface. Otherwise, the dimer
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Figure 5.13: a) TEM-image of a typical 40-80 nm AuNP CB[8]-mediated dimer. b)
Zoom-in of the gap region by high-magnification TEM, with the position
of the line profile denoted by the orange dashed line. c) Line profile ac-
quired across the gap region. (TEM images provided by S. Höppener (AG
Schubert, Jena).)

would disqualify for any further use, as the plasmon resonance can’t be excited in an
optimal way. Additionally, also a topography scan over another free 40 nm AuNP on the
sample surface indicates if the picked 40 nm AuNP sits central or if – in an incorrect case
– the 80 nm AuNP is also partly visible. This procedure ensures a correct construction
symmetry as shown in the SEM image in Figure 5.10a. A critical feature of the dimer
structure related to the nanoparticle coupling is the gap size between the 80 nm and
the 40 nm AuNP. As mentioned before, the dimer is bound by a monolayer of CB[8],
thereby a gap size of < 1.0 nm is always maintained. For examination of the gap size,
high-magnification TEM images of CB[8]-mediated dimers are acquired, as shown for
a typical dimer in Figure 5.13a. A zoom-in of the gap region enables to obtain a line
profile for determination of the gap size (s.f. Fig. 5.13b-c). It shows, that the gap size
of ~0.85 nm is in good agreement to the height of the CB[8] molecule’s size. For the
other investigated dimers, similar gap sizes are observed with only minor variations.
Consequently, construction geometric aspects of the observed heterogeneity are ruled
out, so that the origin can only be found in alterations taking place on a smaller scale
range. One aspect that has not yet been examined in more detail is, for example, the
edges and facets of the colloidal NPs, in particular in terms of the gap morphology, which
is likely to alter the far- and near-field properties. This point is examined in-depth in
the following section.

5.1.3 Summary
Monomer and dimer antennas have been manufactured from spherical gold and silver
nanoparticles. The dimer gap distance was varied by utilizing different linker molecules.
SEM imaging confirmed intact antenna geometries and nanoparticle sizes. The far-field
characterization was carried out directly on tip-attached monomers and dimers. Discrep-
ancies between simulation and experimental data could be attributed to approximations
included in the modeled systems, such as the environmental conditions. The near-field
properties in terms of the fluorescence enhancement factors exhibited the expected de-
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pendence on the fluorophores’ emission spectra and the specific antenna LSPRs. Further
investigations on the dimer gap plasmons were carried out by real-time observations of
the LSPR in correlation to the dynamically modified gap distance. In the resultant
spectra, the formation of a bonding and anti-bonding mode was visible and in very good
agreement to the previous simulations. For the sub-nanometer gap antennas, a hetero-
geneity of the obtained fluorescence enhancement factors was observed. Deviations of
the antenna properties, such as nanoparticle size or construction geometry were excluded
by corresponding HR-TEM investigations. Therefore, the detailed gap morphology has
to be considered and is further studied in the next section.

5.2 Impact of the Nanoscale Morphology on the Antenna
Far-field Properties

The impact of the gap morphology on the nanometer scale is investigated by means of
the first multimodal investigations of Au dimer antennas using TEM for resolving the
gap structure and the DF for probing the far-field (scattering) properties of individual
dimer antennas. The correlative studies directly assign changes in the gap morphology
to their far-field spectral response, which support also found variations in the measured
fluorescence enhancement factors. As outlined in the previous section, the spread in en-
hancement factors for antennas with sub-nanometer size gaps are larger than expected,
accordingly to the ones found for monomer antennas and ’thiol-dimers’ with gap sizes
of ≥ 1.5 nm.

5.2.1 Far-Field Properties of CB[8]-Mediated AuNP Dimers

The large heterogeneity of the fluorescence enhancement factors of the CB[8]-mediated
dimers, in contrast to the ’thiol-dimers’, requires further investigations of their far-field
optical properties. Variations of the antenna’s LSPR could further lead to the observed
deviations of the near-field optical response. Due to the smaller gap size of CB[8]-linked
dimers in comparison to the ’thiol-dimers’ (with larger gap sizes), stronger deviations
of their far-field optical properties are typically expected. For sub-nanometer gap sizes,
quantum effects, e.g. charge screening, start to influence the plasmon coupling, respec-
tively the optical response. For comparison, in Figure 5.14a, the simulated scattering
spectrum (with quasistatic approximation) of an ideal dimer model with a gap size of
1.0 nm is displayed. In the simulated spectrum, the main peak corresponds to the dipo-
lar bonding dimer plasmon (BDP) mode at 572 nm. Characteristic of an asymmetric
dimer geometry, a dipolar anti-bonding dimer plasmon (ADP) mode is also observed,
blueshifted to the BDP. As demonstrated by the grey dashed lines in Figure 5.14, the
BDP and ADP peak positions are both redshifted and broadened in relation to the
calculated spectrum. This effect can be attributed to the different environmental con-
ditions, as the simulation, for example, does not incorporate the used carbon substrate.
Furthermore, several spectra exhibit a stronger redshift and a broader BDP mode. Also,
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Figure 5.14: Characterization of the
optical far-field properties of CB[8]-
linked AuNP dimers. a) Simulated
plasmon resonance spectrum of an
80-40 nm AuNP dimer with a gap
size of 1.0 nm. b-h) Spectra obtained
by dark-field transmission investiga-
tions of individual dimers, assembled
in solution and transferred onto a
carbon-coated TEM grid. The insets
depict the corresponding SEM im-
ages (scalebar: 100 nm). (Adapted
from Herrmann et al.22)

an additional peak in the NIR spectral region occurs, which can be assigned to a charge
transfer plasmon (CTP) mode. This indicates the onset of charge transfer mechanisms,
that can’t be ascribed to the geometry of the investigated dimers, which appear rela-
tively homogeneous in the corresponding SEM images. Thus, it is assumed that the
origin of the observed deviations is due to the nanoscale morphology, which is further
investigated in the following sections.

5.2.2 Asymmetric AuNP Dimer Self-Assembly by Electrostatic Interaction

The coupling of oppositely charged nanoparticles by electrostatic interaction in solution
provides the advantage to prevent the formation of symmetric clusters or dimers due
to the electrostatic repulsion of identically charged NPs. Utilizing a low AuNP concen-
tration, mostly asymmetric dimers are expected to form. Therefore, positively charged
40 nm AuNPs and negatively charged 80 nm AuNPs (preparation details are given in
Section 4.2.3) are incubated for 12-24 h. Dimer yields of up to ~50% are obtained after
incubation without further purification procedures (s.f. SEM image in Fig. 5.15). The
remaining found structures consist mainly of unreacted single 40 nm and 80 nm AuNPs
and also clusters of several small NPs bound to one larger NP or vice versa. However,
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Figure 5.15: a) SEM image for overview of a typical yield of the applied dimer self-
assembly procedure with 80 nm and 40 nm AuNPs. b) Geometrical param-
eters of asymmetric NP dimers with parallel and tilted facets in the gap
region. The sphere diameters along (D1, d1) and orthogonal (D2, d2) to
the dimer axis, the gap size a, the gap length L, and the angle θ of the
gap-defining facets. (Adapted from Popp et al.21)

rarely aggregates of more than 4-5 nanoparticles are observed. This type of cluster is
usually spotted on samples prepared by drop coating of the aqueous solution and there-
fore are classified as drying artifacts. An SEM characterization (see overview image in
Fig. 5.15) over a large number of samples first suggests a homogeneous distribution of
the formed dimers. Therefore, a homogeneous far-field response with only minor spectral
deviations is expected. Taking into account the molecular sizes of the applied ligands,
citrate (~0.7 nm) and cysteamine (~0.5 nm), a gap size of ~1.2 nm is expected. The
dimer’s structural properties are characterized through the parameters of the nanopar-
ticle diameters along and perpendicular to the dimer axis (D1, D2, d1, d2), the gap
size a and the gap length L as schematically displayed in Figure 5.15b. Additionally,
the scaling factor S = D1/d1 and the symmetry (D1/D2, d1/d2) are derived from the
dimers properties. These parameters are deduced from TEM images acquired for a large
number of dimers with ~1 nm size gaps.

5.2.3 Dark-Field Spectra Categories

Figure 5.16a shows a typical dark field image in which several spots are assigned to the
desigual nanoparticle structures based on the spatially correlation with an SEM image.
Green spots (green circles) correspond to individual NP monomers, while dimers are
often associated with green-grey spots (yellow circles). In some cases, the dimers deviate
from their typical dimer appearance and exhibit a red-brownish color in the picture.
Thus, dark-field images enable a differentiation of monomers, dimer and oligomer and

92



5.2 Impact of the Nanoscale Morphology on the Antenna Far-field Properties

5 µm

14
12
10
8
6
4
2
0

0.6 1.0 1.4 1.5 2.0 2.5 3.0

12

8

4

0

20

16

gap size a / nm NP size ratio D1/d1

# 
of

 c
ou

nt
s

c) d)

0.0

0.4
0.2

1.0
0.8
0.6

500 600 700 800 900
wavelength / nm

 n
or

m
al

iz
ed

 c
ou

nt
s

b) (i)

(ii)

(iii)

(iv)

(v)

a)

 n
or

m
al

iz
ed

 c
ou

nt
s

0.4
0.2

1.0
0.8
0.6

0.4
0.2

1.0
0.8
0.6

0.4
0.2

1.0
0.8
0.6

0.4
0.2

1.0
0.8
0.6

# 
of

 c
ou

nt
s

TEM

DBP

onset
of CTP

CTP

CTPDBP

Type I
Type II

Type III
Type IV

uncoupled

Figure 5.16: a) Typical dark-field image of obtained asymmetric dimers. The yellow
(dotted) circles indicate dimers and the green (dashed) circles individual
AuNPs, which have been previously identified in an SEM characterization
b) Dark-field spectra of (i) single 80 nm AuNPs and (ii-iv) asymmetric
dimers categorized into groups depending on their spectral progression. c)
and d) Histograms of the gap size and the diameter ratio determined from
the TEM images. The TEM images on the right side represent typical
dimers observed for each class of dark-field spectra. (Adapted from Popp
et al.21)

also a rough classification of the observed dimer types. However, spectrally resolved
measurements are necessary for a more precise differentiation. For this purpose, a white
light scattering spectroscopy is carried out under grazing light irradiation (s.f. Section
4.1.3) and a large number of 80 nm gold monomers and asymmetric dimers is analyzed.
The spectra shown in Figure 5.16b (i) correspond to individual 80 nm AuNPs and
exhibit a symmetrical Lorentz line profile, with a peak at λpl ≈ 578 ± 7 nm and only
slight spectral deviations. On average, λpl corresponds to the plasmon resonance of
ensemble measurements on colloidal solution, so that the weak spectral deviations can
be attributed to small fluctuations in size and symmetry of the examined nanoparticles.
In case of larger spectral deviations, these can be assigned to correspondingly larger
nanoparticle deformations, such as elongated rods.
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Figure 5.17: a) Schematic illustration and b) high-magnification TEM image of a self-
assembled AuNP dimer. The gap size is evaluated by several intensity line
profiles (red dashed lines) perpendicular to the gap-forming facets in the
gap region. The TEM images are kindly provided by S. Höppener (AG
Schubert, Jena).

Despite the exclusion of triangular shaped NPs and others, as well as the previous ex-
clusion of dimers with deviating geometric properties, the investigated AuNP dimers
show considerably larger deviations in their spectral resonance than expected (s.f. Fig-
ure 5.16). Comparing the resonance spectra reveals different similarities that can be
classified into several types. The combinations depicted in Figure 5.16b (ii)-(v) are
representative spectra for the found subsets and each of them exhibits a redshift and
broadening of the spectral resonance compared to the dipolar plasmon mode of the in-
dividual AuNPs. This shows that the electrostatic bound nanoparticles are capacitively
near-field-coupled, and thus, reveal a correspondingly altered plasmon resonance.
The first class (type I) of AuNP dimers is characterized by a nearly symmetrical plasmon
resonance, similar to one of the individual AuNPs. Type II dimers result in a similar
spectral response, but with a pronounced asymmetry/shoulder to longer wavelengths.
This broad peak can be assigned to a combination of the redshifted bonding dimer plas-
mon mode and the anti-bonding dimer plasmon mode. In this case, the BDP mode
is much stronger than the ADP mode. Furthermore, type III dimers possess an even
higher amplitude in the scattering spectrum in the NIR range. This is indicative for
the onset of quantum size effects, e.g. charge screening, charge transfer, etc. It can be
observed that the resonance curve splits into two weakly separated peaks. The splitting
process continues with type IV, so that in Figure 5.16 (v) in the LSPR spectrum two
well separable resonance peaks can be identified. Most commonly found are dimers with
spectral progression types II and III, while the other types are less common. In general,
changes in the plasmon resonance spectra are attributed to a modification of gap size
a in the sub-nanometer range.96 Therefore, at this point it can be assumed, that the
observed spectral deviations are at least partially associated to varying gap sizes. The
gap size a is measured from high-magnification TEM images of the dimer gap region.
The distance is measured perpendicular to the gap-forming facets, as demonstrated for
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Dimer D1 / nm D2 / nm d1 / nm d2 / nm S

D-01 85 ± 2 86 ± 1.5 38 ± 1.0 38 ± 1.5 2.2
D-02 83 ± 2 81 ± 1 37 ± 0.5 37 ± 0.5 2.2
D-03 77 ± 1.5 76 ± 2 41 ± 1 43 ± 1 1.9
D-04 85 ± 1 82 ± 3 40 ± 0.5 42 ± 0.5 2.1
D-05 81 ± 3 82 ± 2 42 ± 1.5 42 ± 1 1.9
D-06 84 ± 1.5 81.5 ± 2 50 ± 1.5 50 ± 1 1.7

Table 5.2: Structural geometry properties corresponding to the asymmetric AuNP
dimers shown in Figure 5.18

several positions in Figure 5.17. The average values are plotted in a histogram to de-
termine the gap size distribution. The histogram displayed in Figure 5.16c and the
measured distribution follows largely a Gaussian distribution. The average determined
gap size is 1.0 ± 0.2 nm, and more than 65% of the examined dimers yield this gap size.
The onset of the formation of a gap mode is usually expected in the ranges even larger
than this gap size (i.e. redshift and broadening of the BDP mode). However, quantum
size effects and non-localities such as the formation of a charge transfer mode are not
expected to be strong in this regime. These occur, for example, in symmetrical dimers
with significantly smaller gap distances of less than 0.4 nm.109,110,171 However, the gap
sizes observed in this experiment only range from at least 0.5 to a maximum of 1.6 nm,
so that these effects are very unlikely to occur.
Therefore, the dimers are also investigated for their scaling factor S = D1

d1
, and their

deviation from the spherical geometry (D1/D2, d1/d2). Table 5.2 displays these pa-
rameters for the dimers shown in Figure 5.18b. The histogram of the scaling factor S
also exhibits a Gaussian distribution and yields an average value of S = 2.1 in good
agreement with the optimal value of 2.0. In combination, the two distributions suggest
a continuous homogeneous distribution of the structural properties and thus the scatter-
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Figure 5.18: a) DF spectra of several asymmetric AuNP dimers presented in part b) HR-
TEM images of the investigated dimers in order to obtain their structural
parameters listed in Table 5.2 (TEM images provided by S. Höppener (AG
Schubert, Jena); Taken from Popp et al.21))
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ing cross-sections of the formed AuNP dimers. In the literature, spectral deviations due
to variations of the gap size and the scaling factor S have already been observed,100,109

and although these differences appear relatively small, the effects of the small gap size
could influence the dark-field spectra. In order to determine the origin of the spectral
fluctuations, a correlative study of optical properties and dimer geometry is carried out.
For this purpose, the acquired TEM overview images (as presented in Figure 5.16) are
evaluated for each type of dark-field spectra, respectively dimer.
Figure 5.18a-b shows several examples of correlation of scattering amplitude and res-
onance curve with the size of the respective AuNPs of the dimer assuming a constant
gap size of ~1 nm. It can be seen that the scattering amplitudes fluctuate strongly and
two basic spectral curve progressions can be roughly discriminated. In this example, the
D-06 dimer features the largest coupling resonance amplitude, due to the low scaling
factor of 1.7, caused by the increased diameter of ~50 nm of the smaller AuNP. However,
the other dimers investigated show only moderate size variations of 11% for the larger
AuNPs and 12% for the smaller AuNPs, which does not explain the strong amplitude
differences. In addition, the dimers D-01, D-02, D-03 and D-05 exhibit AuNP diame-
ters, which are in good agreement with the target diameters. Moreover, these dimers
also yield a high symmetry. Despite of this, two distinctly different levels of scattering
amplitudes are observed. By contrast, the dimers D-04 and D-06 possess the largest
deviations of the structural parameters from the optimum, while their associated DF
spectra remain similar to those of the other dimers. This means that the spectral differ-
ences cannot be unambiguously fixed to the differences in size and shape.
The exact correlation of the observed spectral variations to differences in gap size, sym-
metry changes or morphological deviations therefore requires a precise correlation of the
nanoparticle and gap properties with the individual plasmon resonance spectra.

5.2.4 Nanoparticle Facet In-Gap Orientation

Intuitively, one would expect two AuNPs to assemble in a way, that two extended, flat
facets are coupled to each other, because it yields the strongest electrostatic interaction.
Stronger forces also result in a higher probability to overcome the hydrodynamic radius
in solution. Therefore, most of the formed dimers should show a flat, symmetric gap.
However, the TEM investigations of these asymmetric dimers revealed at least two dif-
ferent cases for the gap morphology (see example in Figure 5.19). In the first case, these
are the dimers with the expected planar gaps and a uniform gap size of about 1.2 nm. In
addition, there is also a second class of dimers with asymmetric and pointed gaps. This
gap configuration results from the alignment of one NP with its facet and the second
NP with a facet edge or corner towards the gap. For the latter, the gap-defining facets
diverge along the gap-region, with their relative position indicated by the angle θ (s.f.
Fig. 5.20b). This geometrical property leads to a non-uniform gap distance, respectively
an extremely confined gap region at the corner of the facet(s). In comparison to the
first case, the gap length L is on average shortened by more than factor 2, while the
gap size a is uniform within the precision of the measurements. However, the optical
far-field response of planar and pointed gap dimers clearly deviates. Whilst planar gap
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Figure 5.19: Orientation of the nanoparticle’s facets in the gap region of a dimer. The
two high-magnification TEM images of 80-40 nm AuNP dimers demonstrate
that two different formations can be distinguished, in the form of a) parallel
and b) tilted facets. (TEM images provided by S. Höppener (AG Schubert,
Jena))

dimers with a gap size of 1.2 nm are characterized by type II dark-field spectra (compare
Figure 5.21a and Figure 5.16b (ii)), type III dark-field spectra are found for dimers with
pointed gaps and gap sizes of 1.2 nm.
In Table 5.3, the geometrical properties of three dimers of each gap classification are
presented. After a detailed comparison of the parameters it appears that the gap size
a, the size distribution of the AuNPs, the NP symmetry and the scaling factor S can
be largely ruled out as a cause for the spectral deviations. The gap length L and the
facet angle θ differ significantly between the two groups. For both parameters it is ob-
vious that they can change the charge distribution along the gap region. This definitely
results in a modification of the capacitor properties, and thus, an increasingly visible
effect on the plasmon resonance with smaller gap sizes. Furthermore, pointed structures
are known to be locations at which a confinement, and thus, an enhancement of the
electromagnetic field is strongest.

Dimer a / nm L / nm D1 / nm d1 / nm Sym. factor S θ

D-4A-01 1.1 ± 0.10 11.5 ± 0.5 83 ± 2.0 37 ± 1.0 0.98/0.95 2.2 ≤ 1◦

D-4A-02 1.2 ± 0.20 11.0 ± 0.5 79 ± 2.0 34 ± 1.0 0.98/0.95 2.1 ≤ 1◦

D-4A-03 1.2 ± 0.15 11.0 ± 1.0 81 ± 1.5 38 ± 1.0 1.01/1.01 2.2 ≤ 1◦

D-4B-01 1.1 ± 0.10 5.0 ± 0.5 76 ± 2.0 40 ± 1.0 1.01/1.00 1.9 12.0◦

D-4B-02 1.2 ± 0.20 5.0 ± 1.0 75 ± 1.0 45 ± 0.5 0.99/0.99 1.7 6.5◦

D-4B-03 1.1 ± 0.15 4.5 ± 1.0 86 ± 1.5 38 ± 0.5 1.00/0.88 2.2 4.5◦

Table 5.3: Structural geometry properties corresponding to the AuNP dimers shown in
Figure 5.20, with equal gap sizes and symmetric and asymmetric gaps.
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Figure 5.20: Correlation of high-magnification TEM images of single asymmetric dimers
with a) parallel and b) tilted facets, and their corresponding dark-field
spectra (iv). (TEM images provided by S. Höppener (AG Schubert, Jena);
Adapted from Popp et al.21)

5.2.5 Gap-Size Dependence

Since the gap region reacts sensitively, especially to changes in gap size, the investigation
of spectral deviations for narrower gaps is of particular interest. Focusing on the observed
variations of the gap size, this can be most probably assigned to inhomogenities of the
AuNPs ligand shell, i.e. to the binding configuration of the cysteamine linker molecule
to the Au surface. Therefore, it is also likely to observe gaps with sizes <1.2 nm. The
dimers depicted in Figure 5.20 yield a gap size of more than 1 nm, which in general is
the transition region to the quantum regime. As a consequence, the plasmon resonance
is primarily a function of the capacitive near-field coupling. In contrast, the spectrum
types III-V clearly differ from the type II spectra, which generally fulfill the expected
optical response in this regime. Therefore, in order to compare the gap-size dependent
evolution of the dark-field spectra, dimers with gap distances of 1.2 nm, 0.8 nm and
0.5 nm are investigated. Moreover, the dimers are classified with respect to their planar
or round gap morphology, as differences between both classes in the optical response
were found in the previous section (s.f. Fig. 5.21).
At first, the dimers with a flat gap are examined. Starting with the introduced type II
plasmon resonance for a = 1.2 nm, mode splitting forms up and the low energy mode
shifts to longer wavelengths. This effect is caused by the coupling of the fundamental
mode to higher-order modes due to the increasing electric field strength at smaller gap
sizes. In comparison, the dimers with round or asymmetric gap exhibit a clear difference
from the type II spectra, which becomes even more striking with decreasing gap sizes.
The scattering amplitude is permanently weaker for all gap sizes than for the flat gap
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Figure 5.21: Distance-dependent evolution of the dark-field spectra of dimers with a)
flat gaps and b) rounded gaps depending of the gap size of 1.2 nm, 0.8 nm
and 0.5 nm. The corresponding TEM images are shown in part c) and d).
(TEM images provided by S. Höppener (AG Schubert, Jena); Taken from
Popp et al.21)

dimers and shows a clear mode splitting, where the amplitude maximum is mostly on
the low-energy peak. Additionally, for the smallest gap size of 0.5 nm, the redshift of the
maximum seems to be reversed as the peak position is blueshifted in comparison to the
position for a gap size of 0.8 nm. This effect can also be observed for some dimers with a
type IV-spectra. Regarding the dimer geometry parameters, the symmetry and scaling
factors exhibit a large homogeneity. Instead, variations of the values for gap length L
and facet angle θ can be observed. These pose the same minor geometrical differences
like for the previously discussed type II and III spectra dimers.
Furthermore, the modifications described above should not cause any systematic changes
as observed in this study. Based on these results, the different dark-field spectra of AuNP
dimers with a homogeneous distribution of the geometric parameters on the nanoscale,
presented in Figure 5.18, can be classified in terms of their gap form and gap size. Dimers
with flat gaps of approximately 1 nm correspond to type II DF spectra, with rounded

Dimer a / nm L / nm D1 / nm d1 / nm Sym. factor S θ

D-5A-01 1.3 ± 0.15 11.0 ± 1.0 84 ± 1.0 38 ± 2.0 1.00/1.00 2.2 < 1◦

D-5A-02 0.8 ± 0.10 11.0 ± 1.0 92 ± 1.0 37 ± 0.5 1.07/0.99 2.5 ≪ 1◦

D-5A-03 0.5 ± 0.10 13.5 ± 1.0 78 ± 1.5 35 ± 1.0 0.94/0.94 2.2 ≪ 1◦

D-5B-01 1.2 ± 0.15 6.0 ± 1.0 80 ± 1.0 41 ± 0.5 1.06/0.93 2.0 5.0◦

D-5B-02 0.8 ± 0.15 4.0 ± 0.5 69 ± 1.0 40 ± 0.5 0.91/0.94 1.7 8.0◦

D-5B-03 0.5 ± 0.10 5.0 ± 0.2 80 ± 1.0 42 ± 1.5 0.94/1.02 1.9 3.0◦

Table 5.4: Structural geometry properties corresponding to the AuNP dimers shown in
Figure 5.21 with different gap sizes and symmetric and asymmetric gaps.
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gaps of ~1 nm to type I and III, or flat and round gaps with gap sizes of ~0.8 nm to
types III and IV. In literature, the mode splitting characteristic has already been ob-
served for dimers with very small gap sizes.100,107 The structures provide extreme light
confinements and variations of the gap form lead to a change in the capacity of the gap.
Thus, it also appears possible that the observed deviations of the gap geometry due to
different facet orientations can cause an alteration of the surface charge distributions
and hence the plasmon resonance. In particular, the onset of quantum size effects seems
to be slightly shifted to larger sizes.
The uniform redshifts observed for dimers with a flat gap are consistent with the theoret-
ical expectations based on the dipolar model. The transition from redshift to blueshift
has so far been attributed in literature to a starting charge screening effect at gap sizes of
<0.4 nm. Besides, it has already been shown, that depending on the conductivity of the
gap, the onset of the quantum transport mechanisms is also shifted and the same effect
is expected from a change of LDOS.100,172 In this respect, the morphological changes
could lead to a stronger electrical field confinement and thus also lead to an alteration
of charge screening in the gap region. These effects can be used to explain the large
variation of the ascribed fluorescence enhancement for CB[8]-linked dimer antennas (s.f.
Section 5.1.2).

5.2.6 Summary
Asymmetric dimers with nanometer and sub-nanometer gaps have been assembled by
either using CB[8] or by electrostatic interactions based on cysteamine ligand exchange
for one NP type. HR-TEM imaging revealed two different classes of dimers. The first
class are dimers with parallel aligned facets in the gap area, leading to rather large gaps
and gap regions. The second class are dimers with at least one facet edge forming the
gap. Such dimers with rounded gaps exhibited highly asymmetric small gaps and gap
regions. The HR-TEM images and the optical far-field response of individual dimers
allowed to correlate the morphological alterations to spectral deviations. Varying gap
distances could be excluded as the origin of the spectral changes. Instead, the spectral
changes were clearly assigned to the parameters of the nanoscale gap morphology. The
dependence of the plasmon resonance on the different gap sizes investigated indicates
changes of the charge distribution caused by the gap morphology and also possibly
altered charge screening effects, leading to a broader variation of the near-field properties.
In regard to an optical antenna coupled to a FRET-pair, the generalized spectral overlap
J̃ was introduced (s.f. Section 3.4.2). The GSO contains the electrical field of the donor
dipole coupled to the optical antenna at the position of the acceptor. An antenna-
induced variation of the GSO leads to a modification of the energy transfer rate. Hence,
the influence of the gap size and morphology is of interest for the investigations of the
ET enhancement by an optical antenna.
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5.3 FRET-Pair Characterization

Aiming at single-FRET-pair measurements of the influence of an optical antenna on the
ET rate and efficiency, the modification of the spontaneous emission rate of individual
donor and acceptor molecules has to be addressed first. Single molecule studies provide
information aside the ensemble, and thus, provide information on the spectral homo-
geneity, photo-stability and blinking behavior in certain environments. In this chapter,
the detrimental effect of emission intermittency is briefly examined and reduced with
the help of an effective antioxidant. In the following section, the photostability of donor
and acceptor is characterized in order to exclude strongly differing properties that could
affect energy transfer. Subsequently, the emission spectra in antenna-coupled and decou-
pled state are examined in an attempt to determine the Förster radius under the aspect
of the spectral overlap integral. Finally, the fluorophore spectra are compared with the
LSPR spectra in an overlay and, based on the overlapping of the LSPR spectrum and
FRET overlap, the expected modifications of ET rate and efficiency are estimated.

5.3.1 Blinking Inhibition by Trolox

In the upper part of Figure 5.22a and b representative time-dependent progressions of
the photon counting rates of single ssDNA-bound donor and acceptor molecules are de-
picted. In contrast to the specified preparation protocol introduced in Section 4.2.6,
both samples are initially dissolved in ultrapure water without further solution addi-
tives. The timetraces exhibit a ’strong blinking’ effect, i.e. an unstable fluorescence
emission with a pronounced occurrence of long off-states of several hundred millisec-
onds, and typically fluctuating photon count rates. The primary origin is the quenching
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Figure 5.23: Jablonski diagram of a single fluores-
cent molecule, extended by the transi-
tion paths for photo-induced electron
transfer, yielding a radical cation F+,
or a radical anion F−. The antioxi-
dant Trolox can help to recover from
one of the radical states, while in case
of no rapid recovery irreversible pho-
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of the singlet transition path, for example by oxygen, present in ambient air. In case
of ensemble measurements, this characteristic doesn’t pose a problem, as averaging over
many molecules provides a constant fluorescence intensity. However, for the subsequent
single molecule FRET measurements this represents a significant uncertainty of the de-
termination of FRET rate and efficiency. For example, in case of strong donor-acceptor
coupling, a high donor intensity caused by acceptor blinking cannot be distinguished
from an initially high donor intensity due to weak donor-acceptor coupling. Therefore,
in order to distinctly reduce these effects an antioxidant, such as Trolox, is added (see
Section 4.2.6 for details). For the evaluation of the effects of Trolox on the fluorophores’
emission characteristics, 2 mM Trolox is added, which corresponds to the saturated con-
centration. The representative timetraces shown in the lower part of Figure 5.22a and b
indicate a much more stable emission behaviour, which is also reflected in the averaged
statistics. Without Trolox, approximately 58% of donor and 64% of acceptor timetraces
exhibit a strong blinking behavior. In comparison, for samples prepared with Trolox,
the number of timetraces which show strong blinking reduces to 27% for the donor and
40% for the acceptor. Additionally, in Table 5.5 the average number of emitted photons,
the emission time before bleaching tbleach and the percentage of molecular dipole orienta-
tions are given. Apparently, the average of tbleach increases due to the reduced blinking
dynamics, but in contradiction to this, the number of measured photons decreases. The
latter could be explained by a slightly lowered quantum yield, due to an increased non-
radiative transition rate, respectively newly opened transition paths by Trolox through
photo-induced electron transfer (s.f. Fig. 5.23).160,173 Here, radical states are formed ei-
ther through oxidation by, for example, oxygen yielding a radical cation F+, or through

Fluorophore # of photons tbleach In-Plane ↔ Vertical ↕ Tilted ↗
Donor (w/o Trolox) 197k 92 s 26% 59% 15%
Donor (with Trolox) 132k 98 s 0% 87% 13%
Acceptor (w/o Trolox) 67k 48 s 77% 8% 15%
Acceptor (with Trolox) 66k 52 s 65% 20% 15%

Table 5.5: Averaged Photophysical Properties and molecular dipole orientation on sam-
ple of ssDNA donor and acceptor with and without Trolox.
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reduction by, e.g., Trolox forming a radical anion F−. The positive radical ion can be
quickly recovered by Trolox, while the anion requires oxygen. Both radical states exhibit
a long lifetime of several milliseconds, leading to the observed blinking periods. If no
rapid recovery is available, a permanent photobleaching product P is likely to be formed.
The former assumption is supported by the prolonged emission time until photobleach,
which corresponds to a lower photobleaching probability due to the shortened lifetimes
of the radical states by Trolox. The ATTO550 and ATTO633 molecules are based on
different chemical structures, and thus, it is reasonable that the impact on the quan-
tum yield is pronounced for ATTO550, while tbleach is increased for both fluorophores.
Apparently, the number of molecules with a vertical orientation of the transition dipole
increases upon treatment with Trolox. This effect is most likely caused by the electrical
charge of Trolox, so that most of the ssDNA strands, and hence the parallel oriented
transition dipole, are vertically aligned on the sample surface. In contrast, the hybridized
dsDNA strands remain parallel to the sample surface, so that the transition dipoles are
in-plane orientated. The mapped orientation of the donor and acceptor molecules of the
ssDNA samples will be later compared to the hybridized samples, where this information
is used as an indicator for the yield of hybridization.
The addition of the antioxidant Trolox results in a significantly improved stability of the
fluorescence emission, in particularly, by preventing long emission offtimes. Therefore,
all experiments outlined in the following sections are carried out with Trolox-incubated
samples.

5.3.2 Photostability

For a determination of the influence of the optical antenna onto the FRET-pairs, first a
thorough characterization of the single donor and acceptor molecules is required. This
evaluation enables to estimate any potential impact on the energy transfer rate due
to antenna-induced modifications of the rates γexc, γrad and γquen. As such strongly
divergent properties of donor and acceptor, e.g. in terms of the quantum yield or the
spectral overlap integral, might induce ’artifical’ malifications which are not related to
the electromagnetic field enhancement. In the first step, the emission characteristics are
determined in terms of the photostability, which is probed by acquisition of fluorescence
time trajectories for antenna-coupled ssDNA donor and acceptor molecules. The average
number of emitted photons and time interval tbleach are determined.
As a representation of the different antennas used, a single 80 nm AuNP is used for the

Fluorophore # of photons tbleach
Donor (confocal illum.) 174k 98 s
Donor (antenna-enh.) 299k 64 s
Acceptor (confocal illum.) 261k 94 s
Acceptor (antenna-enh.) 363k 67 s

Table 5.6: Averaged photophysical properties of ssDNA donor and acceptor
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following characterization. While the confocal illumination scheme uses an excitation
power of Pexc ≈500 nW at 532 nm or 633 nm, the power is decreased to ~100 nW in
antenna-coupled mode due to the electrical field enhancement of the optical antenna. In
order to further reduce the quenching probability by oxygen in air, measurements are
carried out in an argon atmosphere.
The results given in Table 5.6 indicate a slight increase in the number of photons,
when comparing confocal and antenna-coupled signals, and a simultaneous reduction of
tbleach. The origin of this effect is due to the increase in the photon count rate through
the antenna’s fluorescence enhancement. Although the power density is decreased from
~6.5∗10−3 nW (confocal mode) to ~2.6∗10−3 nW (antenna-coupled mode), the decreased
excitation state lifetimes outweigh. As a result, the average number of excitation cycles
until photobleaching occurs is achieved much faster and the emission duration decreases.
By comparing donor and acceptor with identical excitation schemes, however, only minor
differences can be observed, so that both fluorophores can be considered equivalent.

5.3.3 Emission Spectra of ATTO550 and ATTO633

In this section, the influence of the optical antenna on the the emission and absorption
bands of donor and acceptor is characterized. For example, antenna-induced spectral
shifts can lead to modifications of the spectral overlap integral J , which depends on the
normalized donor emission spectrum and the acceptor absorption coefficient (s.f. Section
3.3.2). The emission spectrum can be acquired directly, while the absorption spectrum
cannot be characterized with the introduced setup in Section 4.1.3. Hence, the latter is
approximated by the shift of the acceptor emission spectrum based on the reciprocity
principle of the shape of absorption and emission spectrum (s.f. Franck-Condon principle
in Section 3.3).
In Figure 5.24a, the confocal and 80 nm AuNP-coupled single molecule emission spectra
are shown. Due to the observed heterogeneity of the spectral properties over a large num-
ber of emission spectra acquired on individual DNA-bound acceptor and donor molecules,
all spectra are acquired on the same molecule. Although spectral alterations induced
by small environmental and molecular deviations are not pronounced, this approach en-
ables a direct comparison of the confocal and antenna-enhanced spectra. For confocal
excitation scheme, the average spectral peak is located at 573.9 nm for the donor and
644.5 nm for the acceptor. In comparison with the antenna-coupled emission spectra,
small shifts of the positions of both emission peaks are observed, while the shape of the
profiles remains unaltered. The donor spectrum exhibits a redshift of 6.5 nm, while the
acceptor spectrum blueshifts by 5.5 nm. This effect is in accordance with the spectral
dependence of the transition rates, as previously observed in multiple studies. 174–178

In Figure 5.25, the confocal emission spectra are presented in a compilation with the
absorption spectra, obtained from ensemble measurements in buffer solution. Taking
into account the different environments in which the absorption and emission spectra of
donor and acceptor are recorded, it is apparent that the spectrum profiles correspond
to the Franck-Condon principle , and therefore exhibit a mirror symmetry. Accordingly,
the absorption spectra are expected to shift by the same amount as observed for the
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antenna-induced shifts of the emission spectra. As a consequence, the spectral overlap
integral of the donor-acceptor pairs is modified by the optical antenna. The correspond-
ing calculations show, that the absolute value increases from 5.892 ∗ 1015 nm4M−1cm−1

for the confocal DA-pairs to 6.246 ∗ 1015 nm4M−1cm−1 for the DA-pairs coupled to
an 80 nm AuNP. Taking into account the specified ET efficiency by the manufacturer,
the effect of the antenna-modified Förster radius onto the FRET efficiency then can be
determined by

R
′
o = Ro(J ′(λ)/J(λ))1/6. (5.1)

According to the manufacturer-supplied specifications, the antenna-modified spectral
overlap therefore leads to a slight modification of the Förster radius from Ro = 7.93 nm
to R

′
o = 8.08 nm. This can be transferred to a change of the ET efficiency by up to 1%

for a highFRET-pair or 2.5% for a lowFRET-pair.
Besides, strongly deviating emission spectra of donor molecules are shown in Figure
5.24b. Compared to the previous spectra, these are strongly redshifted and partly fea-
ture different shapes. Since all spectra were recorded on the same sample using the same
parameters, the origin is presumably a random change of the donor molecule. If com-
bined with an acceptor, such a FRET-pair would achieve a much larger overlap integral,
and thus, a higher FRET efficiency (> 98%) than a so-called ’intact’ highFRET-pair
(83%). FRET-pairs with these properties can be well discriminated from the target
molecules. Furthermore, these account for less than 5% within a sample. For the FRET
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Figure 5.24: a) Averaged fluorescence emission spectra of donor ATTO550 and acceptor
ATTO633 for confocal and antenna-coupled excitation. The antenna in-
duces a spectral shift with its direction depending on the initial peak posi-
tion, while the spectral curve forms remain virtually unchanged. The donor
shows a redshift of about 6.4 nm, while the acceptor exhibits a blueshift
of about 5.6 nm. b) Abnormal donor emission spectra for confocal exci-
tation due to molecular configurations deviating from the manufacturer’s
specifications.
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measurements, such FRET-pairs are disregarded and not included in the statistics.

5.3.4 Overlap of FRET- and Antenna-LSPR-Spectra
The fluorescence enhancement factors for donor and acceptor were determined during
the previous characterization of the optical antennas (refer to Table 5.1). In the following
section, a brief crosscheck is done, in order to determine whether the values obtained are
in agreement with the antennas’ properties or require further validation. For this pur-
pose, the antenna LSPR spectra are displayed in superposition with the single molecule
emission spectra obtained. In addition, the ensemble absorption spectra of the donor
and acceptor molecules are also included in the diagram. In Figure 5.26a and b, the
donor/acceptor spectra are displayed together with the LSPR of an 80 nm AuNP (a)
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Figure 5.26: Overlay of absorption and emission spectra of donor and acceptor acquired
by single molecule, respectively ensemble measurements and LSPR-spectra
of a) 80 nm AuNP-antenna and b) 80 nm AgNP-antenna. The overlap of
the plasmon resonance and FRET-overlap integral is marked by the yellow
region.
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Figure 5.27: a) Overlay of normalized absorption and emission spectra of donor and
acceptor acquired by single molecule, respectively ensemble measurements
and LSPR spectrum of a dimer antenna, constructed from an 80 nm and
40 nm gold nanoparticle with a gap distance of 1.5 nm. The overlap of
the plasmon resonance and FRET-overlap integral is marked by the yellow
region. b) Comparison of the simulated scattering cross-section amplitudes
of the 80 nm AuNP and AgNPs, and the dimer antenna. The wavelength
region, relevant for the GSO, is marked yellow.

and 80nm AgNP (b) antenna. The overlay of the spectra clearly demonstrates the dif-
ferences for both antennas. The 80 nm AuNP antenna’s LSPR peak overlaps with the
donor emission spectrum to a large extent, while the overlap with the acceptor is con-
sidered much smaller, despite the step in the emission spectrum, due to the excitation
wavelength of 632.8 nm. According to this, the excitation enhancement is strongest for
the donor. However, due to the strong energy dissipation by the antenna (as outlined
in Section 3.4.1) in the region around λ ≤ 550 nm, only a low fluorescence enhancement
factor is achieved for the donor. Since the dissipative resonance, which, e.g., accounts
for quenching by the metal interface, is blueshifted from the LSPR peak, the strongest
fluorescence enhancement is obtained at wavelengths redshifted from the LSPR. There-
fore, the fluorescence emission of the donor is counterbalanced by a higher quenching
rate than the acceptor. As a consequence, the fluorescence enhancement factor for the
acceptor is at least twice as large as the one of the donor. In contrast, the LSPR of the
80 nm AgNP antenna is completely blueshifted in regard to the absorption and emission
spectra of the donor and the acceptor, so that for both fluorophores the energy dissipa-
tion rate is approximately the same. Moreover, the scattering amplitude is almost equal,
such that both donor and acceptor show the same level of fluorescence enhancement.
Finally consolving the dimer antenna with 1.5 nm gap distance, a redshift and broad-
ening of the plasmon resonance is caused in comparison to the 80 nm AuNP antenna.
As shown by the MNPBEM simulations (s.f. Section 3.2.4), the electromagnetic field
strength is increased for both excitation wavelengths of 550 nm and 633 nm, while the
ratio of the electromagnetic field enhancements FE,550 and FE,633 remains similar, so
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that whether the donor nor the acceptor receive an individual excitation benefit. Mean-
while, the LSPR peak is shifted to longer wavelengths, which is in good agreement to
the experimental observations. As a result, the donor’s emission spectrum excellently
coincides with the LSPR spectrum (s.f. Figure 5.27a). Consequently, an even stronger
quenching of the donor’s fluorescence rate is to be expected. This leads to a reduced
fluorescence enhancement in comparison to the monomer antennas, as observed during
the previous experimental optical antenna characterizations in Section 5.1. However, the
acceptor emission spectrum is only marginally overlapping with the long wavelength tail
of the LSPR. A comparison of the absolute values of the simulated scattering spectra,
outlined in Figure 5.27b, indicates that these are similar for both 80 nm AuNP and
AgNP antennas, while the amplitudes increase by about factor 3 for the 1.5 nm gap
dimer antenna. Important in terms of the ET efficiency is that the higher electrical
field enhancement exceeds the dissipative effects of the dimer, and thus the fluorescence
enhancement factor for ATTO633 is increased again from 10 for an 80nm AuNP to ~14
for a 80-40 nm AuNP dimer.
The higher strength of the scattering cross-section in the relevant spectral region for a
dimer antenna leads to an increase of the coupling factor, respectively an increase of
the GSO. Therefore, it is expected that, according to Eq. 3.133 (s.f. Section 3.4.2), the
energy transfer rate is also further enhanced. Moreover, the higher quenching rate of the
donor, in combination with the higher fluorescence enhancement of the acceptor, yields
a significant increase of the ratio Ffluo from 2.5 for the AuNP monomer to ~7 for the
dimer. Hence, a similar increase of the effective enhancement factor Feff , and thus, of
the energy transfer efficiency ET ′ (s.f. Eq. 3.136 in Section 3.4.2) of an antenna-coupled
FRET-pairs is expected.
In the following chapter hybridized FRET-pairs are used in combination with the in-
troduced antennas and their coupling effects are quantified on the basis of different
examination methods, such as fluorescence time trajectories or decay lifetimes.

5.3.5 Summary of the Characterization Steps

In a first step, single donor and acceptor molecules have been characterized in terms of
their interaction with the antioxidant Trolox for stabilization of their photon counting
rates for confocal illumination. Both the donor and the acceptor exhibit a positive re-
sponse to the presence of the anti-quenching agent by means of a longer emission time
until irreversible photobleaching and a significantly higher photon count rate stability.
No other effects, that could possibly interfere with the FRET process, were found.
Subsequently, the photostability and their emission spectra in antenna-decoupled and
-coupled state were studied. The emission properties showed only minor differences be-
tween the donor and the acceptor, so that these could be considered equivalent. Based
on their optical properties, both dyes are suitable candidates to form hybridized FRET-
pairs. The single molecule fluorescence spectra of both fluorophores exhibited small
peak shifts when coupled to the antenna. In consequence, the Förster radius respec-
tively FRET efficiency was marginally modified by the antenna. Superpositions of the
fluorescence spectra and the antenna LSPRs were shown to discuss the antenna’s fluo-
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rescence enhancement capability when coupled to the donor or the acceptor. Finally, an
additional comparison of the simulated cross-scattering amplitudes allowed a first esti-
mation of the relative GSO sizes. As a consequence of these results, the antenna-coupled
FRET-pairs are expected to show stronger modifications of the ET rate/efficiency than
caused by the fluorescence peak shifts.

5.4 Antenna-Coupled FRET
In this chapter, the induced modifications of highFRET- and lowFRET-pair proper-
ties are investigated when coupled to an optical antenna. The focus of the study is
on the influence on the critical parameters in terms of energy transfer efficiency and
energy transfer rate as a function of different selected antennas (which were previously
introduced in Section 5.1). For this purpose, thorough evaluations of the photophys-
ical properties in antenna-coupled and -decoupled state are carried out and evaluated
with respect to the individual antenna characteristics. In Section 5.4.1, FRET-pairs
with high initial ET rate and efficiency are investigated. Sequentially, in Section 5.4.2,
FRET-pairs with a low initial ET rate and efficiency are considered. The experimental
data are acquired and displayed as outlined in Chapter 4.

5.4.1 High Energy Transfer Rate FRET-Pairs

All samples are characterized by different approaches. In addition to confocal and
near-field imaging of highFRET-pair samples to study their homogeneity etc., point-
spectroscopic investigations provide information on the emission dynamics.

Imaging

Initially, samples of randomly distributed FRET-pairs with a DA-distance of 5.5 nm,
which corresponds to the highFRET-state DA-pairs, are characterized by means of con-
focal fluorescence imaging. According to the donor’s absorption band an excitation
wavelength of λexc = 532 nm is used. The emitted fluorescence signal of the donor
and the acceptor are separated by bandpass filtering (s.f. Section 4.1.1). Typically, the
integration interval per image pixel is set to 10-15 ms. Confocal imaging of individual
FRET-pairs enables the identification of intact hybridized, respectively coupled, donor-
acceptor-pairs. Figure 5.28a shows a fluorescence overlay image of the simultaneously
recorded donor (green) and acceptor (red) channels. For an excitation power of approx-
imately 500 nW typical donor and acceptor photon count rates of ~230 Hz and ~2.1 kHz
are observed for energy transfer active periods. Probing the samples with a radially
polarized excitation beam enables to identify the molecular orientations (see Section
4.1.1 for detailed description). Taking into account these unique fluorescence emission
patterns, i.e. single spots for out-of-plane aligned molecules and double-lobe patterns
for in-plane aligned molecules, intact FRET-pairs can be identified by fluorescence spots
with a strong in-plane component of the transition dipole moment of the donor and the
acceptor (s.f. Section 5.3.1). Non-functional single molecule FRET-pairs (smFRET),
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Figure 5.28: Fluorescence signal images generated by overlay of photon count rates of
donor (green) and acceptor (red) in highFRET-pairs excited by a) far-field
and b) 80 nm AuNP antenna

e.g. due to an incomplete hybridization of single donor DNA-strands, can be identified
by emission patterns deviating from the known double lobe pattern. Furthermore, as
outlined in Section 5.3.3, a small subset of ssDNA donor molecules exhibited a redshifted
emission spectrum as shown in Figure 5.24b. These shifts also increase the heterogeneity
of the measured ET efficiencies due to an altered Förster radius. Finally, smFRET-pairs
with a photobleached acceptor only show a strong emission of the remaining donor.

Antenna-Enhanced Imaging

In a proof-of-principle experiment, FRET samples of higher molecule density are used to
evaluate, if the resonance energy transfer mechanism is further functional in the antenna-
coupled state. For this, images are acquired by scanning the sample underneath an
80 nm AuNP antenna at a distance of ~5 nm to the sample surface. In Figure 5.28b, the
corresponding antenna-coupled overlay images are displayed. Despite the higher density
of smFRET-pairs, in comparison to the previous scan, clearly individual smFRET-pairs
can be identified due to the higher optical resolution by the electrical field confinement
of the 80 nm AuNP. In accordance to the confocal images, the smFRET-pairs also
exhibit a double lobe emission pattern, which indicates that the optical antenna at least
doesn’t entirely annihilate the energy transfer. In order to prove that these spots indeed
correspond to highFRET-state DA-pairs, their time-lapse spectral evolution is mapped
in the next section.

Spectra

In the previous section, antenna-enhanced FRET images revealed emission patterns,
which likely correspond to intact DA-pairs. To further conceive this, single molecule
FRET-pair spectroscopy is accomplished to demonstrate the switching behavior and the
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Figure 5.29: a) Emission spectrum of an antenna-enhanced smFRET-pair with both
donor and acceptor activities. b) Temporal progression of emission spec-
trum in 20 s-intervals, before (<60 s) and after acceptor bleach (>60 s).

donor’s and acceptor’s emission peak positions. The latter can be directly compared
to the spectra of ssDNA donor and acceptor strands, displayed in Figure 5.24a. Figure
5.29a shows the spectrum of confocal and antenna-enhanced smFRET-pairs, where the
denoted spectral peak positions of the donor and the acceptor coincide exactly with
the ssDNA donor and acceptor molecules. Furthermore, the temporal evolution of the
fluorescence emission could also be observed. In Figure 5.29b the time lapse series in
20 s-steps of the antenna-enhanced smFRET-pair is shown. At the point of acceptor-
bleaching, the intensity of the donor strongly increases and the acceptor emission is
diminished. For the active emission states, the spectral peak position and spectral
profile remains unmodified.

Fluorescence Decay Lifetimes - Average Characteristics

Averaged fluorescence decay curves of the donor and acceptor emission of individual
ssDNA-bound donor and acceptor molecules, and also of intact donor-acceptor-pairs are
acquired. Subsequently, the data is evaluated in order to determine the coupling strength
of the optical antenna with the smFRET-pairs. In order to quantify the lifetime of the
donor and the acceptor, the experimentally obtained decay curves are analyzed by fitting
multiple exponential decay functions. It is common practice to a first approximation to
consider only the strongest component, which accounts for the strongest modification
of the excited state’s decay. The corresponding curves are displayed for comparison in
Figure 5.30, where in part b the decay curve of the free acceptor is vertically shifted by
-0.5 for visualization purposes. Clear differences are found for the donor and the acceptor
molecules, and the different coupling states of the donor and the acceptor molecules,
i.e. uncoupled and coupled donor and acceptor molecules. Figure 5.30a compares the
averaged confocal decay curves of the donor emission of donor-labeled single-stranded
DNA molecules (in the following denoted as free donor) and the corresponding intact
FRET-pairs, obtained by hybridization with acceptor-labeled, complementary ssDNA
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Figure 5.30: Excitation schemes (top) and averaged fluorescence decay curves of uncou-
pled donor and acceptor molecules, and also intact smFRET-pairs with high
initial ET efficiency (bottom). The fluorophores are excited by confocal il-
lumination, with two different laser wavelengths depicted in the excitation
schemes in the upper part. The decay curve of the free acceptor in part b
is vertically shifted by -0.5 for visualization purpose, due to an otherwise
complete overlay.

strands. Clearly both decay curves deviate from a monoexponential decay, so that the
number of exponents is gradually increased until the deviations are minimized and the
calculated curve fits to the measured curve. In particular, for the acceptor-coupled state
a bi- or triexponential decay can be assigned to different decay routes, i.e. energy transfer
to the acceptor.
The observed decay curves of the donor emission in Figure 5.30a reflect the expected
modification induced by means of coupling of an acceptor molecule capable of receiving
energy from the donor. In this case, the non-radiative energy transfer to the excited
state of the acceptor leads to a faster depopulation of the donor’s excited state. As
visualized later by the timetraces (s.f. Section 5.4.1), energy transfer can be blocked by
a transition of the acceptor excited state to a long-lived triplet state, which increases
the likelihood for a depopulation of the excited donor level by fluorescence emission or
by internal collisions. Hence, the donor decay curve likely includes multiple processes.
Beside of the coupled FRET-pair, also the decay curve of the uncoupled (free) donor
exhibits a bi-exponential behavior, which indicates a complex molecular architecture.
The molecular structure of the dye-DNA-construct might also provide multiple decay
routes. The latter is indicated by several publications, addressing the lifetimes of these
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molecules.179–182 However, since the molecular structure of the DNA-linked fluorophores
is not provided by the manufacturer, a distinct assignment is difficult. Since the decay
curves display the average over a large number of measurements, partially variations due
to environmental fluctuations may also account for the multiexponential decay.
In contrast to the modified lifetime of the donor, the acceptor fluorescence decay is
largely unmodified by direct coupling of the donor (s.f. Figure 5.30b). Here, the decay
curve of the free acceptor has a vertical offset of -0.5 in order to clearly distinguish
both curves, as they would completely overlap otherwise. Whilst the acceptor can be
considered as a perturbation of the donor electron’s state, the influence of the donor
on the acceptor emission is less pronounced (s.f. Figure 3.24). Moreover, quantum
mechanically allowed, energy backtransfer for the acceptor to the donor is less likely
than the opposite (see Section 3.3.2). Therefore, only minor differences in the acceptor’s
fluorescence decay curve are observed for a direct laser excitation at a wavelength of
639 nm and by means of non-radiative energy transfer from the donor to the acceptor.
In principle, donor-acceptor coupling provides primarily no altered decay routes for the
acceptor, which are still dominated by the molecular structure, i.e. direct radiative decay
and internal collisions. Whilst Figure 5.30 demonstrates the influence of the coupling of
the acceptor on the donor emission, in Figure 5.31 the influence of the 80 nm AuNP on
the DA-pairs is investigated. Similar to the confocal lifetime measurements, the averaged
results for the antenna-coupled states are summarized in Figure 5.31. As to be expected,
the antenna modifies the fluorescence decay of the excited DA-states. The antenna-
coupled donor yields a clearly shorter lifetime of τ ′

d = 0.87 ns compared to confocal
excitation (τ o

d = 3.46 ns). Using Equation 3.127 leads to a ratio of the spontaneous
emission rate FD of about 4. This corresponds to the previously determined fluorescence
enhancement factor of the donor for antenna-coupled excitation with the 80 nm AuNP
antenna (s.f. Section 5.1.1). For the uncoupled acceptor, however, the lifetime ratio
of confocal τ o

a = 2.65 ns to antenna-coupled τ ′
a = 0.25 ns results in a higher ratio of

FA ≈ 10. Since the electrical field enhancement factors of the 80 nm AuNP antenna
at 550 nm and 633 nm are approximately similar (refer to simulation in Section 3.2.3),
the effect originates from the wavelength-dependent dissipative resonance of the 80 nm
AuNP antenna (s.f. Section 3.4.1).
In addition, information on the modification of the lifetime of the highFRET acceptor
relative to the highFRET donor lifetime is given by the ratio τa(et)/τda. This ratio is of
importance for the FRET-process, since the ET cycling rate depends on the deexcitation

Fluorophore Avg τ o Avg τ ′ τ o/τ ′ τa(et)/τda
Free Donor 3.46 ns 0.87 ns ≈4 -
HighFRET Donor 0.32 ns 0.06 ns - -
Free Acceptor 2.65 ns 0.25 ns ≈10 -
HighFRET Acceptor 2.64 ns 0.23 (1.27) ns - cf: 8.25 / ae: 3.83

Table 5.7: Averaged decay state lifetimes of free donor and acceptor molecules, as well
as intact smFRET-pairs with high energy transfer efficiency
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Figure 5.31: Averaged fluorescence decay curves of uncoupled donor and acceptor
molecules, and also intact smFRET-pairs with high energy transfer effi-
ciency, excited in presence of an antenna.

rates, in particular also the one of the acceptor.183–186 Taking into account that the
donor’s excited state can only be depopulated by non-radiative ET for the acceptor
resting in its ground state as depicted in Figure 5.32a, the lifetime of the acceptors
excited state takes on a regulative role. Only in the case that the lifetime τ o

a(et) is
shorter than the lifetime τ o

da the likelihood for ET is high. In contrast, for τ o
a(et) ≫ τ o

da
the ET is blocked (s.f. Figure 5.32b) and the donor likely dissipates the energy by other
radiative or non-radiative transitions. Therefore, it is important to consider the ratio b =
τa(et)/τda for the confocal (bo) and the antenna-coupled (b′) state. The corresponding
measured lifetimes are summarized in Table 5.7. Taking into account the experimental
data, the confocal excitation of the FRET-pairs yields bo = τ o

a(et)/τ o
da = 8.25. Clearly,

the antenna-coupling results in a significantly lower ratio of b′ = τ ′
a(et)/τ ′

da = 3.83.
Therefore, the antenna does not generate an ET-blocking effect, but instead improves
the chance of an unhindered ET. Due to the significantly lower excitation rates applied
in the experiment, so that γexc ≪ γet, only minor improvements are achieved by this
effect, but offers high potential for experiments with a high degree of acceptor saturation,
e.g. by prolonged decay lifetimes or high excitation rates.
The ET rate enhancement factor can be directly deduced from the averaged donor
lifetime measurement by taking into account the Förster radii determined in Section 5.3.3
and the known donor-acceptor distance of R = 5.5 nm. According to Equation 3.101, the
energy transfer rate is γo

et = 2.6 ns−1 in case of confocal excitation, whilst the antenna-
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Figure 5.32: Schematic Jablonski diagrams of a typical FRET-Pair with a) typical en-
ergy transfer route from donor (excited by transition #1) to the acceptor
(depopulated by transition #3) and b) blocked ET path due to the accep-
tor unable to receive the energy as it is already in an excited state. In the
second case, for the FRET-pairs donor only transition #2 is available.

coupled FRET state is characterized by an increased FRET rate of γ′
et = 11.6 ns−1.

Consequently, for an 80 nm AuNP antenna a 4.46-fold enhancement factor of the ET
rate is expected. In order to verify this factor, the ET rate of intact FRET-pairs with and
without antenna are determined from the decay curve displayed in Figure 5.30 and 5.31.
In comparison to the values obtained above, the ET rate for the antenna-coupled state
is higher than expected, thus leading to an enhancement factor of ~5.5. This is in good
agreement with the previous considerations. The minor deviations might be caused
by strong blinking FRET-pairs which can provide shorter donor lifetimes and distort
the average decay curve. Therefore, further measurements are carried out in a single
molecule study on individual smFRET-pairs, to avoid typical ensemble averaging effects.
The influence of the overlap integral of the antenna’s LSPR-spectrum and the spectral
FRET overlap is validated by using the three antenna types introduced in Section 5.3.4,
i.e. an 80 nm AgNP, an 80 nm AuNP, and an 80-40 nm AuNP dimer.

Single Molecule Study

Considering the different LSPR-spectra for the antennas discussed in Section 3.2.3, in the
following the FRET enhancement factors for an 80 nm AgNP, an 80 nm AuNP and an
80-40 nm AuNP dimer are determined. Figure 5.33a-c presents the donor decay curves
measured on antenna-coupled single molecule highFRET-pairs before and after the ir-
reversible photobleaching process of the acceptor occurs. Additionally, Figure 5.33d-f
shows the donor decay curves for smFRET-pairs in the antenna-coupled and uncoupled
state, by retracting the antenna before the acceptor bleaches. For all antenna types the
coupling with the FRET-pair leads to a clearly visible decrease of the lifetime of the
donor’s excited state. For the 80 nm AgNP antenna (s.f. Fig. 5.33d) a decay lifetime of
τ ′

da = 0.07 ns is measured. With the retracted antenna the lifetime of the same DA-pair
changes to τ o

da = 0.17 ns. This accounts for a decrease in the excited state lifetime of the
donor by a factor of ~2.4. However, the observed decrease of the lifetime not necessarily
correlates to a modification of the energy transfer rate, since the antenna also modifies
the donor’s spontaneous emission rate. This also contributes to a modification of the

115



5 Results

0 2 4 6 8 10
10-3

10-1

100

no
rm

. #
 o

f c
ou

nt
s

lifetime / ns

10-2

antenna-
coupled sm-
FRET pair

confocal sm-
FRET pair

antenna-
coupled sm-
FRET pair

0 2 4 6 8 10
10-3

10-1

100

no
rm

. #
 o

f c
ou

nt
s

lifetime / ns

10-2

confocal sm-
FRET pair

antenna-
coupled sm-
FRET pair

confocal
sm-FRET pair

antenna-
coupled
free donor

0 2 4 6 8 10
10-3

10-1

100

no
rm

. #
 o

f c
ou

nt
s

lifetime / ns

10-2

144059

0 2 4 6 8 10
10-3

10-1

100

no
rm

. #
 o

f c
ou

nt
s

lifetime / ns

10-2

antenna-coupled
free donor

antenna-
coupled sm-
FRET pair

0 2 4 6 8 10
10-3

10-1

100

no
rm

. #
 o

f c
ou

nt
s

lifetime / ns

10-2

antenna-
coupled 
free donor

antenna-coupled
sm-FRET pair

0 2 4 6 8 10
10-3

10-1

100

no
rm

. #
 o

f c
ou

nt
s

lifetime / ns

10-2

antenna-
coupled sm-FRET pair

confocal sm-
FRET pair

confocal
free donor

80 nm AgNP 80-40 nm AuNP80 nm AuNPa) b) c)

d) e) f)80 nm AgNP 80 nm AuNP 80-40 nm AuNP

Figure 5.33: Lifetime measurements of individual FRET-pairs with high energy trans-
fer efficiency in confocal and antenna-coupled excitation. The three dif-
ferent antennas are: a) and d) 80 nm AgNP, b) and e) 80 nm AuNP, c)
and f) 80-40 nm AuNP dimer. a-c) Comparison of the modification of the
donor lifetime of an antenna-coupled smFRET-pair before and after irre-
versible photobleaching of the acceptor molecule. For b) the decay curve
of the intact smFRET-pair in confocal illumination is displayed in addi-
tion. d-f) Modification of the donor in an intact smFRET-pair induced by
an metal nanoparticle antenna compared to a far-field illumination of the
same smFRET-pair. For f) the decay curve of the donor in the far-field
excited pair is displayed in addition.

excited state lifetime. Therefore, this influence has to be determined by measuring the
excited state lifetimes of the acceptor-uncoupled (free) donor.
According to the equations 3.107 and 3.108, the energy transfer rate and efficiency can
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be determined by lifetime measurements before (τ ′
da) and after (τ ′

d) irreversible photo-
bleaching of the acceptor. In Figure 5.33a the lifetimes for such a case are shown. The
obtained lifetimes are τ ′

da = 0.08 ns and τ ′
d = 0.91 ns, resulting in an energy transfer rate

of γ′
et = 11.4 ns−1, and an energy transfer efficiency of 91%. Coupling the 80 nm AgNP

antenna to the individual FRET-pairs leads to an enhancement of the energy transfer
rate, but no significant increase of the FRET efficiency compared to confocal excitation
(90%).
This result demonstrates that the AgNP antenna obviously accelerates other decay chan-
nels, which counterbalance the induced ET rate enhancement. Therefore, in the follow-
ing, the effects of 80 nm AuNP antennas are investigated, since these provide similar elec-
tromagnetic enhancement in the selected spectral region like the 80 nm AgNP antennas.
The fluorescence decay curve of an smFRET-pair, coupled to the 80 nm gold nanopar-
ticle antenna (s.f. Figure 5.33b), yields an energy transfer rate of γ′

et = 11.3 ns−1. The
ET rate coincides well with the one observed for the AgNP antenna. In accordance
to the theoretically expected electromagnetic enhancement and field distribution of the
AuNP, the FRET efficiency increases to 95.5%. The additional decay curve in Figure
5.33b of the antenna-decoupled smFRET-pair provides a lifetime of 0.318 ns, and thus,
an enhancement factor of 4.6. This factor is confirmed by the second measurement (Fig-
ure 5.33e: τ ′

da = 0.041 ns and τ o
da = 0.185 ns) with a factor of 4.5, and is in excellent

agreement with the expected ET rate enhancement factor Fet = 4.46.
Both 80 nm AgNP and 80 nm AuNP antennas, coupled to highFRET-pairs, yield similar
ET rates. As outlined in Figure 5.27b, the 80 nm AgNP scattering cross-section ampli-
tude is nearly as high as the amplitude of the 80 nm AuNP, and thus, according to theory
(s.f. Eq. 3.133), result in similar values for the GSO, respectively ET rate enhancement
factors. In contrast, the coupling of the 80 nm AgNP antenna to a highFRET-pair
increases the observed FRET efficiency marginally by 1%. This small variation can be
attributed to the spectral shifts due to the antenna-coupling of donor and acceptor, and
the corresponding slightly increased Förster radius. In comparison to the AgNP, the
AuNP antenna provides a significant higher effective enhancement factor, respectively
fluorescence enhancement ratio of Ffluo = 2.5. Accordingly, coupling a highFRET-pair
to the 80 nm AuNP yields a clear increase of the FRET efficiency to 95.5%.
In order to further enhance the energy transfer rate and efficiency, a precise adaption
of the antenna’s properties is required. Since good results are achieved with the 80 nm
AuNP antenna, it is reasonable to continue utilizing gold as the antenna’s nanoparticle
material. By utilizing the 80-40 nm AuNP dimer antenna (with a gap size of 1.5 nm),
introduced in Section 5.1.2, an increase of the GSO and Ffluo in comparison to the single
NP antennas is achieved, which is expected to further increase the ET rate and effi-
ciency of the antenna-coupled smFRET-pairs. For the following measurements with the
80-40 nm AuNP dimer antenna, an argon atmosphere is not applied, so that an initial
average FRET efficiency of 83% provides more scope for an enhancement of the FRET
efficiency. The decay curves shown in Figure 5.33c are close to each other, since the life-
time components of the supposedly free donor are modified by the intermittent blinking
acceptor, i.e. the energy transfer is temporarily restored. This results in a relatively
dominant lifetime component of 0.17 ns compared to the lifetime of the antenna-coupled
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free donor τ ′
d = 1.05 ns. For the lifetime modification of the antenna-coupled FRET

state, with τ ′
da = 0.03 ns, a FRET efficiency of 97% and an energy transfer rate of

γ′
et = 33.7 ns−1 is obtained. Both results represent a significant increase and further

improvement compared to the 80 nm AuNP antenna. In regard to the applied argon
atmosphere for the 80 nm AuNP, the dimer antenna provides an even better enhance-
ment, than is visible by direct comparison of the ET rate and efficiency. The ratio of the
donor’s lifetimes of the antenna-coupled and -decoupled FRET-pair (s.f. Figure 5.33f) is
given by FET = 0.03 ns/0.39 ns = 13 and yields an enhancement by factor 2.8 compared
to FET of the 80 nm AuNP. In addition, the diagram contains the decay curve of the
uncoupled, free donor (τ o

d = 2.10 ns), so that the energy transfer rate for the antenna-
decoupled state can be determined. As to be expected, both the ET rate γo

et = 2.06
ns−1 and the FRET efficiency ET o = 81% are lower than the values determined under
argon atmosphere. Furthermore, taking into account the dimer antenna’s fluorescence
enhancement factor for the donor FD = 2, theoretical calculations direct towards an
antenna-coupled FRET efficiency of 97% and an ET rate of γ′

et = 32.0 ns−1, which is in
excellent agreement to the previous experimental results.
Despite the lower initial FRET efficiency of the highFRET-pairs without an argon at-
mosphere, the 80-40 nm AuNP dimer antenna yields a significantly stronger enhanced
energy transfer rate and efficiency than the single NP antennas. This demonstrates that
the dependence of the ET rate and efficiency on the GSO and Feff is utilized as expected
by the selection of a specific dimer antenna, as the optical antenna’s properties are thus
successfully adapted to the highFRET-pair.
Experimental FRET-pair investigations for the determination of donor lifetimes are typ-
ically carried out as ensemble measurements with many FRET-pairs in order to obtain
high donor photon count rates, as the donor emission is strongly quenched for high FRET
efficiencies. Therefore, a single molecule study requires a long and stable fluorescence
emission of donor and acceptor, and also a precise, drift-free positioning of the laser focus
and the optical antenna. Due to these challenging requirements, ensemble measurements
are generally employed. However, a single molecule study can reveal further properties
that are otherwise not visible in ensemble measurements. This applies, for example, to
the slightly differing lifetimes of the (antenna-decoupled) donor, which indicates small
variations of the initial FRET efficiencies of the individual molecules and underlines the

Excitation γet FET ET

Confocal (avg) 2.6 ns−1 - 90%
80 nm AgNP 11.4 ns−1 (2.4) 91%
80 nm AuNP 11.3 ns−1 4.5 95.5%
Confocal 2.06 ns−1 - 81%
80-40 nm AuNP dimer 33.7 ns−1 13 97%

Table 5.8: Summarized results of individual antenna-enhanced and -decoupled
highFRET-pairs, investigated under argon atmosphere (upper part of table)
and air (lower part).
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need for a single-molecule study.

Timetraces

In order to determine the homogeneity of the determined FRET-efficiencies, the time-
dependent photon count rates of donors and acceptors forming initially intact smFRET-
pairs are measured in this section. This approach aims at gathering further information
on the dynamic processes involved in the relaxation, in particular the influence of flu-
orescence intermittencies and photobleaching of the dye molecules on the distribution
of FRET efficiencies. At first, these investigations are used to validate the FRET effi-
ciencies obtained from the lifetime analysis presented in section 5.4.1. In addition, the
FRET-active time interval (tFRET) and the number of emitted acceptor-photons before
irreversible photobleaching are determined, which provide insights into the antennas’
influence on the stability of the fluorescence emission of the donor and the acceptor
molecule in different environments, i.e. under argon atmosphere and in air. Of major
importance are also modifications on the measurement accuracy of the FRET efficiency.
The latter can be determined by analyzing the associated distribution widths (FWHM)
of a single donor-acceptor pair. Taking into account that the FRET efficiency measure-
ment accuracy strongly depends on the fluorescence blinking statistics of the donor and
particularly, of the acceptor, the fluorescence emission ontime and offtime periods are
analyzed. In regard of the measurement accuracy the acceptor’s capability to ideally
receive the radiationless transferred energy, i.e. the capability to occupy the first elec-
tronically excited state, and to relax by a radiative transition continuously is essential.
The offtime probability density distributions provide information on the temporal range
and can be evaluated for theses influences by plotting the distributions on a double log-
arithmic scale and fitting the curve according to a power law distribution. The resultant
slope (αOff) can be used to understand the antennas’ influence onto energy transfer sta-
bility and enable a direct comparison of measurement acquired with different type of
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Figure 5.34: Temporal evolution of a single molecule FRET-pair photon count rate in the
a) antenna-decoupled and b) 80 nm AuNP antenna-coupled state. The time-
trace of the antenna-coupled state exhibits the same dynamic processes in
terms of blinking, bleedthrough, bleaching, etc., like the antenna-decoupled
FRET-pair.
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antennas.under similar excitation power densities. The used excitation power densities
are given in Table 5.9.
In Figure 5.34a, a timetrace of an smFRET-pair excited in confocal illumination mode is
shown. The energy transfer from donor to acceptor leads to a low photon count rate of
the donor and high acceptor count rates. In the case of acceptor blinking, an anti-cyclic
behavior is evident, i.e. since the acceptor cannot accept the energy from the donor,
the donor emits with a correspondingly higher intensity. If the acceptor is irreversible
photobleached, ET does not anymore occur, and hence, the absorption leads to single
fluorescence emission of the donor with higher rates than in the coupled state. Due to
the elongated right tail of the donor’s fluorescence emission spectrum, the overlap with
the acceptor’s emission spectrum leads to a weak contribution in the acceptor detection
channel. In order to account for this crosstalk, a small correction factor is implemented
into the data evaluation algorithms (s.f. Section 4.1.2).
First, the timestamp data of the timetraces are evaluated for the FRET-active time
intervals and number of emitted acceptor-photons. As shown in Table 5.9, the optical
antennas significantly increase the emission time, which can be attributed to the reduced
decay state lifetimes, respectively lowered probability of irreversible photobleaching. In
correspondence to the extended FRET intervals, the number of photons also increases
similarly, enabling an improved photon statistics for the FRET efficiency histogram
analysis.
Afterwards, the timetrace data is used to calculate the corresponding FRET efficiency.
Figure 5.35 presents the associated FRET efficiency histograms (5.35a) and offtime den-
sity distributions (5.35b) for confocal and antenna-coupled excitation. The ET efficiency
distribution for antenna-decoupled excitation exhibits a typical peak value of 90% with
an FWHM of 11%. For the 80 nm AgNP antenna-coupled state, the distribution peak
shifts to 91%, while the FWHM remains unchanged. This corresponds exactly to the
theoretical prediction of the antenna-induced extension of the Förster radius to ~8.08 nm
(s.f. Section 5.3.3) and the resulting increase in FRET efficiency by approximately 1%.
A replacement of the 80 nm AgNP by an 80 nm AuNP antenna involves a significant
change of the donor’s and the acceptor’s fluorescence enhancement factor ratio Ffluo.
In theory, equation 3.136 predicts a stronger modification of the FRET efficiency. The
corresponding results are presented in the lower part of Figure 5.35a. Comparing the
AuNP antennas with diameters of 20 nm and 80 nm, significant differences are visible,

Excitation tFRET # of photons Power density αD
Off αA

Off
Confocal 43 s 62k 6.5 ∗ 10−3 nW/nm2 1.8 1.9
80 nm AgNP 57 s 88k 2.6 ∗ 10−3 nW/nm2 1.7 2.2
20 nm AuNP 167 s 287k 2.6 ∗ 10−3 nW/nm2 1.7 1.7
80 nm AuNP 102 s 103k 4.3 ∗ 10−3 nW/nm2 1.4 1.8

Table 5.9: Averaged photophysical properties of antenna-coupled and -decoupled
smFRET-pairs, excited under argon atmosphere with the power density for
in-plane dipole orientation.
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Figure 5.35: a) Histograms of the FRET efficiencies obtained from the recorded fluores-
cence timetraces of individual highFRET-pairs coupled to different optical
antennas used under argon atmosphere. b) Corresponding offtime proba-
bility densities with exponential curve fits.

where the antenna-coupled excitation may result in an increase or decrease of FRET
efficiency and distribution width depending on the NP diameter. In the case of the
20 nm AuNP antenna, the ET efficiency is reduced to 85% and the FWHM is increased
to 13%, while in the case of the 80 nm diameter AuNP, efficiency is increased to 93%
and the FWHM is improved to 8%. The strong reduction of the FRET efficiency can be
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assigned to the ratio of scattering to absorption cross-section amplitude, which decreases
for small nanoparticle diameters (s.f. Eq. 3.81 and 3.82). The majority of the donor’s
excitation energy is dissipated by the 20 nm AuNP antenna instead of being transferred
to the acceptor. Therefore, the effective enhancement Feff is decreased due to the strong
quenching factor Fquen, and can be approximated by Eq. 3.136 to Feff ≈ 0.63. This
reduction of the energy transfer rate is reversed by enlarging the gold nanoparticle to
a diameter of 80 nm and thus, improving the cross-section ratio and therefore the ET
efficiency. As a result, the FRET efficiencies determined by evaluation of the obtained
decay state lifetimes (s.f. Section 5.4.1) and timetraces under argon atmosphere are in
good agreement, and thus, confirm the homogeneity of the investigated samples and
highFRET-pairs.
In order to investigate the antenna-modified fluorescence emission dynamics, the offtime
probability density distributions are obtained from the timetraces (s. Section 4.1.2 for
details). The distributions, shown in Figure 5.35b, feature a power law dependency, as
typically observed for single quantum emitters in literature. 154–156 For longer offtime
intervals, a typical exponential cutoff can be observed, which occurs due to the low
number of instances. This commonly leads to a higher uncertainty of the associated
probability density. Hence, the power law exponents αA

Off (of the acceptor) and αD
Off (of

the donor) in Table 5.9 are determined over a large number of measurements, disregard-
ing the cutoff-region. The temporal offtime range of an antenna-decoupled FRET-pair
is marked by the grey zone in Figure 5.35b, while the brown guideline marks the point
of the exponential cutoff. Thus, in a direct comparison of the four offtime distributions,
it can be recognized that only relatively weak modifications occur under use of an argon
atmosphere. In case of the 80 nm AgNP- and AuNP-antennas, the exponential cutoff is
shifted due to the improved photon count statistics, while the distribution is not altered
in the range of the shorter offtime components. Regarding the determined offtime slopes,
only marginal changes of αD

Off (80 nm AuNP) respectively αA
Off (80 nm AgNP) occur (s.f.

Table 5.9). In contrast, the offtime probability density obtained from the 20 nm AuNP
antenna deviates from the results for the 80 nm AuNP antenna. Clearly, a shift of the
complete donor distribution towards shorter offtimes can be observed, so that both the
donor and the acceptor now possess almost similar offtimes. Simultaneously, the offtime
slopes αD

Off and αA
Off take on equal levels. This effect is related to the reduced FRET

efficiency due to non-radiative coupling to the AuNP. As a result the donor exhibits
shorter offtimes.
In summary, only minor changes in the offtime probability density distributions are in-
duced by the utilized antennas. This presumably originates from the use of an argon
atmosphere, which is known for a suppression of fluorescence blinking. For comparison,
further measurements were carried out under ambient air atmosphere conditions. Again,
the smFRET-pairs’ photophysical properties are listed in Table 5.10. For confocal ex-
citation, shorter the FRET-active time intervals are found in comparison to the argon
atmosphere, as expected because of the higher photobleaching probability. Utilizing the
80 nm AuNP, the intervals are significantly extended. Contradictory, the dimer antenna
obtains shorter emission interval, which can be ascribed to the drastically increased
FRET efficiency, such that the average number of emitted photons is reached much
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Figure 5.36: a) Histograms of the FRET efficiencies obtained from the recorded fluores-
cence timetraces of individual highFRET-pairs coupled to different optical
antennas used under air atmosphere. b) Corresponding offtime probability
densities with exponential curve fits.

faster. Due to the resultant higher photon emission rates, the examined FRET-pair
reaches the average number of emitted photons in less time. Similarly, the number of
emitted photons is improved for both antennas. Figure 5.36a provides the corresponding

Excitation tFRET # of photons Power density αD
Off αA

Off
Confocal 35 s 63k 6.5 ∗ 10−3 nW/nm2 2.2 2.3
80 nm AuNP 49 s 123k 4.3 ∗ 10−3 nW/nm2 1.5 2.0
80-40 nm Dimer 24 s 72k 5.8 ∗ 10−3 nW/nm2 1.3 1.6

Table 5.10: Averaged photophysical properties of the investigated antenna-coupled and
-decoupled smFRET-pairs, excited under air atmosphere with the power
density for in-plane dipole orientation.
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histograms and Figure 5.36b shows the offtime probability density distributions for the
timetraces, recorded and evaluated under the changed environmental conditions. The
grey zone and the brown guideline are unchanged compared to Figure 5.36b and the
modifications to the offtime probability density distribution can be seen clearly. The
histogram for confocal excitation reveals a reduced FRET efficiency of 83% and also a
broader FWHM of 13%, caused by the environmentally perturbed photophysical proper-
ties. The 80 nm AuNP antenna enables to increase the FRET efficiency significantly to
89%, while the FWHM is reduced to 9%. The utilization of the dimer-antenna confirms
this trend. For the 80-40 nm AuNP dimer the FRET efficiency increases further to 92%
and the FWHM decreases to 5%. The FRET efficiencies determined by evaluation of
the obtained decay state lifetimes (s.f. Section 5.4.1) and timetraces under air exhibit
a slight shift of 2-3%, but are still in good agreement within the obtained measure-
ment accuracy. This confirms again the homogeneity of the investigated samples and
highFRET-pairs. Regarding the measurement accuracy of the energy transfer efficiency,
the results indicate that an optical antenna might change the fluorescence intermitten-
cies, and thus, improve the FRET efficiency measurement accuracy. In order to conceive
this, the corresponding probability density plots are evaluated. In contrast to the inves-
tigations under argon atmosphere, strong antenna-induced modifications of the offtime
probability density distributions can be observed in Fig. 5.36b. The 80 nm AuNP an-
tenna increases the probability density for short offtime periods and the onset of the
exponential cutoff shifts to much shorter offtimes compared to the antenna-decoupled
smFRET-pairs. Additionally, the slope of the donor αD

Off decreases in relation to the
acceptor, indicating a higher stability of the energy transfer process. Switching to the
dimer antenna leads to a continuous increase of the observed effects. The probability
density distribution of the acceptor continues to shift towards shorter offtimes, leaving
the marked grey zone. In return, the donor offtimes do not exhibit a horizontal shift
but exhibit a decreased number of counts, such that the point of the exponential cutoff
reaches the brown guideline. Similar to the monomer antenna, αD

Off is further reduced
(s.f. Table 5.10). The trend towards a change in the ratio of short and long offtimes in
the offtime probability distribution favoring the acceptor marks a continuous improve-
ment of the emission characteristics compared to the 80 nm AuNP antenna or confocal
excitation.
These results demonstrate the influence of the antenna on the blinking behavior of the
fluorophores. As a consequence of the reduced length of the offtime intervals, FRET-
active states are less affected by intensity fluctuations. Hence, a reduction of the FRET
efficiency distribution widths is obtained in the antenna-coupled experiments, even with-
out utilization of an argon atmosphere. Comparing both environments, the antenna can
impose similar effects like the exclusion of oxygen by utilizing for example argon as
an inert atmosphere. The influence of the utilized optical antennas on the dynamic
processes is more evident in measurements without argon atmosphere, since the oxy-
gen leads to strong blinking respectively a large number of long offtime periods. As a
consequence, the energy transfer is destabilized, which is reflected in a broader FRET
efficiency distribution. This distribution width can be reduced by utilizing optical an-
tennas in both investigated atmospheres. The number of emitted photons and length of
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5.4 Antenna-Coupled FRET

the FRET-active interval can also be improved by utilizing the optical antennas, due to
the previously determined lower excitation state lifetimes, and hence lower probability
for irreversible photobleaching.

5.4.2 Low Energy Transfer Rate FRET-Pairs

Imaging

In analogy to the highFRET-pairs in Section 5.4.1, samples of randomly distributed
FRET-pairs with a changed donor-acceptor-distance of 8.9 nm, which corresponds to the
lowFRET-state DA-pairs, are characterized by means of confocal fluorescence imaging.
Similarly, an excitation wavelength of λexc = 532 nm is used, and the emitted fluorescence
signals of the donor and the acceptor are separated by bandpass filtering. The integration
interval per image pixel is typically set to 10-15 ms. Figure 5.37a shows a fluorescence
overlay image of the simultaneously recorded donor (green) and acceptor (red) channels.
For an excitation power of approximately 1.3 µW typical donor and acceptor photon
count rates of ~4.2 kHz and ~1.8 kHz are observed for energy transfer active periods.
The molecular orientations can be identified like for the highFRET-pairs (s.f. inset in
Figure 5.37b) and exhibit no alterations. Therefore, intact FRET-pairs can be identified
by fluorescence spots with a strong in-plane component of the transition dipole moment
of the donor and the acceptor (s.f. Section 5.3.1). Non-functional smFRET-pairs, e.g.
due to an incomplete hybridization of single donor DNA-strands, can be identified by
emission patterns deviating from the known double lobe pattern. Besides, as outlined in
Section 5.3.3, a small subset of ssDNA donor molecules exhibited a redshifted emission
spectrum as shown in Figure 5.24b. These shifts also increase the heterogeneity of the
measured ET efficiencies due to an altered Förster radius. Finally, smFRET-pairs with
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Figure 5.37: Fluorescence signal images generated by overlay of photon count rates of
donor (green) and acceptor (red) in lowFRET-pairs excited by a) far-field
and b) 80 nm AuNP-antenna. The inset shows a zoom-in onto an intact
lowFRET-pair with overlapping emission lobes of donor and acceptor.
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a photobleached acceptor only show a strong emission of the remaining donor.

Antenna-Enhanced Imaging

In a proof-of-principle experiment, FRET samples of higher molecule density are used to
evaluate, if the resonance energy transfer mechanism is still functional in the antenna-
coupled state for low energy transfer rates. For this, images are acquired by scanning
the sample underneath an 80 nm AuNP antenna at a distance of ~5 nm to the sample
surface. In Figure 5.37b the corresponding antenna-coupled overlay images are displayed.
Despite the higher density of smFRET-pairs, in comparison to the previous scan, clearly
individual smFRET-pairs can be identified due to the higher optical resolution by the
electrical field confinement of the 80 nm AuNP. In accordance to the confocal images,
the smFRET-pairs also exhibit a double lobe emission pattern, which indicates that the
optical antenna at least doesn’t entirely annihilates the energy transfer. In order to
determine the energy transfer efficiency of the lowFRET-pairs, in the next section the
excitation state lifetime is measured.

Fluorescence Decay Lifetimes - Average Characteristics

In analogy to the evaluation of the highFRET-pairs in Section 5.4.1, the averaged flu-
orescence level lifetimes of the donor and acceptor emission in antenna-coupled and
uncoupled state are investigated.
Here, like for the highFRET-pairs, clear differences for the donor and the acceptor
molecules, and the different coupling states of both fluorophores are found. Figure
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Figure 5.38: Averaged lifetimes of smFRET-pairs with low ET efficiency as well as un-
coupled donors and acceptors. Measured for confocal and antenna-coupled
excitation state.

5.38a depicts the averaged decay curves of the free donor, and also the corresponding
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5.4 Antenna-Coupled FRET

acceptor-coupled donor, excited by confocal illumination and an 80 nm AuNP antenna.
The observed decay curves of the donor emission in Figure 5.38a reflect the expected
modification for coupling an acceptor molecule capable of receiving energy from the
donor. Furthermore, a comparison to highFRET-pairs in Figure 5.30a reveals that the
modification corresponds to a much weaker DA-coupling than before. The obtained de-
cay curves deviate from a monoexponential decay, as multiple processes can be involved
in the deexcitation of the donor and acceptor (s.f. Section 5.4.1). Variations of the
lifetimes due to environmental fluctuations can also be included, as the decay curves are
averaged over a large number of measurements. However, the strongest lifetime com-
ponents are commonly used for evaluation and are listed in Table 5.11. Corresponding
to the weak DA-coupling, the donor lifetimes in the FRET-active state are considerably
longer (τ o

da = 2.60 ns) compared to those in highFRET-pairs (0.32 ns). This reflects the
much weaker initial electromagnetic DA-coupling and accordingly, the state decay life-
time difference between FRET-active (τ o

da = 2.60 ns) and uncoupled state of the donor
(τ o

d = 3.46 ns) is also much smaller.
Considering the acceptor lifetime curves, it appears that in both cases, unlike for the
highFRET-pairs, there is no direct decay curve overlap. For confocal excitation, the
donor-coupled acceptor exhibits a triexponential decay with τ = 0.75 ns as the strongest
component. This short lifetime is unexpected, as it typically should exhibit a lifetime
similar to the acceptor of a highFRET-pair. At this point, a look onto the following single
molecule measurements in the next section has to be taken. It shows, that this lifetime
is only rarely detectable within the smFRET datasets. This is not a contradiction, but
can be attributed to the molecular heterogeneity of the individual FRET-pairs. In the
following, the persistent second lifetime component (τ o

a(et) = 2.32 ns) is used for further
evaluation, which is in the range of the uncoupled acceptor with τ o

a = 2.65 ns. There-
fore, the position-shifted acceptor molecule exhibits no alteration of its decay routes,
which remain dominated by the molecular structure, i.e. direct radiative decay and
internal collisions. The lifetime of the antenna-coupled free donor is the same as for
the highFRET-pairs, as the donor position on its ssDNA strand is not changed. For
the acceptor coupled and decoupled from the optical antenna, the decay lifetimes ex-
hibit no modification, e.g., by the acceptor’s shifted position on the DNA strand. In
the case of antenna-coupled acceptors, the main lifetime components also coincide with
τ ′

a(et) = 0.22 ns and τ ′
a = 0.25 ns, indicating no modification of their characteristics by

coupling to the donor. The missing overlap in the region of the higher lifetimes is caused

Fluorophore Avg τ o Avg τ ′ τ o/τ ′ τa(et)/τda
Free Donor 3.46 ns 0.87 ns ≈4.0 -
LowFRET Donor 2.60 ns 0.44 ns - -
Free Acceptor 2.65 ns 0.25 ns ≈10 -
LowFRET Acceptor 2.32 ns 0.22 ns - cf: 0.89 / ae: 0.50

Table 5.11: Averaged state decay lifetimes of free donor and acceptor molecules, as well
as intact smFRET-pairs with low energy transfer efficiency.
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by a very weak, long lifetime component of τ = 1.56 ns, similar to the highFRET ac-
ceptor, and is omitted in further evaluations. Therefore, both donor and acceptor of the
highFRET- and lowFRET-pairs provide similar characteristics, which enables further
comparative evaluations, for example, considering the different DA-coupling strengths.
In addition, information on the modification of the lifetime of the lowFRET acceptor
relative to the lowFRET donor lifetime is given by the ratio τa(et)/τda, as previously
also discussed in Section 5.4.1. Comparing bo and b′, provided by Table 5.11, a much
smaller influence by the 80 nm AuNP antenna than for the highFRET-pairs is obtained.
Due to the weak coupling of donor and acceptor, the donor lifetime is in the same region
as the acceptor and thus, the risk of blocked ET is already low in absence of the optical
antenna.
Based on the measured, average excitation state lifetimes without and in presence of
an 80 nm AuNP antenna, the FRET efficiencies can be determined (s.f. Eq. 3.108).
The theoretical prediction of the FRET efficiencies (s.f. Eq. 3.105 and 3.136) yields
33% for confocal mode and 56% for antenna-coupled mode, which indicates a significant
increase. The experimentally obtained, averaged lifetimes yield an increase of initially
25% to 49%. Although, the absolute FRET efficiencies are lower than expected, pre-
sumably by averaging effects as already discussed for the highFRET-pairs, the difference
between confocal and antenna-coupled mode appears to be similar in good agreement.
This clearly demonstrates the enhancement of the FRET efficiency by the 80 nm AuNP
antenna.
In addition ,the enhancement ET rate also needs to be evaluated. The expected ET rate
is calculated in analogy to the procedure for highFRET-pairs by Equation 3.101. The
donor-acceptor distance of R = 8.9 nm in lowFRET-pairs, results in a theoretical ET rate
of γo

et ≈ 0.14 ns−1 for confocal illumination, and γ′
et ≈ 0.64 ns−1 for the antenna-coupled

state. Consequently, an enhancement of the ET rate by factor FET = 4.45 is expected.
In the experimental studies, the averaged results of τ o

da = 2.60 ns and τ ′
da = 0.44 ns yield

the energy transfer rates γo
et = 0.10 ns and γ′

et = 1.10 ns. The results approximately
comply with the calculation for confocal excitation, whereas in the antenna-coupled case
it is significantly higher than predicted by the theoretical model. This effect can be
caused by local, environmentally conditioned changes of the Förster radius R0, and also
strongly blinking FRET-pairs. The latter provide substantially shorter donor lifetimes
and distort the average decay curve. Therefore, further measurements are carried out
in a single molecule study on individual smFRET-pairs, to avoid ensemble averaging
effects. The 80 nm AuNP antenna, introduced in Section 5.1.1, is utilized in order to
study the influence of the GSO onto the ET rate and efficiency of FRET-pairs with weak
initial donor-acceptor coupling.

Single Molecule Study

Compared to the highFRET-pairs, a stronger increase of the FRET rate and efficiency is
possible, due to the initially weaker donor-acceptor coupling. This enables a more precise
determination of the origin of the enhancements, since the antenna-induced alteration
of the spectral overlap integral can be better distinguished from the electromagnetic
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coupling of the antenna.
The fluorescence decay curves, shown in Figure 5.39, are determined with the iden-
tical procedures used for the highFRET-pairs. Due to the lower donor-acceptor cou-
pling strength, correspondingly longer lifetimes are obtained. The antenna-coupled
FRET-active donor, presented in Figure 5.39b, provides an excitation state lifetime
of τ ′

da = 0.82 ns. With the retracted antenna, the lifetime of the same lowFRET-
pair changes to τ o

da = 3.26 ns. This accounts for a fourfold decrease of the donor’s
excited state lifetime, and is in good agreement with the expected ET enhancement
factor FET ≈ 4.4. The factor is also in close agreement to the ET enhancement of the
highFRET-pairs by an 80 nm AuNP antenna. Furthermore, for an antenna-coupled
smFRET-pair respectively free donor, Figure 5.39a yields lifetimes of τ ′

da = 0.77 ns and
τ ′

d = 1.59 ns. The resulting energy transfer rate of γ′
et = 0.68 ns−1 coincides very well

to the theoretical prediction and shows no deviation like for the averaged results. The
corresponding ET efficiency of ET ′ = 52% is higher than the result found for the en-
semble measurements, and this leads to a better match with the theoretical prediction.
This result demonstrates that for FRET-pairs with weak donor-acceptor-coupling, the
80 nm AuNP antenna does not prevent the energy transfer process. Hence, an enhance-
ment of the ET rate identical to the highFRET-pairs is achieved. However, the resultant
ET efficiency difference ∆ET is correspondingly much higher. The small lifetime varia-
tions of, e.g., 0.82 ns to 0.77 ns reflect the heterogeneity of the initial FRET efficiencies
of the individual molecules and thus, confirm the legitimacy of a single molecule study.

Excitation γet FET ET

Confocal (avg) 0.10 ns−1 - 33%
80 nm AuNP 0.68 ns−1 ~4 52%

Table 5.12: Summarized results of individual antenna-enhanced and -decoupled
lowFRET-pairs, investigated under argon atmosphere.
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Timetraces

In order to analyze the homogeneity of the determined FRET efficiencies and gather
information about the dynamic processes involved in the relaxation, the time trajec-
tories of initially intact lowFRET-pairs are analyzed similarly to the highFRET-pairs
in Section 5.4.1. Figure 5.40a depicts a timetrace for confocal excitation. The donor’s
photon count rate is significantly higher than for the acceptor, confirming the lower ET
efficiency of the lowFRET-pairs. Furthermore, the typical characteristics such as anti-
cyclical emission, blinking and bleedthrough are identical to the highFRET-pairs, and
thus allow a comparison of the achieved results. Due to the higher photon count rate
of the donor, its probability of irreversible photobleaching is essentially higher than for
the acceptor, so that it usually bleaches first and the photon count rates of donor and
acceptor decrease simultaneously.
Figure 5.40b displays a timetrace of an smFRET-pair coupled to an 80 nm gold nanopar-
ticle antenna. Compared to the previous timetrace, the photon count rates are approx-
imately at the same level. The emission characteristics are also identical to that of con-
focal excitation, so that the observed characteristics such as blinking and anti-cyclical
activity remain unchanged. Additionally, there is a difference in the length of the FRET-
active intervals. While energy is transferred for 12 s in confocal mode, the 80 nm AuNP
antenna yields a slightly longer FRET-active state of 18 s. This indicates that the
presence of the optical antenna for the lowFRET-pairs also reduces the probability of
irreversible photobleaching of donor and acceptor.

a) b)

time / s
0

donor

acceptor
20 60 8040 100

4

0

4

8

ph
ot

on
 c

ou
nt

 ra
te

 / 
m

s-1

bleaching
bleedthrough

blinking

bleaching

time / s
0 20 60 8040 100

donor

acceptor
4

0

4

8

ph
ot

on
 c

ou
nt

 ra
te

 / 
m

s-1

blinking
bleaching

bleaching

bleedthrough

blinking

confocal 80 nm AuNP

Figure 5.40: Temporal evolution of a single molecule FRET-pair photon count rate in
a) antenna-decoupled and b) 80 nm AuNP antenna-coupled state. The
timetrace in the antenna-coupled state exhibits the same characteristics of
blinking, bleedthrough, bleaching, etc. like the antenna-decoupled FRET-
pair.

Excitation tFRET # of photons Power density αD
Off αA

Off
Confocal 12 s 12.5k 20.8 ∗ 10−3 nW/nm2 2.3 2.1
80 nm AuNP 18 s 13k 3.0 ∗ 10−3 nW/nm2 1.8 1.9

Table 5.13: Averaged photophysical properties of antenna-coupled and -decoupled
smFRET-pairs with low ET rate under argon atmosphere
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Figure 5.41: a) Histograms of the FRET efficiencies obtained from the recorded fluores-
cence timetraces of individual lowFRET-pairs under confocal and antenna-
coupled illumination in argon atmosphere. b) Corresponding offtime prob-
ability densities with exponential curve fits.

Table 5.13 lists the photophysical properties averaged over a large number of smFRET-
pairs for the antenna-coupled and -decoupled state. Utilizing the 80 nm AuNP antenna, a
clear increase in the average length of the FRET-active time interval (tFRET) is observed,
even though the observed photon count rates are similar to those for confocal excitation.
A slightly higher number of energy transfer cycles, respectively emitted photons can also
be achieved, which is in correspondence to the results of the highFRET-pairs.
The timestamp data sets are used to determine the associated FRET efficiency and for a
statistical analysis of the offtime distributions. Figure 5.41 shows the associated FRET
efficiency histograms (part a) and offtime density distributions (part b) for confocal and
antenna-coupled excitation of selected representative smFRET-pairs. The ET efficiency
distribution for confocal illumination exhibits a peak value of 30% at an FWHM of 15%,
which is in good agreement to the efficiency determined by the excitation state lifetime
(33%). Based on this value, the distribution peak shifts to 45% when coupled to an 80 nm
AuNP antenna, while the FWHM remains nearly unaltered at 14%. Under consideration
of the antenna-induced extension of the Förster radius to ~8.08 nm, an increase of the ini-
tial FRET efficiency by ~2.5% was expected. However, the obtained antenna-enhanced
FRET efficiency is significantly higher than the increase by the spectral Förster radius
extension, but smaller than determined by the previous lifetime studies (ET ′ = 55%).
Regarding the distribution width of the lowFRET-pair’s ET efficiency, this discrepancy
can be partly attributed to the large FWHM. In addition, the large antenna-induced shift
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of the efficiency has to be taken into account. In principle, small variations of the Förster
radius, the donor-acceptor distance or the coupling strength of the antenna can lead to
a considerably larger variation of the measured ET efficiencies in the middle range, e.g.
with an initial ET efficiency of 30%. Moreover, the donor and acceptor offtime distri-
butions are interactively influenced by the antenna, resulting in greater fluctuations in
the corresponding emission rates. Hence, in contrast to the highFRET-pairs, a reduced
FWHM of the ET efficiency histogram of antenna-coupled lowFRET-pairs is not ex-
pected. Comparing the theoretical expectation for the FWHM of two FRET-pairs with
30% and 50% energy transfer efficiency, the latter should exhibit a broader distribution.
Therefore, the effect of the antenna on the measurement accuracy is still present for the
lowFRET-pairs.
The offtime probability density distributions shown in Figure 5.41b feature the expected
power law dependency. In case of longer offtime intervals, a typical exponential cutoff
can be observed, so that the relevant area above the brown guideline is marked by the
blue zone. For ease of comparison with the highFRET-pairs, the previous grey zone is
also indicated in the diagram. The initial distribution for antenna-decoupled excitation
shifts to slightly shorter offtimes when coupled to an 80 nm AuNP antenna due to the
shorter decay state lifetimes, while the small distance from acceptor to donor progression
remains constant. A higher probability density of longer offtime periods in the exponen-
tial cutoff-region can also be observed, which corresponds to the interactive influence of
the non-radiative transitions on the offtime distributions in the antenna-coupled state.
As can be recognized by the extended exponential fit lines in Figure 5.41b, the power
law exponents αA

Off and αD
Off are also modified by the 80 nm AuNP antenna. While the

donor’s offtime distribution exhibits a reduced slope, αA
Off remains in the same region.

Thus, similar to the 80 nm AuNP antenna-coupled highFRET-pairs, the donor gains
longer offtimes while the acceptor exhibits a high number of short offtimes. This indi-
cates decreased donor and increased acceptor emission rates due to the altered FRET
efficiency. Additionally, in contrast to the antenna-coupled highFRET-pairs, the ac-
ceptor offtime interval lengths remain the same, which corresponds to the obtained,
unmodified FWHM in the antenna-coupled state.
The ET efficiency is therefore significantly enhanced by the 80 nm AuNP antenna, while
the decrease of the distribution width (observed for the highFRET-pairs) is counterbal-
anced by the discussed effects. However, like for the highFRET-pairs, the number of
emitted photons and the length of the FRET-active interval are improved by the optical
antenna, due to the reduced probability of irreversible photobleaching.

5.4.3 Discussion

The results obtained in this single molecule study address different contributions to the
modification of the energy transfer observed for specific donor-acceptor pairs, which
act as a generalized model system. In addition to the influence of the optical antenna
on the FRET efficiency and ET rate, the impact on the FRET efficiency distribution
is investigated in order to access changes in the measurement accuracy and detection
sensitivity. The results presented above are in excellent agreement with the theoretical
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Figure 5.42: a) Calculation of the antenna-enhanced energy transfer efficiency, depending
on the initial efficiency (denoted on each curve) and the effective enhance-
ment factor Feff . The used antenna nanoparticles are represented by the
brown area (20 nm AuNP), blue area (80 nm AgNP), green area (80 nm
AuNP) and yellow area (80-40 nm AuNP dimer). b) Correlation of the effec-
tive enhancement factor Feff to the donor-acceptor separation R normalized
to the Förster-radius R0. The initial efficiencies are denoted on each curve,
the colored areas correspond to the different investigated optical antennas.

model introduced in section 3.4.2. In the following paragraph, a comparative discussion
of the theoretical expectations and experimental results is given.
The theoretical modification of the ET efficiency by the antenna can be calculated as a
function of the applied antenna’s effective enhancement factor for different initial FRET
efficiencies of the antenna-decoupled donor-acceptor pair. Figure 5.42a depicts the cor-
responding graph. Due to the competition of the non-radiative energy transfer, the
enhancement of radiative modes and dissipative modes introduced by the optical an-
tenna, the graph can be divided into two ranges. Conditions can be found for which the
antenna increases or decreases the obtainable FRET efficiency. Even a complete quench-
ing of the transferred energy from the donor to the acceptor might occur. The colored
areas in Figure 5.42a mark in addition the effective enhancement factor Feff ranges of the
antennas applied in this study, i.e. 20 nm AuNP antenna (brown), 80 nm AgNP antenna
(blue), 80 nm AuNP antenna (green) and 1.5 nm gap-dimer antenna (yellow). For these
antennas the eff. enhancement factor theoretically takes on values of Feff = 0.63 − 7.
These values are also confirmed experimentally. A partial quenching of the ET efficiency
for the 20 nm AuNP antenna, which provides the lowest electromagnetic field enhance-
ment, is also experimentally verified. In accordance with the theoretical description,
an unaltered ET efficiency enhancement is found for the AgNP antenna. For the other
antennas an enhancement is observed. This can be explained by the fact that the en-
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hancement factor of the ET rate exceeds the sum of all enhancement factors of other
competing molecular transitions, whilst for the 20 nm AuNP and the 80 nm AgNP an-
tenna quenching mechanisms perturb the effective energy transfer efficiency.
The initial FRET efficiency has been identified as a second parameter influencing the ET
efficiency enhancement of a donor-acceptor pair. The bold bordeaux-red and cyan-blue
curves represent the situation of the experimentally used high-FRET and low-FRET
donor-acceptor pairs with initial FRET efficiencies of 90% and 31%. From these calcula-
tions the antenna-modified efficiency can be deduced. The expected theoretical values of
96% and 53% for the 80 nm AuNP antenna are confirmed by the experimentally deter-
mined average FRET efficiency, and an excellent agreement between the experimental
and theoretical results has been achieved. Also, the trend that DA-pairs with a lower
initial FRET efficiency show a stronger enhancement of the FRET efficiency for the
same antenna is confirmed experimentally. This behavior reflects the general capability
of plasmon-coupled processes with weak efficiency. For low quantum efficiencies the an-
tenna enables engineering of the molecular radiative transition rates in addition to the
absorption enhancement, i.e. to boost the excited state lifetimes of a system, and with
that changes the cycling rates.
Advanced time-resolved measurements have been applied in the thesis in order to ap-
proach the impact of the antenna on the ET rate. Despite of the different observations
for the ET efficiency enhancement, the lifetime investigations on the donor-acceptor pairs
clearly demonstrate in all cases an enhancement of the ET rate. Bi- and triexponential
curves were obtained in almost all cases for the highFRET- and the lowFRET-pairs
in contrast to the expected monoexponential decay indicating the influence of different
molecular decay channels. Due to the complexity of the FRET-pairs’ molecular system,
the weaker lifetime components can’t be directly assigned to a certain transition. It is
assumed that these generally arise form inner-molecular transitions and coupling to non-
radiative triplet states. However, the effect has no detectable influence on the determined
FRET rates and efficiencies, since the results of the antenna-induced modifications are
based on the singlet-state lifetimes. The results obtained in the lifetime measurements
are in very good agreement with the ones received from the intensity measurements.
In general, the enhancement of the energy transfer rate can be explained by the change
of the LDOS, induced by the donor at the acceptor position, which leads to a higher elec-
tromagnetic coupling strength in the donor-acceptor pair. This involves a modification
of the generalized spectral overlap integral, i.e. the spectral overlap of the antenna’s
LSPR and its relative position to the donor emission and acceptor absorption bands.
Therefore, the results can be also interpreted in the context of the modification of the
GSO. According to Equation 3.133 (s.f. Section 3.4.2), the energy transfer rate in a
plasmon-enhanced system is associated to the generalized spectral overlap (GSO), 23,24

which contains the coupling factor
⃓⃓⃓
e⃗A · ED(r⃗A, E)/pex(E)

⃓⃓⃓2
. This factor represents the

strength of the donor’s electrical field, evaluated at the position of the acceptor in di-
rection of its transition dipole e⃗A. This electrical field is altered due to the plasmonic
nanoantenna structure and therefore, donor and acceptor experience a modification of
their coupling strength, so that the ET rate can be enhanced. Even a decrease of the
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Figure 5.43: Comparison of the GSOs of
the utilized optical antennas with the
experimentally determined enhance-
ment factors of the energy transfer
rates. The brown dashed line corre-
sponds to a linear fit, fixed at the axis
intersection.

ET rate can be expected to occur under certain conditions.
Regarding the frequency-dependency of the coupling factor, a maximization of the GSO
requires a well-adjusted LSPR of the used optical antenna, in a form that the LSPR peak
overlaps with the spectral overlap integral of the FRET-pair. The experimental results
show that the highest energy transfer rate is indeed found for the dimer antenna, which
exhibits the highest overlap as shown in Figure 5.27a. In case of the other antennas,
the ET rate respectively the coupling factor, scales with the GSO (s.f. Figure 5.26),
so that the 80 nm AgNP and 80 nm AuNP antenna deliver lower ET rates than the
dimer antenna. Comparing Figure 5.26a and 5.26b, lower ET rates for the 80 nm AgNP
antenna than for the 80 nm AuNP antenna are suggested. However, the amplitudes of
the scattering cross-section spectra also have to be compared. As the experimental data
do not deliver absolute intensity values, a good estimation can be achieved by using
the prior simulated spectra in Section 3.2.4. Figure 3.16 outlines that in the significant
range of about 600 nm, the scattering spectra of the 80 nm AgNP and 80 nm AuNP
exhibit almost the same amplitude and therefore yield similar coupling factors. This
is in excellent agreement to the experimental results, with the 80 nm AgNP antenna
providing similar ET rates for highFRET-pairs like the 80 nm AuNP antenna.
The comparison of the obtained results demonstrates that the ET efficiency is largely
influenced by the donor’s and the acceptor’s effective enhancement ratio arising from the
spectral dependence of the molecular absorption, emission and quenching transitions. In
contrast, the observed enhancement of the energy transfer rate scales with the modifica-
tion of the generalized spectral overlap integral, as visualized in Figure 5.43. Here, the
GSO is calculated based on the experimentally determined donor and acceptor spectra,
and the simulated antenna LSPRs as it provides the required amplitude information.
The antennas’ ET enhancement factors correspond to the expected linear dependency
(recall Eq. 3.135 and 3.133), as demonstrated by a linear fit which is fixed at the axis
intersection. Furthermore, the characteristic distance dependence has also to be taken
into account. These differences for the present dissipative transitions and the energy
transfer mechanism are essential to enable an enhancement of the energy transfer from
donor to acceptor.

135



5 Results

As a consequence of the increased ET rate, the utilization of an optical antenna provides
the possibility to extend the accessible FRET interaction range. Figure 5.42b shows the
expected enhancement of the effective Förster radius R/R0, which is crucial for the ET
rate, as a function of the effective antenna enhancement. The ratio R/R0 scales with
the effective enhancement factor F

1/6
eff . Obviously in all cases the impact of the antenna

on the side of initially high ET efficiency DA-pair is low, since the highest ET efficiency
is unity. Therefore, the modification of all transition rates is low, or dissipative decay
channels are preferred. On the side of initially low ET efficiency DA-pairs this changes.
For instance, utilizing an 80 nm AuNP antenna, the ET efficiency can be boosted from
25% to 45%. As a consequence, DA-pairs with large intermolecular distances can be ap-
proached by means of this technique. In general, if the energy transfer interaction radius
is to be increased by a factor of 2, this implies a required factor of Feff = 64. However,
the antennas used in the experiment provide much lower values for Feff . Nonetheless,
taking into account that FRET efficiencies of 10% to 20% can already be measured
with sufficient accuracy, the 80-40 nm AuNP dimer with Feff = 7 is capable to ex-
tend the achievable FRET interaction range to distances of ~16 nm (of the investigated
FRET-pairs). This demonstrates, that the modification of the ET efficiency depends
on the initial ET efficiency, and hence, the antenna-enhanced ET efficiency shows a
compressed dependence on the DA-distance. As such it is particularly of importance,
that the antenna-enhanced FRET measurements can also yield an improvement of the
measurement accuracies in the high FRET efficiency region. Probability density plots
of the donor and acceptor intermittencies show the effect of the antenna on the offtime
statistics. Clearly, with the antenna coupled to the donor-acceptor pair the offtimes are
shortened. As a consequence, the corresponding FRET efficiency histograms show a
distinctively reduced FWHM and thus, a higher measurement accuracy.
Based on the results obtained in this study, the mechanism underlying the enhancement
of the energy transfer rate in plasmon-coupled donor-acceptor pairs can be assigned to
the modification of the GSO. In addition, one might also find conditions, for which hy-
brid antenna-ET states are formed. This is likely to occur in the strong coupling regime,
where the coupling factor g describes the strength of a coherent energy exchange between
a QE and the antenna cavity modes. While photonic crystal cavities provide sufficiently
high coupling factors for experimental investigations at cryogenic temperatures, 187 the
gap region between a gold nanosphere and a gold film yields a much smaller mode vol-
ume, enabling such measurements at room temperature.188 For example, the gap region
of a dimer antenna with a gap distance of <1 nm, like for the CB[8]-linked dimer, would
also provide a similar strong coupling effect. In such a case, the quenching mechanisms
can be expected to be suppressed, leading to a further boost of the ET transfer.

5.4.4 Summary

In regard to the ET rate enhancement as a function of the antenna-specific GSO, the
obtained results are in excellent agreement with the predictions of the PC-RET model.
This applies to both, the highFRET- and the lowFRET-pairs, so that for all initial DA
coupling strengths the ET mechanism is neither interfered with nor completely blocked
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by the utilized optical antennas. This was directly verified by the image scans (s.f.
Sections 5.4.1 and 5.4.2), which clearly showed single molecule FRET activity in both
antenna-coupled and -decoupled state. The obtained fluorescence emission spectra of
the smFRET-pairs were shown to be identical to the previously determined spectra of
the single donor and acceptor molecules. Subsequently, the temporal intensity progres-
sion, which is affected by the acceptor and donor photobleaching process, could also be
obtained. All emission spectra were found to be constant, as no peak shifts or other
spectral fluctuations occurred.
The averaged lifetime measurements demonstrated, that the antenna modified the fluo-
rescence decay of the excited donor and acceptor states by factors similar to the deter-
mined fluorescence enhancement factors. In agreement to the theoretical prediction, the
ratio of the antenna-coupled and -decoupled donor and acceptor excitation state life-
times correspond to the experimentally determined fluorescence enhancement factors.
The improved ratio of the donor and acceptor lifetimes in the antenna-coupled state
additionally yields the advantage of a prevention against an ET blockade. This effect
originates from the significantly longer lifetimes of the acceptor in comparison to the
quenched donor. Although, the studied FRET-pairs exhibited such a lifetime ratio, the
applied molecules’ excitation rates were significantly lower, so that this effect was neg-
ligible. However, averaging effects were found, e.g. in form of minor deviations of the
resultant enhancement factor FET and can be assigned to the molecular heterogeneity.
Hence, the following investigations were carried out as single molecule measurements
in order to prevent any side effects by averaging. Furthermore, this enabled the pre-
cise determination of the antenna’s influence by direct comparison of the measurement
results in antenna-coupled and -decoupled state. For the experiments, several optical
antennas with varied materials and geometrical properties were utilized. Consequently,
the antenna’s LSPR, and thus the GSO, were specifically modified. The resultant ET
rate enhancement was found to clearly correlate with the GSO, as postulated by the
PC-RET model. With a 40-80 nm AuNP dimer antenna coupled to highFRET-pairs,
the highest GSO respectively ET rate enhancement was achieved.
For detailed information on the FRET-pairs’ dynamic relaxation processes, i.e. blinking
and bleaching, and the ET efficiencies, single molecule timetraces were acquired and
analyzed. The experimentally obtained PC-RET efficiency distributions were in excel-
lent agreement to the developed theoretical model (s.f. Section 3.4.2). A corresponding
intuitive visualization of the parametric dependencies between the initial and antenna-
coupled ET efficiencies was presented in Figure 5.42a. While the effective enhancement
factor Feff was not directly determined, the ratio of the fluorescence enhancement fac-
tors Ffluo proved to be a convenient approximation method. It is important to note,
that the enhancement factors of the ET rate (FET) and efficiency (FEff) are not directly
coupled to each other, although both depend on the plasmonic properties of the utilized
antenna. Thus, when a FRET-pair is coupled to an optical antenna, an increased ET
rate can be achieved without a simultaneous enhancement of the FRET efficiency and
vice versa. Moreover, the measurement accuracy could be improved by the antenna in
terms of a narrowed FWHM of the FRET efficiency distributions. The effect strength
could be attributed to different sensitivities of the ET efficiency enhancement to small
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variations of the antennas’ Feff (s.f. Figure 5.42a). Additional influence on the accuracy
emerged from the improved emission statistics of the single molecules in antenna-coupled
state. The FRET-pair characterization (s.f. Section 5.3) demonstrates, that the optical
antenna provides an increased number of emitted photons and a longer emission interval
until photobleach.
The modified emission dynamics were further investigated by the offtime probability
density distribution, which is an indicator for the DA coupling strength respectively the
stability of the RET. When coupled to an antenna, the power law exponent and offtime
range were significantly modified. This effect could be even observed when the effective
enhancement factor equaled 1, e.g. for the 80 nm AgNP antenna, since for this antenna
the ET rate is known to be increased. Therefore, the FWHM of the FRET efficiency
distribution also benefits from the antenna-enhanced ET stability. Due to the enhance-
ment of the ET efficiency in the antenna-coupled state, the effective Förster radius is also
extended. This leads to a higher detection sensitivity, especially for long DA distances.
Hence, the available donor-acceptor separation can be even doubled under utilization of
the introduced 40-80 nm AuNP dimer antenna.
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In this thesis, an in-depth study of the plasmon-coupled energy transfer in donor-acceptor
pairs is presented, which address the modification of the ET rate, ET efficiency, sensitiv-
ity and measurement accuracy. Experimentally obtained results are directly compared
to theoretical PC-RET models, which have been recently postulated by Liang-Yan Hsu
and Wendu Ding. For the first time, a direct link is accomplished by means of a thorough
characterization of the utilized optical antennas and the sample systems. By pursuing
this strategy the theoretical interaction model could be verified with excellent confor-
mity. This approach takes advantage of the highly reproducible and precisely tunable
nanoplasmonic properties of the employed monomer and dimer NP antennas, which al-
lows to accurately scan the GSO by a set of differently tailored antennas. Furthermore,
FRET-pairs with high and low initial FRET efficiencies and rates were studied in order
to access the influence of the initial donor-acceptor coupling strength on the enhance-
ment capabilities.
Key technologies utilized in this thesis comprise an annular beam-illuminated dark-field
scattering spectroscopy setup, which has been implemented in an existing near-field
optical microscope. The extreme sensitivity of this setup enables a direct determi-
nation of the LSPR of tip-supported optical antennas and also dynamic nanoparticle
coupling processes could be rapidly acquired on the millisecond-scale. The development
of this LSPR spectroscopy into a correlative approach, which involves high-resolution
TEM measurements, provides directly access to the dependence of the LSPR on the
structural properties, such as the gap size and gap morphology of the dimer antennas.
Furthermore, the utilized methods enable single-molecule FRET measurements with
sub-nanometer position accuracy of the optical antennas and lifetime measurements of
different FRET-pair states of the same donor-acceptor pair. Furthermore, FRET mea-
surements can be carried out with a high precision of the antenna-FRET pair distance
and donor-acceptor pairs can be characterized spectroscopically on a single-molecule
level. Therefore, ensemble-averaging effects due to the found molecular heterogeneity
are ruled out. This approach yields further advantages in terms of a direct compari-
son of the molecule’s decay lifetimes, obtained in antenna-coupled and -decoupled state,
which enables determining the antenna’s ET enhancement capability independently of
any spectroscopic changes between different DA pairs and variations in the antenna-DA
pair position and distance.
The conducted experiments led to the uncovering of the underlying mechanisms of PC-
RET and stimulated a modification of the ET process. Key parameters, which affect
the ET in a donor-acceptor pair, have been identified in this study. Besides of the
commonly accounted electromagnetic field enhancement of the antenna, the general-
ized spectral overlap integral (GSO) and the relative enhancement factor arising from
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the spectral dependence of the molecular transitions modification influence the energy
transfer. Furthermore, the initial FRET efficiency was found to have an impact on the
obtainable enhancement of the FRET efficiencies.
The enhancement of the energy transfer could be clearly distinguished from any antenna-
induced side effect, such as a slight increase of the spectral overlap integral. In order
to evaluate the contributions leading to a modification of the ET process, the antenna
characteristics are first analyzed by MNPBEM simulation of the electric field enhance-
ment factor maps and the scattering cross-section amplitudes for different nanoparticle
configurations, which were used in the subsequent experimental investigations. The ex-
pected theoretical modification of the GSO shows differences for the monomer and dimer
antennas. Clearly, the dimer antenna with a gap distance of ~1.5 nm provides the largest
modification of the GSO. This is in excellent agreement with the experimentally deter-
mined enhancement factors of the energy transfer rate for the dimer antenna. Hence, the
influence of the optical antenna on the coupling strength of donor and acceptor can be
well explained in terms of the PC-RET theory. The latter considers the enhancement of
the electromagnetic field of the donor at the position of the acceptor, and thus, one has
to take into account the absorption enhancement of the acceptor and the quenching of
the donor across the spectrally relevant area. Therefore, the antenna should provide an
LSPR with a high scattering cross-section in this spectral area. In this way, the antenna
is capable of increasing the density of states related to the excitation of the acceptor.
The results demonstrate that the modification of the ET rate and ET efficiency can be
ambivalent. Taking into account the mentioned influences, conditions can be found for
which the ET rate between the donor and the acceptor is enhanced, while the resultant
ET efficiency can be enhanced, remains unaffected or is even perturbed upon coupling to
a plasmonic nanostructure. This behavior can be explained such that the ET efficiency
enhancement could be approximated by the antenna’s fluorescence enhancement ratio
of donor and acceptor, i.e. by taking into account the antenna effects on the molecular
transitions of the coupled donor and acceptor, and coupling to dissipative loss channels.
Similar to the characterized single donor and acceptor molecules, an intermittency analy-
sis of the antenna-coupled FRET-pairs revealed improved emission properties. Moreover,
the energy transfer process is also strongly affected. Consequently, PC-RET achieves
a higher sensitivity and measurement accuracy for the RET rates and efficiencies. Es-
pecially the utilized 40-80 nm dimer antenna provides a significantly extended effective
RET interaction range by a factor of 2. Simultaneously, the FRET efficiency could
be determined with a 2.6-fold increased accuracy. Another advantage of the antenna-
enhanced FRET-pairs originated from the distinct fluorescence enhancement factors of
the donor and the acceptor. The up to a 7-fold stronger decrease of the acceptor’s
excitation state lifetime in comparison to the donor, prevents ET blockades due to a
saturation of the excited states.
Taking into account the multiple implications of a plasmonic nanostructure on the pro-
cess of resonant energy transfer this technique provides the prospect of boosting its
interaction range and sensitivity, e.g. if RET is used as a nanoscale ruler. The obtained
results in this thesis outline several strategies to further improve PC-RET. Obviously,
the use of optical antennas with precisely tailored plasmonic properties, which match
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the spectral overlap integral of a specific donor-acceptor pair can lead to even higher
enhancement factors.
A potential perspective in this direction is the computer-aided design of optical anten-
nas, adapted to specific FRET-pairs, which would enable a targeted engineering of the
LSPR and consequently a precise modification of the GSO for a controlled ET rate en-
hancement. A variety of parameters, such as the material, the NP size and shape, as well
as the gap distance (in the case of dimers, trimers, etc.) are available for this purpose.
As outlined in this thesis, reducing the gap size to the sub-nanometer regime, e.g. by
means of utilizing Cucurbit[8]uril hydrate as a linker molecule, can have tremendous
impact on its far-field and near-field properties. The observed broad distribution of the
enhancement factors of the CB[8]-dimer antennas indicated, that the common geomet-
rical properties of the dimer antenna were not sufficient to explain the influence on the
plasmon hybridization. Instead, additional parameters were determined in a multimodal
study of the nanoscale gap morphology. It showed that, due to the crystallinity of the
nanoparticles, the gap length and angle strongly affects the plasmon resonance at gap
sizes ≤1 nm. It is therefore debatable whether, for example, simple ensemble measure-
ments based on sub-nanometer gap structures of metallic nanoparticles are reasonable
in the context of the observed strong variations of the LSPR characteristics.
Alternatively to the modification of the optical antennas, a different way to improve
PC-RET might utilize tailored DA-pairs. In particular, the influence of the antenna on
the intermittency statistics, the bleaching behavior and the reduction of the acceptor
lifetime, is attractive in terms of utilizing other quantum emitter with less advanced
optical properties, such as low quantum yield. The utilization of an optical antenna
leads to a strong enhancement of the QY and excitation state lifetime. Thus, it enables
to employ low quantum-yield emitters, such as triplet state emitters, 144 or emitters with
long state lifetimes in FRET-pairs as both, donor and acceptor, which cannot be applied
in common confocal microscopy due to their low emission rates.
In future, it is conceivable to study the influence of antennas on dipole-forbidden tran-
sitions leading to energy exchange between a donor and an acceptor. Similar to singlet-
singlet state coupling, singlet-triplet state coupling can be envisioned to benefit from the
plasmonic coupling effect. In addition, energy transfer in systems dominated by opti-
cally magnetic transitions can be expected to be controlled by means of tailored optical
antennas, with advanced magnetic field enhancement capabilities.
The presented 80 nm AuNP antenna has been shown to be capable for utilization in
aqueous environments189 or biological samples, such as cells142. Hence, this method
provides the opportunity to enhance the ET without modification of a (biological) sys-
tem by implementation of metallic nanoparticles, which can lead to severe alterations of
the initial (cell) characteristics and therefore biased results. As another option, it is also
possible to reveal dynamic processes that are in principle not observable in ensemble
measurements, as it has already e.g. been demonstrated for DNA hairpin dynamics. 190

Considering the extremely high electrical field intensity inside the dimer gap region, the
combination of an optical antenna with a metal-coated substrate would yield a strong
gap plasmon, whose intensity could be precisely controlled by the antenna-substrate-
distance. This offers the advantage that the investigated systems can be placed on the
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substrate and are brought into the gap region, instead of an integration into the com-
monly required guest-host-molecules. Moreover, for gap distances <1 nm the strong
coupling regime is approached, possibly enabling hybrid antenna-ET states through a
coherent energy exchange between FRET-pair and antenna.
For these reasons, the coupling of plasmonic nanostructures with systems incorporating
energy transfer processes will in future offer new application possibilities and perspec-
tives in various fields, such as biology (light harvesting complexes) or semiconductor
technology (OLEDs).
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