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Abstract i

Chapter

Abstract

The next generation of optoelectronic applications like stimuli-responsive sensors,
functional displays or nanophotonic circuits demands a basic understanding of light-
matter interactions on the nanoscale. Top-down fabrication has been employed in
the past to demonstrate coherent energy transfer in functional nanostructures, yet
these fabrication methods are problematic due to their limited scalability and high
costs as well as the high optical losses. This work adapted physical principles like ra-
diation properties of metallic nanoantennas and Bragg diffraction in periodic nanos-
tructures and realized these concepts using bottom-up self-assembly methods based
on colloidal chemistry. With this approach, single plasmonic nanoparticles and semi-
conductor quantum emitters were co-assembled into complex structures. This work
took the colloidal concept from plasmonics and introduced quantum dots in order
to characterize the radiative and non-radiative decay processes as well as the arising
light-matter interactions. Due to electromagnetic coupling between the components,
hybridized modes were detected instead of the single particle resonances observed
in the isolated case. It was furthermore shown that these colloidal building blocks
can be assembled into functional optical grids on a large scale using template-assisted
self-assembly. Thus, this work established spectroscopic principles for self-assembled

colloidal building blocks that can be integrated in parallelized processes in the future.






Abstract iii

Kurzfassung

Die nachste Generation von optoelektronischen Anwendungen wie stimuli-responsive
Sensoren, funktionelle Displays oder nanophotonische Schaltkreise erfordert grund-
legendes Verstdandnis von Licht-Materie Wechselwirkungen auf der Nanometerskala.
Top-down Herstellungsmethoden wurden bisher fiir konzeptionelle Nachweise von
koharentem Energietransfer in funktionellen Nanostrukturen eingesetzt, wobei die-
se Herstellungsverfahren wegen ihrer limitierten Herstellungsflache, hohen Kosten
und hohen Verlusten an ihre Grenzen stoflen. Diese Arbeit greift physikalische Prin-
zipien wie die Abstrahlungseigenschaften von metallischen Nanoantennen und Bragg
Beugung an periodischen Nanostrukturen auf und setzt diese Prinzipien mit Bottom-
up Selbstanordungsmethoden aus der Kolloidchemie neu um. Hierfiir wurden ein-
zelne plasmonische Nanopartikel sowie halbleitende Quantenpunktemitter gezielt in
komplexe Strukturen angeordnet. Diese Arbeit kniipfte an dem kolloidalen Konzept
aus der Plasmonik an und figte zusétzlich Quantenpunktemitter in ein plasmoni-
sches System ein um die strahlenden und nicht-strahlenden Zerfélle sowie die auftre-
tenden Licht-Materie Wechselwirkungen zu charakterisieren. Durch elektromagneti-
sches Koppeln zwischen den einzelnen Komponenten konnten, anders als Einzelpar-
tikelresonanzen im isolierten Fall, hybridisierte Moden beobachtet werden. Weiter-
hin wurde gezeigt, dass diese kolloidalen Bausteine mittels Templat-gestiitzter Selbst-
anordnung grofiflachig in funktionale Gitterstrukturen angeordnet werden konnen.
Somit wurden in dieser Arbeit spektroskopische Grundlagen fiir selbstangeordnete
kolloidale Bausteine erarbeitet, die in zukiinftigen parallelisierten Prozessablaufen in-

tegriert werden konnen.






Contents v

Contents

1 Abstract i
2 Introduction 1
3 Theory and Methods 7
3.1 Localized Surface Plasmon Resonances . . . . ... ... ... .... 7

3.2 Photoluminescent Semiconductor Nanocrystals . . . ... ... ... 13

3.3 Coherent Energy Transfer through Plasmon-Exciton Coupling . . . . 18

34 Methods . ... ... . 20

4 Results and Discussion 25
4.1 Plasmonic Colloid-to-Film-Coupled Cavities . . . . ... . ... ... 25

4.2 Fluorescent Hectorites in Colloid-to-Film-Coupled Cavities . . . . . . 34

43 Semiconductor Nanocrystals in Colloid-to-Film Coupled Cavities 41

4.4 Self-Assembled Semiconductor Nanocrystals on Macroscopic Scale 53

5 Conclusion 61
6 Acknowledgments 67
7 Appendix 69
7.1 Gold Triangle-based Open Cavity Design . . . . . .. ... ... ... 69

7.2 Theoretical Investigation on Cube-to-Gold Film coupled NPoM Cavities 72

7.3  Scripts Used for Analytical Models . . . . . ... ... ... ...... 73
References 77
8 Erklarung des Autors 93



Vi Contents

List of Abbreviations

AFM atomic force microscopy
AuNS gold nanosphere
CTAC cetyltrimethylammonium chloride
EELS electron energy loss spectroscopy
EF enhancement factor
FDTD finite difference time domain
FLIM fluorescence lifetime imaging
FWHM full width half maximum
LIL laser interference lithography
LSPR localized surface plasmon resonance
MUTAB (11-mercaptoundecyl)-N,N,N-trimethylammonium bromide
NPoD nanoparticle-on-dielectric
NPoM nanoparticle-on-mirror
PAH poly(allylamine hydrochloride)
PL photoluminescence
PSS poly(styrene sulfonate)
QD quantum dot
QE quantum efficiency
RMS rout mean square
SAM self-assembled monolayer
SEM scanning electron microscopy
SPR surface plasmon resonance
TASA template assisted self assembly
TCSPC time-correlated single photon counting

TEM transmission electron microscopy



Introduction 1

Chapter

Introduction

Acoustic waves can propagate along curved surfaces in form of whispering gallery
modes (WGMs), in which the energy inherent to the waves is sustained much longer
as compared to propagation in free space. For example, this can be observed in an
ancient Chinese temple near Peking, where an uttered whisper returns to the respec-
tive person after some time due to the propagation of sound along the curved temple
walls.'! The same effect is also present for light waves that can propagate along the
curved surface of sufficiently small spheres.’) Although this mode propagation fea-
tures low energetic losses and is successfully employed for optical devices like lasing
or biosensing!®!, it is limited by the diffraction limit of optical waves and usually de-
mand low temperatures. In analogy to WGMs, plasmon resonances of noble metal
nanostructures can confine electromagnetic modes into volumes much smaller than

the wavelength of the incident light and therefore surpass the diffraction limit at room

temperature.[

Figure 2.1: (i) Scanning electron microscopy images of a single crystalline gold tip with focused ion
beam milled grating coupler. (ii) Electromagnetic simulation of the laser pulse coupled into a propagat-
ing plasmon resonance along the gold surface with resulting field enhancement at the tip (a) and time
structures of the electric fields of the initial pulse (b), the field induced by the plasmon resonance (c) and
the confined field at the tip (d). Reprinted (adapted) with permission from Schmidt et al.’l. Copyright
2020 American Chemical Society.



Specific design criteria on nano scale regarding material and spatial properties must
be met by these structures, which makes their fabrication a demanding task. A com-
mon way to manufacture plasmonic systems are top-down methods, where high-
energy sources are used to cut the respective structures from the bulk material. As an
example, Schmidt et. al employed focused ion beam milling to create a periodic grid
on a gold tip in order to couple incident light pulses into a plasmon resonance, which
is then guided along the gold surface in analogy to a WGM. This leads to nonlinear
optics like second harmonic generation that can be applied for scanning near-field op-
tical microscopy.l®! Figure 2.1i depicts the obtained grating with 800 nm periodicity on
a single crystalline gold tip. When a laser pulse (A\;=870 nm) hits the grating, a plas-
mon resonance is excited and propagates along the metal surface until the evanescent
field gets confined at the tip shown in the electromagnetic simulations in figure 2.1ii.
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Figure 2.2: Schematic illustration of the two approaches on bottom-up self-assembled colloids. (a)
Chemical linkers like thiols or DNA strands on the desired substrate can actively control the adsorp-
tion of colloidal particles with suitable ligands through covalent bonds or electrostatic interactions. (b)
Template-assisted self-assembly guides a solution of colloidal particles into the respective pattern due to
capillary flow of the particle solution in the template. The obtained pattern can be directly transferred
to a substrate.

Although the above-mentioned top-down methods offer numerous possibilities to-
wards the fabrication of functional nanostructures, they can be a bottleneck for macro-
scopic application due to the limitations of lithographic methods like the limited scal-
ability and less control on the chemical composition of the structures .l°! It can there-
fore be desirable to use bottom-up techniques, where building blocks like single crys-
talline metal nanoparticles or colloidal quantum dots with high optical quality are
arranged to form functional structures in a scalable, cost- and time-efficient Way.m

This is achieved by spontaneous organization of the respective building blocks into
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complex structures, which is controlled by the physical and chemical properties of the
involved components as well as their environment.[®%! The assembly of the colloids is
usually governed by two different approaches: with surface-chemical functionalities
like specifically designed DNA strands!'!] or polymeric ligands!**'3 on the one hand
and with pre-structured templates to guide the particles into the desired structures

14-16

using convective assembly on the other hand.l'4~'" Latter is of particular interest for

scalable optoelectronic materials as is exploits capillary forces to steer the particles

7] while chemi-

into versatile patterns (for example optical gratings) on large scale,
cally driven assemblies can achieve small feature sizes and low distances between the
single building blocks that are not accessible with top-down methods.[*!¥! These two
basic concepts of bottom-up self-assembly are illustrated in figure 2.2. The present
work will show how colloidal approaches can be used to realize functional nanopho-

tonic structures with high optical quality and spatial control on large scale.
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Figure 2.3: (a) Graphic illustration of carbon quantum dot formation in the enhanced field between a
plasmonic gold particle and a gold mirror. (b) Emission spectra of the formed carbon quantum dots un-
der different excitation wavelengths. (c) Schematic illustration of the creation of ordered carbon atoms
inside the confined electromagnetic field of the plasmonic cavity. Reprinted (adapted) with permission
from Katzen et al.'®!. Copyright 2020 American Chemical Society.

One of the methods to assemble functional plasmonic systems using the colloidal
approach was recently shown by Katzen et al.. They sandwiched a sub-1 nm graphene
layer in between a plasmonic gold sphere and a gold mirror to create a low particle-to-
film distance, which leads to strongly enhanced electromagnetic fields that are con-
fined into a very small volume as depicted in figure 2.3. Organic molecules present on
the gold surface are carbonized once they are exposed to this induced field and ordered
carbon quantum dots are formed by having the graphene layer acting as a template
grid. This demonstrates how bottom-up methods for plasmonic structures can give
rise to novel materials and applications in optoelectronics and nano technology that

are not accessible with top-down fabrication.!"!
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Figure 2.4: Schematic overview of selected plasmon-exciton coupled systems in recent literature re-
garding the reported coupling strength g from weak to strong coupling interactions (red boxes): A col-
loidal silver cube-to-gold film cavity with embedded WSe, emitter?®l, WSe, coupled silver rods and
gold bi-pyramids, a silver cube-to-gold film cavity!?!! and a gold rod coupled to WS, emitters?? show
how plasmonic system interact with 2D transition metal dichalcogenides and lead to weak to inter-
mediate coupling. Organic dyes and J-aggregates coupled to a silver rod?3), silver cube and gold disc
dimers?324 silver nanowires!?], silver prisms/2¢?71 and gold sphere-to-gold film cavities?®! show a va-
riety of coupling interactions from weak to strong coupling. Semiconductor nanocrysals incorporated
in a single crystalline goldflake gap!®®, silver bow ties*% and a gold sphere-to-silver film cavity*'! cover
a broad range of coupling strengths. The blue squares correspond to the plasmonic systems studied in
this work.

The field enhancement induced by plasmonic nanostructures can strongly interact
with photoluminescent materials due to the coupling between the emitter and the
electromagnetic field.*?! These coupling interactions can result in a coherent energy
transfer between emitter and the plasmonic structure and be employed in applica-
tions like optical computing.®* The coupling between plasmon resonances and emit-
ted photons can furthermore compensate the losses that are inherent to metallic ma-
terials.[** These losses occur as the optical energy of incident photons dissipates in the
metal and is furthermore taken out of the coupled system.**! The coupling strength
g is a measure for the level of light-matter interactions in energy units and is a cru-
cial property of functional plasmonic systems. Low coupling strengths are present in
the so called weak coupling regime, where energy can be transferred from the emit-

ter to the plasmonic structure in a nonreversible and incoherent way. This is caused
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by the losses of the metallic components, which lead to a one-directional flow of en-
ergy. Strong coupling is present when the coupling strength exceeds the losses and
reversible, coherent energy transfer between the coupled components is possible.®!
The transition from weak to strong coupling is fluent and therefore the term of inter-
mediate coupling was introduced, where optical effects attributed to strong coupling
can be detected while the losses still surpass the coupling strength.*') An overview
on a selection of recent plasmonic systems for generation of coupling interactions be-
tween emitters and plasmon resonances is displayed in figure 2.4. Controlling optical
properties of plasmonic cavities and emitters on nanoscale is challenging regarding
the experimental realization and characterization and is crucial for devices like optical
computers, displays, bioimaging and sensing.[26:37-3’]

The scope of this thesis is to show how metallic and semiconductor colloidal build-
ing blocks can be employed to fabricate nanostructures with tailored optical prop-
erties on macroscopic scale. The single crystalline composition of the colloids and
their availability in aqueous solution make them ideal candidates for scalable, bottom-
up self-assembled systems that give rise to strong light-matter interactions between
the used components. It is of interest for basic research as well as for applications
like coherent energy transfer and photon emission to further understand and quan-
tify these light-matter interactions and to generate them on cm? scale. The assembly
methods require high control of physical-chemical processes and the quantification
of the emerging phenomena demands complementary optical and surface characteri-
zation methods combined with electromagnetic simulations to access all the relevant
parameters. The first topic that is studied regarding its potential for coherent energy
transfer between metallic nanostructures and emitters are plasmonic colloid-to-film
coupled cavities with embedded emitters due to their cost-efficient manufacturing on
large scale and their tunable optical properties. In chapter 4.1, electromagnetic simula-
tions are employed to comprehend how the properties of the colloid and the particle-
to-film distance can result in different cavity resonances in the optical wavelength
region. The light-matter interactions in this system are simulated by applying a res-
onant dipole source in the enhanced electromagnetic field of the particle-to-film cou-
pled cavity, which leads to large changes in the radiative decay rates and the quantum

efficiency of the emitter. It is further shown how crucial the position of the emitter



in relation to the electromagnetic field is by simulating different dipole positions and
orientations.F!) Chapter 4.2 and 4.3 put these theoretical findings into practice by
assembling different types of particle-to-film coupled cavities made from a variety of
colloidal building blocks. Complementary characterization methods like atomic force
microscopy (AFM), scanning electron microscopy (SEM), dark-field spectroscopy and
time resolved fluorescence measurements are employed to thoroughly investigate the
fingerprints of electromagnetic coupling between the metallic cavities and photolumi-
nescence (PL) of emitters. Mixed light-matter states and enhanced fluorescence with
decreased lifetimes are detected quantitatively on large scale and allow statistical eval-
uations of the coupling processes.F¢?!

The second way to exploit the scalable assembly of colloids is to assemble them
in tunable, periodic macrostructures. To achieve this, a laser interference lithogra-
phy (LIL) setup is built to fabricate optical nano gratings, which are then molded into

s.F% In analogy to the assembly of plasmonic particles, the resulting

elastic polymer
templates are used to confine a solution of colloidal semiconductor emitters by con-
trolling its capillary flow with the elastic stamp. This assembly strategy leads to uni-
form gratings composed entirely by colloidal emitters. The integrity of the structures
is confirmed using AFM, SEM and dark-field imaging. Angle dependent UV-vis mea-
surements reveal a macroscopic Rayleigh anomaly due to intense diffraction in the
grating and the photoluminescence properties are characterized with time-resolved
fluorescence microscopy.F¢’]

This work lead to new strategies to realize functional, colloidal nanostructures on
large scale and furthermore correlated complementary spectroscopic and microscopic
characterization methods together with electromagnetic simulations for systematic
studies on the resulting systems. This can improve the generation of tailored light-

matter interactions in terms of coherent energy transfer and future developments in

nanophotonic devices.
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Chapter

Theory and Methods

3.1 Localized Surface Plasmon Resonances

The scientific origin of research on plasmonics dates back to 1856, when Michael Fara-
day accidentally created a solution of colloidal gold and was intrigued by its intense,
red color that can be seen in figure 3.1. While similar optical phenomena in gold con-
taining solutions had previously been linked with chemical compounds formed by
the gold ions!*’!, Faraday found that the color was created by light that’s scattered on

colloidal metal particles.!!!

Figure 3.1: Faraday’s original colloidal gold solution from the 1850s kept its characteristic color to this
day. Photo taken with friendly permission from Paul Wilkinson Photography.

Half a century later, a theoretical framework on the mathematical description of in-
teractions between light and spherical particles was introduced by Gustav Mie which
is valid to this very day.[*? Although scientists like Richard Adolf Zsigmondy were
able to investigate colloidal metal particles on the nano scope in the early 20th cen-

tury using the ultramicroscope (a type of Dark-field microscope)*’), it needed further
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progress in the field of colloidal chemistry to make plasmonic colloids appealing for
optoelectronic devices and basic research ranging from potential cancer treatments!*4]
to optical computing.[**]

The intense optical response of plasmonic colloids under incident light is caused by
Localized Surface Plasmon Resonances (LSPRs), which are oscillations of the particle
surface electrons in presence of an external electro-magnetic field, i.e. light.[*”! This

process is depicted in figure 3.2.

Figure 3.2: lllustration of a gold nanosphere in an external field, which causes a collective oscillation
of the surface electrons.

It is a suitable approximation to understand the LSPR as an induced dipole moment
since charge carriers (i.e. electrons) are set into motion and therefore lead to unbal-

ances in the charge distribution. The dipole moment p is defined as

p=Qd (3.1)

where () is the absolute value of the charge and d the distance between the separated
charge carriers.*! The polarizability « is a measure for the agility of the charge car-
riers in the nanoparticle and strongly depends on the dielectric function of the metal.
The simplest geometry for such a particle is a sphere, which is why the polarization

of a plasmonic colloid is shown for that example:

(e — €)

=3Ve—
“ €l€+<l+1)60
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where V' is the volume of the sphere, € the dielectric function of the metal, ¢, the
dielectric function of the surrounding medium and / the orbital momentum number. It
is important to take the polarizability into account since its dipolar (! = 1) contribution
is directly affecting the far-field cross section of a plasmonic nanoparticle.[*”? The far-
field cross section is basically the optical response that can be experimentally obtained

in form of optical extinction o,

2
Oeat = —=S{a} (3.3)
ex h\ ,—ed
and also the scattering cross section ., which can be derived from the wavelength-

dependent Rayleigh scattering:[*®]
Osct = gl (3.4)

It can further be derived from equation 3.2 that the polarizability reaches its maximum
if the term € + 2¢ (for a dipolar mode | = 1) approaches 0 and therefore fulfills the
resonance condition. If this is the case, the excited LSPR leads to intense scattering
of incident light that can be detected using dark-field microscopy and singe particle

scattering spectroscopy.
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Figure 3.3: Dark-field detection of plasmonic particles. (a) Schematic illustration of an inverse dark-
field microscope. (b) Dark-field image of spherical gold colloids. (c) Dark-field scattering spectra of
spherical gold colloids.

A schematic dark-field setup is illustrated in figure 3.3: Light shines through an

aperture that creates a cone of light, which is focused onto the sample. The light cone
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hits the specimen and gets scattered into the dark-field inside the light cone (dashed
green lines) and can be detected by an objective. Due to the strong scattering induced
by LSPRs, dark-field microscopy and spectroscopy are crucial for characterizing plas-

monic phenomena.

To theoretically approach the resonance condition of plasmonic particles, one can
either calculate the dielectric constant for the respective material from theoretical

[4950] or use measured dielectric functions.®! Together with the theoretical de-

models
scription of LSPRs, the frequency dependent optical response of a gold nanosphere
(AuNS) can be calculated using a commercially available finite difference time do-
main (FDTD) 3D electromagnetic simulator.®?) An exemplary simulation is depicted
in figure 3.5a. A pronounced peak around 520 nm is present for the scattering signal
osc+ and the absorption 0,5, which result in o.,;. The pronounced resonance peak

around 520 nm compares very well to the experimental values obtained by dark-field

spectroscopy.

Another phenomena that arises from LSPRs besides strong scattering and absorp-
tion of incident light are enhanced electromagnetic fields that are induced by the oscil-
lating electrons in the plasmonic colloid.®! If a plasmonic particle is brought in close
vicinity to another object, electromagnetic coupling of the LSPR with the respective
system occurs.®>* This can be illustrated exemplary by placing a cubic silver particle
onto a dielectric substrate.”* The coupling between LSPR and the dielectric material
leads to a hybridization of the excitable electronic states into a dipolar and a quadrupo-
lar mode that interfere with each other and lead to so-called fano resonances in the
scattering spectrum (figure 3.4i). If a plasmonic gold surface instead of a dielectric
material is coupled to the particle, additional mirror charges can be induced due to
coupling between the LSPR of the particle and the surface plasmon resonance (SPR)
of the gold layer. This coupling leads to a field confinement in the region between

particle and surface (figure 3.4ii).

Additional plasmonic coupling takes place if two metal nanoparticles are brought
into close distance, which results in their LSPRs interacting with each other. The dipo-
lar modes in the single particles experience a hybridization in which the directional
independence of the plasmonic modes is repealed and more complex modal structures

at different energy levels emerge.l*’! Figure 3.5 depicts the additional hybridized mode
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Figure 3.4: Plasmonic hybridization of a cubic silver colloid. (i) lllustration of the mode hybridization of
asilver cube on a dielectric substrate which leads to a dipolar bonding (b) and a quadrupolar antibonding
(c) mode. Reprinted (adapted) with permission from Zhang et al.>3!. Copyright 2020 American Chemical
Society. (ii) Schematic illustration of a silver cube on a plasmonic gold surface (a) with its corresponding
simulated surface charge (b) and electric field enhancement (c).

resonances, mode structures and the enhanced electric fields that are formed when the
LSPRs of two gold spheres interact with each other.

The tunable optoelectronic properties of coupled plasmonic systems as well as their
enhanced electromagnetic fields in small modal volumes are appealing features for
investigating fundamental light-matter interactions and applications like plasmonic
rulers, where the coupling-induced changes in the optical responses of plasmonic par-
ticles can be used to monitor changes in distance on nanoscale.””) The present thesis
will mainly focus on the creation and quantification of the light-matter interactions

arising induced by plasmon resonances.
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Figure 3.5: FDTD simulations of electromagnetic mode structures for a single gold sphere. (a) Simu-
lated optical properties of a colloidal gold sphere. Simulated surface charges and field enhancements

show a degenerated dipolar mode which is independent of the spatial axis at 520 nm for a single sphere
(b) and hybridized modes of a dimer (c+d).
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3.2 Photoluminescent Semiconductor Nanocrystals

The emission of light from any substance, being it a solution, a solid or a gas, is re-
ferred to as photoluminescence (PL) and was first discovered in 1845 when Sir John
FW. Herschel noted a vivid blue shine originating from a otherwise colourless solu-

tion of tonic water.[>®%

1 The intense colours inhibited by such fluorescent specimens
were soon employed as a tool for various research tasks, for example to retrace an
subterranean connection between the Rhine and the Danube in 1877.1°°! It yet took
until the mid of the 20th century to move studies on fluorescence into a more quanti-
tative and popular dimension when the first spectrofluorometers were developed.[*!
The basic principle behind fluorescence, being it emission from organic dye molecules
or solid state emitters, is an electronic excitation from the ground state into higher
states following an energetic stimulus, which usually is the absorption of an incident
photon. While several excited states (S; and S;) with additional vibrational states can
be occupied by an excited electron, so called internal conversion causes the state to re-
lax towards the lowest vibrational state of S;. This process, known as Kasha’s rulel®?,
takes place in the order of 1072 s and is therefore already concluded before the ex-
cited state can decay back to the ground state So.l®! The rate, in which these excited
states can relax back to the ground states, depends on the spin of the electron. When
latter is a spin paired singlet electron, it can quickly decay back to the lowest vibra-
tional state, which is called fluorescence. When the electron occupies a triplet state,
the relaxation to S is spin forbidden and takes place with a decreased rate in form of
phosphorescence. In both cases, the energy difference between the excited and the
relaxed electronic state is released upon de-excitation of the electron either through
radiative decay by emitting a photon of the respective energy or nonradiative decay in
form of vibration with the respective radiative decay rate &, and nonradiative decay
rate k,,. These decay processes can be illustrated in a so-called Jablonski diagram,

which is shown in figure 3.6.

To quantify PL, the fluorescence lifetime 7 is taken into account. It is given by

1

T = - (3.5)

and can be experimentally detected with time-correlated single photon counting (TC-
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Figure 3.6: Illustration of electronic processes taking place during PL in form of a Jablonski diagram:
hv. shows the excitation caused by an incident photon which causes a transition from the electronic
groundstate Sj to the excited states S; and Sy or their respective higher vibrational levels. Internal
conversion causes the excited states to relax into the lowest vibrational level of S;. hv illustrates the de-
excitation back to the ground level under fluorescence emission. Alternatively, phosphorescent emission
hv,, can occur after intersystem crossing of the excited state to the triplet state T;.

SPC). This method allows statistical evaluation of the PL lifetimes by exciting the re-
spective specimen with a periodic laser pulse sequence with sufficiently low energies
that ensures that only one photon can be emitted after a pulse. Single photon detec-
tors then measure the time between each laser pulse and single photon detection and
the resulting histogram of pulse-photon detection time can be fitted with exponential

functions, which give the fluorescence lifetime (figure 3.7).05%]

emitted photon emitted photon

time 1

Counts

Laser Pulse Laser Pulse Time

Figure 3.7: Time-correlated single photon counting (TCSPC). (a) Schematic illustration of the laser pulse
excitation and single photon detection sequence. (b) Histogram of lifetimes for each detected photon.

The quality of a photoluminescent material is furthermore given by the quantum

efficiency QE, which expresses the ratio between absorbed and emitted energy.

ky

=
Q kr+knr

(3.6)

While fluorescence in organic molecules has been known for almost 2 centuries now,

a rather young class of emitters are colloidal crystalline semiconductor nanoparti-

cles (also called quantum dots) that were first reported in 1982 by Arnim Henglein!®*]
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and quickly gained great interest due to further pioneering research of Louis Brus[®,
Alexei Ekimov!®® and the Efros brothers!®”). Since the particles inhibit the crystal unit
cell of the bulk semiconductor while featuring diameters below 10 nm, the electronic
and optic properties deviate fundamentally from those of the macroscopic material.l*®!
Due to quantum confinement of the electronic states that takes place if the size of a
particle approaches the atomic scale, the size and shape of semiconductor nanocrys-
tals directly affect their respective fluorescence and thus are highly tunable over the
optical spectrum.[ég] To understand this in detail, one has to consider that each object,
no matter if microscopic or macroscopic, has a certain wave character which can be

expressed through the De-Broglie wavelength \:[707!]

A= (3.7)
b

where £ is the Planck constant and p the impulse of the particle. Latter can be de-

scribed using

p=vV2mkE (3.8)

where m is the mass and E the energy of the object. Since fluorescence is caused
by electronic processes, the De-Broglie wavelength for a single electron at 300 K is
calculated:
h
A= 3.9
V2m, * kg’ (3.9)

where m, is the electron mass and £ is the Boltzmann constant. This gives

6.63-1073Js

\ =
V2 9.11x10-F kg - 1.381x10-2JK ' - 300K

=7.63-10m = 7.6 nm (3.10)

as wavelength of a single electron. Considering that the mentioned quantum dot par-
ticles obtain dimensions in the same order of magnitude as A, latter is limited since it
can only propagate inside the particle. To further show how this affects the electronic
states (i.e. the bandgap between valence band and conductive band energy levels) and
therefore the emission energy, the excited electron in a QD can be interpreted with the

established particle in a box model from quantum mechanics. Here the wave function
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is trapped inside a confined space with infinite high potential walls at the edges:"?!

h?n?

= — A1

where F, are the quantized energy levels, n is the quantum number and L is the length
of the potential box. This model is the foundation on which Louis E. Brus based his
now established model to calculate the concrete energy for the lowest excited state

energies of semiconductor quantum dot particles in terms of the particle radius:"’!
E* = Eyop + Eyin — E. (3.12)

This general form gives the transition energy E* as the sum of the band gap energy
E,qp, the electric kinetic energy Ej;, and the electric potential energy £.. This can
now be analytically solved by introducing the material constants of the respective

semiconductor to the term:

o111 1.8¢2
E* = Eyop + ( + ) T (3.13)

8R2 \m: mj AT ecare€o R

where m] is the excited electron mass and mj, the excited hole mass while €47 and €
are the dielectric constants of the quantum dot material and the surrounding medium

(here vacuum).
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Figure 3.8: Theoretical approximation on electron quantum confinement using the particle in a box
model (a) and the analytical Brus model for CdTe QDs (b) which shows the transition energy E* (red
line), the kinetic energy Ey;,, (green line), the potential energy E. (teal line) and the band gap energy E,
(violet line).
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These parameters are material constants for the respective semiconductor crystal,
so the only variable contributor to changes in the emission energy is the particle ra-
dius R. Figure 3.8 shows the size-dependent exciton energies for an exemplary CdTe
quantum dot as this material is commonly used in emitters with tunable optical prop-
erties."¥l The material parameters are taken from literature.l’”] Despite the calculated
energies differing from experimental values seen in literature, they present a conve-
nient way to approach the optical properties of quantum dots with basic quantum
mechanical models.’®). Although the photoluminescence properties of semiconduc-
tor nanocrystals show great potential for various applications in medical or optoelec-
tronic devices, they suffer from features like incoherent emission and photonic losses
in macroscopic QD assemblies. This thesis will introduce ways to enhance the ra-
diative properties of semiconductor nanocrystals with spectroscopic and microscopic

methods combined with electromagnetic simulations.
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3.3 Coherent Energy Transfer through Plasmon-Exciton
Coupling

If a photoluminescent specimen is placed in the enhanced electromagnetic fields in-
duced by plasmon resonances, strong light-matter interactions are induced if the res-
onance of the emitted photons and the field overlap energetically. This coupling be-
tween a plasmonic nanostructure and emitters can enhance the luminescence proper-
ties of the latter. Plasmon-enhanced luminescence has already been achieved with a
variety of systems, for example anisotropic gold particles in close vicinity to lumines-
cent upconversion particles””), semiconductor nanocrystals placed on a rough gold
surfacel’”®! or quantum dots coupled to a periodic plasmonic array’’. Furthermore,
plasmon resonances can improve the energy transfer between different emitters, for
example by enhancing Forster Resonance Energy Transfer (FRET) of different CdTe
quantum dots.®” In the case of plasmon-exciton coupling, both components can be
interpreted as dipoles in a coupled oscillator model, where energy can be coherently
transferred between the emitter and the plasmonic particle. These plasmon-exciton
interactions are usually referred to as weak, intermediate and strong coupling depend-
ing on the amount of energetic losses compared to energy transfer.®!) If the latter ex-
ceeds the damping of the metal as well the emitting material, one can also observe
hybridized modes in the system which is expressed through the so called Rabi split-
ting.*) Figure 3.9 shows an energy diagram to illustrate the coherent energy transfer

taking place in sufficiently coupled plasmon-exciton systems.*?l The mode hybridiza-
EA

~
Rabi Spllttlng PE e —
»
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O
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Figure 3.9: Energy scheme of a plasmon resonance coupling with an exciton which results in a hy-
bridization of the excited resonance.
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tion directly corresponds to the light-matter interactions taking place in such coupled
systems, which is intriguing for in-depth investigations on these processes as the hy-
bridized modes can be measured using scattering spectrocopy (i.e. detection of o,
see equation 3.4). The energetic difference between both modes gives the coupling
strength g, which will be discussed in more details in the Results and Discussion part.
In general, this coupling strength has to surpass the energetic losses to ensure co-
herent energy transfer and two fully distinguished polariton peaks in the scattering
spectrum.*3%] The modulation of the latter through coupling interactions can be ap-

proximated using an analytical coupled oscillator model:[*!}

(wzm —w?— iw’Yem)

(oﬂ — w2 + z"yspw) (W2 — w2, + 1Yemw) — w?g?

Oset X W (3.14)

P

where w,, is the emitter resonance frequency, v.,, the damping introduced by the
emitter, w,, the surface plasmon frequency and +,, the losses of the leaky plasmon
mode. Equation 3.14 is used to demonstrate different stages of mode hybridization
from weak to strong coupling as shown in figure 3.10 by applying different coupling
strengths g to the model.

19=0.1%em 9=0.5Yem 9=1.5%em
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Figure 3.10: Calculated scattering cross sections for a coupled plasmon-exciton oscillator for different
coupling strengths g.

The calculated scattering cross sections show typical plasmonic features for a low
coupling strength with a single peak, which is to be expected for weak coupling or no
coupling at all. A visible dip in the spectrum for a higher g indicates the transition into

the intermediate coupling, where energy transfer between surface plasmon and the
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exciton takes place but the losses can’t be sufficiently compensated. If g starts to over-
come the losses introduced by the damping of the coupled oscillators, two separated
modes are present in the scattering spectrum, which is in return a strong indicator for
coherent plasmon-exciton coupling.®! The results in this thesis will demonstrate how
these light-matter interactions can be generated, quantified and improved for coherent
energy transfer and emission with scalable, colloidal approaches and and quantified

by using complementary characterization methods.

3.4 Methods

Characterization Methods

Dark-field measurements. Single particle scattering spectroscopy was done with a
Nikon Ti-U inverted microscope in transmission mode. The data were recorded using
an IsoPlane-160 spectrometer and a PIXIS: 256 CCD camera (Princeton Instruments).
Measurements were performed with a dark-field condenser (air, NA 0.8-0.95) and a
60x air objective (CFI S Plan Fluor ELWD, NA 0.7, Nikon, Japan) under illumination
by an Energetiq EQ-99 laser driven light source. The measured spectra were corrected
by subtracting the dark current at the detector and normalizing against the white light
scattering spectrum of a polystyrene particle solution.

Time-resolved fluorescence measurements. Fluorescence lifetime images and
time-correlated single photon counting (TCSPC) data were measured with an inverted
confocal scanning microscope (MT200, PicoQuant) incorporating a 100x air objective
(UPLFLN, NA 0.9, Olympus, Japan). Diode lasers with 405 nm and 506 nm central
wavelengths (LDH-405; LDH-510) and 1-5 MHz repetition rates were used for exci-
tation. The signal was guided through a long pass filter with a cut-off below 519 nm
(FF01-519/LP, Semrock, USA) and detected with a SPCM-AQRH single photon count-
ing module (Excelitas, USA).

Photoluminescence measurements. PL spectra were detected with an Andor SR
163 Spectrograph during continuous exposure with a 405 nm diode laser (LDH-405).
The background correction was done by dark current measurement.

FDTD Simulations. A commercial-grade simulator based on the finitedifference
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time-domain (FDTD) method was used to perform the calculations (Lumerical FDTD,
version 8.16). To simulate the optical response, a total-field scattered-field source was
used, and the frequency points were set to be half the wavelength span. I used per-
fectly matched layer boundary conditions (BC) in all principal directions with a lin-
early polarized plane wave source. Monitor boxes were used to obtain the optical
responses of the system. For the dielectric properties of gold and silver, data from
Johnson and Christy!®! and CRC[®] were fitted using six coefficients for gold and five
for silver. Both fits had an RMS error of 0.2. For simulating the coupling interactions,
we added a Lorentz Oscillator to resemble the optically active layer inside the cav-
ity. All simulations reached an auto-shutoff of at least 107° before reaching 300 fs
simulation time. For the best simulation stability, the mesh area was chosen to be at
least 100 nm larger than the existing structure in all three principal directions. For the
simulation of the coupling interactions, we employed a Lorentz model layer inside the
cavity spacing.

Scanning electron microscopy and Focused Ion Beam cuts were done with a
NEON 40 (Carl Zeiss AG) microscope with an Everhart-Thornley detector.

UV-Vis-NR spectroscopy. Extinction spectra were recorded with a Cary 5000
spectrometer (Agilent, USA).

Atomic Force Microscopy. AFM measurements for surface characterization were
performed on a Dimension NanoScope 5 with tapping mode.

Spectroscopic Ellipsometry The thickness of thin layers was determined using a

RC2 Ellipsometer from J.A. Woollam.

Fabrication Methods

Laser Interference Lithography. Optical grating masters were fabricated by LIL.
The beam of a He-Cd Laser operating with 325/442 nm emission wavelength (Kim-
mon IK5351R-D) was spatially filtered to get a well-defined gaussian beam profile.
The beam was then split into two separate beams with a non-polarizing UV fused sil-
ica plate beamsplitter (BSW20, Thorlabs Inc.) and recombined with a defined angle,
which results in a line patterns with periodicities between 200 nm and 1 pm due to

interference taking place between both beams. The gratings were then recorded on a
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substrate carrying commercially available photoresists (microresist GmbH). Develop-
ment of the periodic nano arrays was done with respective basic development solu-
tions with development times generally varying between 20 s and 120 s. The gratings

are then rinsed with ultrapure water (Merck Milipore) and dried using nitrogen.

Soft Lithographic manufacturing of elastic nanostructures. Soft Lithography
was employed to fabricate elastic molds of the as prepared periodic nanostructures
using an h-PDMS/Sylgard 184 composite stamp. 3.4 g of (7-8% vinylmethylsiloxane)-
(dimethylsiloxane) copolymer (VDT-731, Gelest Inc.) were mixed with two drops of
a Platinum-divinyltetramethyldisiloxane complex catalyst (SIP6831.2LC, Gelest Inc.)
and one drop of 2,4,6,8 Tetramethyl2,4,6,8-tetravinylcyclotetrasiloxane (396281, Sigma
Aldrich) under steady stirring and then degassed until no further bubbles in the mix-
ture were visible. 1 g of (25-35% Methylhydrosiloxane)(dimethylsiloxane) copolymer
was added under stirring and a thin layer of the mixture was spincoated onto the LIL
substrate (1000 rpm, 40 s). The substrate then was placed on a 60° hot heating plate
for 30 min. Thereafter, the substrate was put into a small petri dish and covered with
a 0.5 cm layer of Sylgard 184 (Dow Corning) and cured in an oven at 80 ° for one
hour. The stamp was extracted by breaking the petri dish and carefully lifting the
mold from the substrate. Possible remains of the Photoresist were removed by rinsing

with ethanole and drying with nitrogen.

Substrate preparation for nanoparticle-on-mirror (NPoM) cavities. A gold
film with a thickness of 50 nm was evaporated onto a clean glass slide (Menzel) us-
ing physical vapor deposition (HEX-L by Korvus Technology Ltd, Newington, UK).
The substrate was then incubated in a 1 mM solution of (11-mercaptoundecyl)-N,N,N-
trimethylammonium bromide (Sigma Aldrich) to form a positively-charged selfassem-
bled monolayer. The thickness was determined to be 1.5 nm using spectroscopic ellip-
sometry. A monolayer of thioglycolic acid functionalized AgInS quantum dots (QDs)
was assembled by placing the sample into an aqueous QD dispersion for 30 minutes
at room temperature. The formation of a homogenous layer of AgInS QDs was ver-
ified using fluorescence lifetime imaging (FLIM) and AFM. An additional polymeric
spacer was applied by (repeatedly) dip-coating the sample into (alternating) solutions
of poly(allylamine hydrochloride) (PAH) (0.1 mg/mL; 0.5 mM NaCl) and polystyrene
sulfonate (PSS) (0.1 mg/mL; 0.5 mM NacCl) each for 60 seconds. Between each layer-
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by-layer assembly step, the sample was rinsed in ultrapure water (Merck Millipore)
for 30 s. Each PAH/PSS monolayer is estimated to be 1-2 nm in thickness, as mea-
sured by ellipsometry. The metallic nanoparticles were applied by drop casting onto
the substrate for 30 seconds, followed by rinsing with purified water and nitrogen

drying.
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Chapter

Results and Discussion

4.1 Plasmonic Colloid-to-Film-Coupled Cavities

An appealing way to exploit the optoelectronic properties of plasmon resonances is
to assemble plasmonic colloids into structures that can modulate photons in anal-
ogy to electronic devices like transistors with emerging non-linear optical effects.’*”!
By choosing suitable design parameters and proper physical-chemical techniques, a
plethora of systems is accessible with colloidal methods. A promising way to to build
functional plasmonic nanostructures are noble metal nanoparticles that are assem-
bled on thin metal layers. This particle-to-film geometry resembles classic optical res-

[56,86,87

onators I and induces high electromagnetic fields in the gap between metal and

surface.[®®] Such plasmonic cavities show great potential for applications like sens-

[89-92 [93,94]

ing and optical modulation 1. biomedical applications as well as information
processing and transmission.*®) Plasmonic cavities can be furthermore employed for
generation and detection of non-linear optics like strong coupling or single photon
emission.*****7] Plasmonic colloids coupled to metal mirrors are termed nanoparticle-
on-mirror (NPoM)®® and usually employ gold and silver as material for the particles
and the metallic thin films.[?®*3-1° By varying well adjustable parameters like the size,
shape and composition of the nanoparticles or the particle-to-film distance, the optical
properties of the cavities can be tuned precisely since plasmon resonaces are sensitive
towards changes in their immediate dielectric environment.!0?-104]

Due to the strong electromagnetic fields that are induced in NPoM-type cavities,
they are able to interact with photoluminescent compounds like fluorophores, semi-

[30,105,106

conductor quantum dots or 2D-crystals. I This happens due to electromagnetic
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coupling between the plasmonic cavity and the transition dipole moment of the emit-
ters. It is possible to quantify this interaction by estimating the coupling strength g,
that depends on the energetic overlap of the plasmon and the PL as well as the relative

position and orientation of the emitter.[2¢17:108]
g(f7é7w> = Qe E(fvéuw) (41)

Equation 4.1 describes the the coupling strength ¢ in respect to the emitter position
7, the emitter orientation é and the resonance frequency w. p is the transition dipole
moment of the emitter and £ the amplitude of the electric field. Further important
properties that affect the interactions between a plasmonic cavity and emitters are the
quality factor () and the modal volume V' of the plasmonic cavity resonance. The Pur-

cell factor P gives the radiative decay enhancement of emitters inside a cavity:[1%%11%]

3 /(A0
) »”

In this section, FDTD simulations are employed to investigate how the parameters
of colloidal-based metal nanostructures can be used to design a NPoM cavity with de-
fined optical parameters and strong electromagnetic field enhancement. The resulting
cavity design is then used to simulate the radiative processes of a resonant emitter in
dependence of its spatial properties 7 and é. The results show that colloidal fabrica-
tion methods can be used to tailor the optical properties of NPoM-type cavities that

enhance radiative properties of emitters.F¢!

Results and Discussion

A well-defined cavity resonance wavelength is required to energetically overlap with
the photoluminescence of an emitter. This can be achieved in two ways for cavities
that consist of colloidal metal nanoparticles: by changing the particle properties and
by altering the gap size between the mirror and the plasmonic colloid. One of the
most common NPoM geometries is a colloidal gold nanosphere assembled onto a thin
film of gold. The resulting cavity feature strong field enhancements confined into low

modal volumes due to the spherical particle shape. The cavity resonance of a sphere-
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to-film coupled setup is tunable by the particle-to-film distance due to the coupling of
the LSPR of the particle and SPR of the mirror.

b

—— Simulation
—— Experiment

Scattering /a.u.

' I ' I ' I ' I
500 600 700 800
Wavelength /nm

Figure 4.1: Basic plasmonic properties of a colloidal gold nanosphere (AuNS). (a) shows an exemplary
picture from the simulation setup in the FDTD solver used to carry out the simulations. The gold sphere
is covered by a dielectric shell that resembles surfactant coating and placed on a dielectric substrate
(Si03). The vectors E and k show the incident electric field and wave vector and the yellow boxes show
the volume, in which the elelctromagnetic signals are detected. (b) shows the results from such a FDTD
simulation (blue line). An additional spectrum from experimental data (red line) is introduced to verify
the simulation.

To approach simulations on the optical properties of such plasmonic NPoM cavities,
a gold nanosphere with a diameter D of 79 nm and a particle-to-film distance d of 4 nm
(given by the thickness of the dielectric shell) on a dielectric substrate is simulated.
The results can be used to determine the initial plasmonic properties of the colloid used
for this system (figure 4.1). The simulated scattering of the AuNS shows a character-
istic resonance peak at 530 nm, which is in high agreement with an experimentally
obtained scattering signal of the respective AuNS on a glass substrate. The simulated
osct resembles the experimental spectrum well regarding the peak position and the
Full Width Half Maximum (FWHM). This nanoparticle-on-dielectric (NPoD) structure
can be used as a reference system in order to prove how the LSPR of the particle in-
teracting with the Surface Plasmon Resonance (SPR) of a metallic film can modulate
the optical properties of the system. For the next step, the dielectric substrate is re-
placed by a 50 nm thick Au film to simulate the actual NPoM architecture. As shown
in figure 4.2, the plasmon resonance undergoes a significant redshift of 35 nm when
being coupled to a gold mirror. This arises as the induced electromagnetic fields, that

are induced by the particle and the gold mirror, interfere with each other and lead
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Figure 4.2: Simulated scattering spectra of a gold sphere on a dielectric substrate (blue) and a gold
layer (gold). The dashed line marks the emission of the chosen dipole source.

to altered mode energies. This process is shown in detail by exciting the simulation
setup with the resonance wavelength and simulating the resulting electric field, the

magnetic field and the charge distribution of the defined NPoM system.

572 nm

/AUNS]
. »
Mirror

Figure 4.3: Simulation of the electromagnetic fields of a NPoM cavity. (a) is the electric field, (b) the
magnetic field and (c) the surface charge induced by an excitation pulse at the resonance wavelength of
572 nm.

As Figure 4.3 shows, the induced electromagnetic field is enhanced and confined
to a small modal volume inside the gap between the gold sphere and the mirror. The
surface charge plot in figure 4.3c reveals a dipolar mode in the gold sphere, which
induces mirror charges on the gold surface. The resulting coupling interactions be-
tween particle and mirror allow the modulation of the optical properties by changing
the particle-to-film distance d as well as the size of the plasmonic colloid D. A set of
different parameters for d and D are calculated to quantify the respective plasmonic

properties for each system.
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Figure 4.4: Sensitivity of cavity properties towards colloidal design parameters. (a) shows the scat-
tering spectra of the NPoM cavity with nanoparticle diameter D changing from 74 nm to 86 nm with a
fixed particle-to-film distance of 4 nm. (b) shows the scattering spectra for particle-to-film distances d
from 0 nm to 10 nm.

The simulations in figure 4.4 show that both of the parameters are able to tune the
optical response of the cavity. Increasing the particle diameter D from 74 nm to 86 nm
while keeping d at 4 nm, the cavity resonance changes by 9 nm in an almost linear
fashion. The rather low sensitivity S = ﬁ—g of 1.1 is relevant as the modal volume and
the coupling interaction with the gold film are only slightly affected by the changes
in AuNS size. More pronounced modulation of the optical properties are observed in
figure 4.4b for varying the particle-to-film distance d with a fixed D of 79 nm. When
the gap size is tuned from 10 nm to 4 nm, the cavity resonances are slighty redshifted
with S = % = 1.6. Further reduction of d below 4 nm leads to a jump in the
sensitivity (S = 9.5) and the dipolar mode is redshifted way more pronounced. For a
d of 2 nm and 0 nm, the dipolar resonance becomes a pronounced single peak while
the energetically higher mode at 550 nm is not affected by the gold film coupling.

So far it was shown that the NPoM cavity induces strong electromagnetic fields in
a small modal volume and has versatile cavity resonances with narrow FWHM. These

111 and can lead to strong light-matter

properties are crucial for optical resonators!
interactions with an emitter inside the cavity. These interactions are now studied by
introducing a dipole source with an emission wavelength of 580 nm within the gap

between gold particle and mirror, which resembles an photoluminescent emitter.
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Figure 4.5: FDTD simulation of the Purcell factor for the NPoM cavity (solid line) as well as the NPoD
cavity (dashed line) for reference.

By simulating the changes of the dipole power caused by the cavity, one can obtain
the Purcell factor P of such systems. In figure 4.5, P is shown for the NPoM cavity
and for the respective NPoD system for reference. The cavity has a high Purcell factor
of 39000, which is more than twice the enhancement the emitters experience in the
NPoD system. The high P states that the radiative properties of the dipole source are
enhanced. Energy that is emitted by the dipole source can be radiative (i.e. a photon is
emitted) or nonradiative. The rates for both of the processes are simulated to estimate

how the emitter is affected by the electromagnetic field in the cavity.
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Figure 4.6: Simulated decay rates of a cavity-coupled dipole source. (a) shows the non-radiative decay
and (b) the radiative decay of the NPoM system (solid line) as well as for the NPoD reference (dashed
line).

The nonradiatve decay rates k,, and the radiative decay rates £, in figure 4.6 show
that k,,, increases in the same order of magnitude for the NPoM and the NPoD system.
The higher nonradiative decay for the NPoM system is caused by the more dissipative
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nature of the plasmonic system compared to the NPoD reference. The radiative decay
rate of the NPoM system exceeds the NPoD by more than two orders of magnitude
(120 fold), which indicates that the local fields induced in the plasmonic system have a
much higher impact on %, as compared to k,,, since additional radiative decay states
are present due to the plasmonic environment.['*?] The obtained data are now used to
calculate the quantum efficiency QE of the cavity-coupled dipole in order to quantify
the enhanced emission properties. The calculated QE in figure 4.7 shows that the
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Figure 4.7: Calculated Quantum Efficiency of the NPoM (solid line) and the NPoD reference system
(dashed line).

enhancement of %, surpasses the increase in k,, inside the NPoM. Although both
systems show an increase of QF at wavelengths above 530 nm (i.e. optically responsive
frequencies for the AuNS), the NPoM possesses 28-fold higher QE.

As equation 4.1 shows, the absolute position of the emitter in the electromagnetic
field has a direct effect on the coupling strength of the dipole coupling to the surround-
ing field. To investigate the effect of the spatial position 7 and relative orientation é
of the dipole on the coupling strength, its position in the simulation setup is varied.

Radiative decay rates are simulated for three different dipole positions as illustrated
in figure 4.8: directly between the AuNS and the gold mirror (red), 90° further along
the particle surface (green) and at the opposite end of the gold sphere (blue) and each
with a parallel (dashed line) and perpendicular (solid line) dipole orientation. The
colour of the simulated decay rate plots correspond to the positions marked in the
scheme in figure 4.8a. Although all dipole sources show enhanced values for £,, the
emitters that are placed inside the confined modal volume of the cavity have sev-

eral orders of magnitude higher decay rate enhancement. The dipole axis orientation
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Figure 4.8: Position and orientation dependent radiative decay rates of a dipole emitter. (a) The sketch
illustrates the different places and relative orientation of the dipole in the simulation setup. (b) Radia-
tive decay rates for each dipole source position in perpendicular (solid) and parallel (dashed) dipole
orientation. The graphs that are found beneath the dashed line are all 100fold enhanced for better
visibility.

is just as important as it can be demonstrated for the dipole inside the cavity (red
curves). While perpendicular orientation (solid arrows) leads to the biggest detected
increase of the radiative decay, it is almost absent for a dipole orientation parallel
to the gold mirror (dashed arrows). This can be explained since the perpendicularly
oriented dipole emission excites the cavity resonance and gets confined in the cavity
mode while radiation emitted parallel to the gold surface can propagate outside the

cavity without inducing light-matter interactions.

Conclusion

In this section, the optical properties of a plasmonic particle-to-film coupled cavity
system was studied using electromagnetic simulations. It could be shown how the
local field enhancement can be increased by two orders of magnitude in the gap be-
tween a colloidal gold sphere and a gold mirror. By changing the particle size and the
particle-to-film distance, the dipolar cavity resonance can be tuned with high preci-
sion. The system was then extended by introducing a dipole source into the cavity.
Further simulations showed that the radiative decay properties of the dipole source
are strongly affected by the plasmonic cavity. A high Purcell factor and enhanced
QE prove that the plasmonic cavity can compensate its intrinsic energetic losses by

coherent energy transfer between cavity mode and dipole emitter. Simulations for
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different positions and orientations of the dipole showed quantitatively how crucial
these parameters are in order to increase the light-matter interactions in plasmonic
cavities. The found data can help to understand the complex light-matter interactions
that occur when plasmons are coupling with emitters and to design efficient plasmonic

systems for coherent energy transfer.
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4.2 Fluorescent Hectorites in Colloid-to-Film-Coupled

Cavities

The previous chapter showed that the optical properties of plasmonic cavities and
the position of the emitters that were sandwiched in between a plasmonic particle
and a metallic film are crucial design parameters for coherent energy transfer be-
tween both components. Colloidal building blocks assembled with physical-chemical
methods are suitable for fabricating such plasmonic cavities that meet these demands.
To build NPoM cavities with desired plasmon-exciton interactions, bottom-up self-
assembly methods have successfully been employed in the recent years using host-
guest chemistry®, surface-chemical methods!!*®! or chemical linkers.[®Y] When sin-
gle emitters and surface plasmon resonances are exchanging energy in a sufficiently
coherent fashion, characteristic modulations of the optical properties are generated
in the cavity. Two distinguished peaks in the scattering spectrum can occur when
coupled light-matter states are formed™® and the enhanced radiative emission of the
emitters in plasmonic cavities can lead to a further increase in the photoluminescence

961 shorter lifetimes('® and enhanced photostability(!*]. These features al-

intensity
low detailed analysis of the plasmon-exciton interactions and will also allow an es-
timation to determine if the system is in the weak, intermediate or strong coupling
regime.

This part of the thesis shows how fluorescent dye-loaded hectorite structures are
used to build such NPoM cavities with precise spatial features in regards to the cav-
ity gap size and the embedded emitters. Hectorites are anorganic silicate compounds
that possess atomically flat surfaces and defined structure thicknesses in the nanome-
ter range with particle aspect ratios of 20000 and more.["'*] Due to strong electrostatic
charges of the hectorite interlayers, they can intercalate photoluminescent materials
like organic dyes with uniform emitter distribution.['’*] Besides the uniform lateral
position of each dye molecule, the emitters also show defined vertical orientations of

[116] These structural and optical

approximately 30° with respect to the surface plane.
properties of dye-loaded sodium silicate particles are suitable to build gold sphere-
to-film coupled cavities with defined parameters on macroscopic scale using colloidal

bottom-up self-assembly methods. The properties of the obtained structures are then
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studied in detail using dark-field imaging and spectroscopy, confocal fluorescence mi-
croscopy and FLIM.

The hectorites with intercalated C-16-Stilbazolium were synthesized and provided
by Matthias Stoter from the group of Prof. Josef Breu at University of Bayreuth.

The plasmonic nanoparticles were provided by Anja Maria Steiner from the group

of Prof. Andreas Fery.

Results and Discussion

Before the placing the hectorites in NPoM cavities, the particles are characterized in

terms of shape, thickness and fluorescence emission.
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Figure 4.9: Overview on fluorescent hectorites: (a+d) AFM image of a single hectorite particle on a
glass substrate and the respective profile plot.(b) The same flake identified using dark-field microscopy.
(c) Photoluminescence spectrum of single hectorite particles.

Atomic Foce Microscopy (AFM) measurements for a representative hectorite par-
ticle are shown in figure 4.9. The selected flake has a uniform height of 4 nm and a
lateral dimension of more then 10 um, which corresponds to an aspect ratio of about
2500. Additional dark-field imaging of the same particle shows that scattering only
takes place at the edges of the particles. A confocal fluorescence microscopy spec-

trum of single hectorite flakes features an emission peak at 570 nm. These properties
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make them suitable for application as dielectric spacers that furthermore contain ori-
ented emitters. Furhtermore, their stability in aqueous solution makes it possible to
assemble the hectorites onto surfaces in a macroscopic fashion. The high aspect ratios
of these hectorite flakes also lead to strong Van-der-Waals interactions between the
silicate flakes and the substrate surface and result in a plane adsorption. A hectorite-

treated glass substrate is examined with dark-field microscopy and scanning electron

microscopy (SEM). The obtained images are shown in figure 4.10 and validate that

Figure 4.10: Dark-field Microscopy image (a) and Scanning Electron Microscopy image (b) of silicate
flakes on a substrate. Scalebar is 20 um.

the hectorite flakes are evenly adsorbed to the glass substrate. The even surface, de-
fined height and large surface areas of the hectorites allow their easy incorporation in
NPoM cavities. This is done by dropcasting a hectorite solution onto a glass substrate
carrying a 50 nm gold film. An aqueous solution of 71 nm spherical gold nanoparticles
is subsequently dropcasted onto the substrate. Due to the high coverage of hectorites
on the surface, the colloidal particles will adsorb eventually onto the hectorite flakes
and thus form a NPoM cavity with the uniformly intercalated fluorophores embedded
in between the gold mirror and the gold sphere. The 4 nm thick hectorites and the
approximately 2 nm thick layer of cetyltrimethylammonium chloride (CTAC) that is
employed to stabilize the AuNS colloids result in a NPoM with a 6 nm gap size. FDTD
simulations of this cavity geometry (figure 4.11) show energetic overlap between the
cavity resonance of 572 nm and the photoluminescence of 570 nm. The energetic over-
lap between the cavity mode and the emission is important as the excited states of the
fluorophores experience an enhanced local density of states (LDOS) in a resonant field
to which they can decay.®! These light-matter interactions result in coherent energy

transfer if the losses introduced by the damping of the plasmonic cavity and the emit-
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ter are exceeded.
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Figure 4.11: NPoM cavity with embedded fluorescent hectorites. (a) Schematic illustration of the
cavity cross section. (b) Simulated scattering spectrum of the cavity (red line) and photoluminescence
spectrum of the dye-loaded hectorite (green).

Dark-field scattering spectroscopy of the NPoM can now provide quantitative in-
formation on the coupling strength ¢ as the mode hybridization, that is formed in ef-
ficiently coupled plasmon-exciton systems, corresponds to the energetic gap between

the mixed states.[*!]
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Figure 4.12: Dark-field studies of NPoM cavities with embedded hectorite. (a) Dark-field image of
a hectorite flake containing several AuNS. The dashed circles mark the measured cavities. Scalebar is
5 um. (b) Scattering spectroscopy on the marked NPoM cavities (red and violet lines) and simulated
scattering cross section of a respective coupled-oscillator system (dashed black line). The dashed green
line marks the fluorescence emission of the hectorite. (c) Reference measurements of a AuNS on a gold
mirror without fluorescent emitter in between.

The measurements display two distinguished peaks in the scattering spectra of the
NPoM cavities (figure 4.12b). This splitting of the cavity scattering signal suggests the
presence of intermediate or strong coupling between the fluorophores and the plas-

mon resonance. The spectral position of the dip at 570 nm corresponds very well to
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the plasmon resonance of the uncoupled plasmonic cavity and the fluorescence emis-

sion (fig 4.11), which can be explained when the system is described using a coupled

1 02
Wt = 5 (wcav + WO) + 92 + Z (43)

where w. represents the hybridized mode frequencies, w,,, the cavity resonance, wy

oscillator model:[1!7]

the emission frequency, g the coupling strength and ¢ the detuning between the res-
onance frequencies of the cavity and the emitter. The high overlap between cavity
resonance and photoluminescence emission results in a low detuning, which results
in a higher energetic gap between the hybridized light-matter states. This model also
shows how the coupling strength g can be directly derived from the scattering spec-
tra as it corresponds to half of the peak-to-peak distance. This results in g values of
187 meV and 162 meV for the analysed cavities. Analytical calculations of the cou-
pled system (eq. 3.14) show similar spectral features (figure 4.12b). For reference, a
particle-to-film coupled system without embedded hectorite is characterized. The re-
sulting scattering spectrum (figure 4.12c) shows a single peak for the cavity resonance.

These results suggest that the system approaches the intermediate coupling regime.®

For complementary investigation on the light-matter actions in the NPoM cavities,
the photoluminescence can be taken into account. As shown in the previous section,
the radiative decay rate k, and the nonradiative decay rate k. of cavity-coupled emit-
ters are affected by the enhanced electromagnetic fields, which gives rise to increased
QE and photon emission rate. Confocal fluorescence microscopy and FLIM is used to

analyse how the emission of the hectorites is affected in cavities.

The detected emission map of a silicate flake with several sphere-to-film coupled
cavities in figure 4.13 shows 3-fold enhanced PL intensity, which proves that the emit-
ters are affected by the cavity significantly. The overall photon counts are extremely
low due to fluorescence quenching of the gold film and thus a spectroscopic analy-
sis of the emission is not possible. The quenching also leads to lifetimes that are too
short for measurement techniques like TCSPC, yet the fluorescence lifetime is of cru-
cial importance for quantifying optoelectronic properties of materials''®. For further
advances in tailoring and quantifying the optical properties of these systems, the prob-
lems regarding the low signal-to-noise ratio and the short fluorescence lifetime of the

dye-loaded hectorites need to be solved, which is shown in the following section.
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Figure 4.13: Analysis of the modulated PL of cavity-embedded hectorites. (a) Dark-field microscopy
image of the exemplary silicate flake containing several NPoM cavities. (b) Confocal Fluorescence Mi-
croscopy scan of the same hectorite flake. (c) Fluorescence Lifetime Image of the same structure.

Conclusion

In this part of the thesis, colloidal gold nanoparticles and fluorescent dye-loaded hec-
torites were used to assemble NPoM type cavities with a defined gap size of 6 nm
and fixed emitter position. FDTD simulations confirmed energetic overlap between
the cavity plasmon resonance and the fluorescence emission of the C-16-Stilbazolium
fluorophores that are intercalated in the hectorites. The hectorite-intercalated fluo-
rophores possess defined spatial distribution and vertical orientation that result in
uniform photoluminescence properties. AFM, dark-field mircroscopy and SEM imag-
ing were used to verify the structural properties of hectorite particles that were then
attached to a thin gold layer. Colloidal gold spheres were assembled onto the even
hectorite flakes to form NPoM cavities with the fluorescent dye sandwiched in be-
tween gold film and AuNS. Dark-field scattering spectroscopy showed that hybridized
cavity modes are formed and furthermore suggest intermediate or strong coupling be-
tween plasmons and excitons. Confocal fluorescence microscopy showed enhanced
PL intensity emerging from the cavities, further indicating the strong light-matter
interactions that are produced in the small modal volume between gold sphere and
gold film. The quenching of the organic dye intercalated in the hectorites yet leads to
low signal-to-noise ratios and lifetimes that are to short for quantification. For fur-
ther investigation on NPoM systems, emitters with long lifetimes and PL intensity are
therefore crucial to improve the cavities in order for complementary studies on their

optical properties. This high precision of controlling the optical and radiative proper-
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ties of plasmonic cavities with embedded emitters can help to design and understand
light-matter interactions for optoelectronic applications like single photon sources or

quantum information technologies.
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4.3 Semiconductor Nanocrystals in Colloid-to-Film

Coupled Cavities

Introduction

Plasmonic cavity-coupled emitters are highly appealing systems to study light-matter
interactions due to their strong and confined nearfield enhancement upon excita-
tion.") Such systems have proven to be promising candidates for tailoring photonic
properties at exceptionally small mode volumes.”®!?°l Recently, colloidal approaches
have been introduced to continue this development by incorporating the emitting ma-
terial (molecular excitons or quantum dots) using host-guest chemistry!®!, simple im-
mersion techniques!’?!) or polyelectrolyte multilayers!!®. The fast energy transfer
between excitonic quantum emitters and the cavity system leads to hybridized light-
matter states provided that the plasmon-exciton coupling is sufficient.[?*1%! In order
to employ this optoelectronic process for applications like optical circuits, the optical

122

properties of the structure itself must be modulated.['?”) Besides tailoring the single

cavities it is necessary to find methods for large-scale fabrication in order to employ

them in devices like perfect absorbers or optical circuits.[*"122]

Here, the radiative properties for a set of colloid-to-film coupled cavities are studied
as determined by their composition. A combination of a well-defined self-assembled
monolayer of thiolates with a polymeric film formed using layer-by-layer deposition
methods is used to achieve a homogenous and emitting spacer layer of various thick-
nesses. Gold spheres and silver cubes are employed as plasmonic colloids, and ternary
metal-chalcogenide quantum dots with a long photoluminescence lifetime (100 ns) and
broad emission range (FWHM=304 meV) are chosen as optically active material. By
applying a combination of surface and optical characterization methods, most notably
dark-field spectroscopy, FLIM and TCSPC, the presence of light-matter interactions
can be established and the optical properties can be studied statistically on cm? scale.
Electromagnetic simulation methods allow to comprehend the coupling interactions
of the system and its sensitivity towards changes in the dielectric environment. This
quantification combined with self-assembly makes the colloid-to-film coupled cavities

potentially useful for the next generation of optical circuits.[FG3]
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The ternary metal-chalcogenide quantum dots were provided by Oleksandr Stroyuk
from the group of Prof. Alexander Eychmiiller, TU Dresden Germany / National
Academy of Sciences of Ukraine, Kiev, Ukraine

The plasmonic colloids were synthesized by Anja Maria Steiner from the group of

Prof. Andreas Fery, TU Dresden

Results and Discussion

The fabrication of the colloidal nanocavites starts with a self-assembled monolayer
(SAM) of (11-mercaptoundecyl)-N,N,N-trimethylammonium bromide (MUTAB) that
is adsorbed on a gold film as a 1.4 nm layer which is confirmed using spectroscopic
ellipsometry (RMS=3.197). This method proved to be suitable for bottom-up self-
assembly since thiolate-based self-assembled monolayers (SAMs) on gold are easy to
generate and offer ordered monolayers on a macroscopic scale.['?*-125] Therefore, the
surface charge is uniformly distributed and allows the negatively charged thioglycolic
acid-capped silver-indium-sulfide (AgInS) particles (3 nm) to adsorb in a homogenous

monolayer.
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Figure 4.14: Optical properties of ternary metalchalcogenide (AgInS) quantum dots. (a) Illustration of
the formation of densely packed colloidal AgInS emitters. (b) Absorption (black line) and emission (red
line) of AgInS QDs. (c) TCSPC measurement of the AgInS on glass. (d) Background-corrected extinction
spectrum of the AgInS monolayer assembled on a MUTAB monolayer.

The photoluminescence properties of the AgInS are shown in figure 4.14. The ex-
tinction is mainly pronounced in the UV-range as it is typical for quantum dots while

the emission spectrum shows a broadband emission that covers a wide fraction of the
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optical wavelength regime with a FWHM of 304 meV. TCSPC is used to determine
the radiative decay of the AgInS quantum dots, which results in an average lifetime
of 100 ns. This PL lifetime is an order of magnitude longer than for common fluo-
rescent emitters,®® which is necessary in order to resolve the radiative properties of
cavity-coupled emitters as shown in the previous chapter.

To proof the successful formation of a closely packed AgInS QD layer, its optical
density is measured using UV-Vis spectroscopy. The absorbance of the AgInS QDs
is mostly determined by the silver(I) content as shown in respective literature.['2%127]
The extinction increases almost linear with the increase of the silver concentration in
the quantum dots. The molar extinction coefficient of AgInS QDs in terms of silver(I)

concentration at 320 nm is 9.6x10° % As seen in figure 4.14d, the optical density of

the AgInS layer at 320 nm is 0.0132, which corresponds to 1.38x10 ~ ™9 or 8.28x10 '

cm

silver species per cm?. The AgInS particles presented in this work contain 128 Ag™
ions each. In combination with the determined silver(I) concentration, a AgInS quan-
tum dot density of 6.5x10'? particles per cm? is determined. Given the fact that a
maximal closely packed layer of the 3 nm QDs would theoretically give a density of
11x10'2 particles per cm?, it can be concluded that a monolayer or sub-monolayer of

the particles is assembled on the substrate.

[s3u]sjueag

-
Py
H
2
5
2
3

e
=

W2

Figure 4.15: Surface characterization of the MUTAB/AgInS/PAH/PSS film. SEM (a), AFM (b) and FLIM
(c) measurements of a gold film containing the MUTAB/AgInS/PAH/PSS film.

To tune the distance between the metallic surfaces and to ensure a homogeneous
surface, additional polymer spacing was applied using the well-known layer-by-layer
assembly method involving poly(allylamine hydrochloride) (PAH) and poly(styrene
sulfonate) (PSS).['?67130] Thus, the distance between the metal surfaces was adjusted
by including different amounts of polyelectrolyte bilayers. Uniform coverage and low

surface roughness of the spacing-emitter layer was verified via AFM, SEM and FLIM
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measurements as shown in figure 4.15. By AFM, a RMS surface roughness of 2.045 nm
was measured on a 15x15 pm? area, and a uniform fluorescence emission signal was

detected. The plasmonic colloids were then applied using dropcasting. For the CTAC
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Figure 4.16: (a) Schematic illustration of the self-assembled NPoM cavities. (b) SEM images of single

NPoM cavities for gold spheres (left) and silver cubes (right). (c) Dark-field images of gold sphere-to-film
coupled cavities (left) and silver cube-to-film coupled cavities (right).

surfactant layer surrounding the nanoparticles, a thickness of 2 nm was assumed from
simulations. The final cavity spacing d is therefore made up of the thiolate SAM (1.4
nm), AgInS QDs (3 nm), a variable PAH/PSS-multilayer and the surfactant around the

particles (2 nm) as schematically shown in figure 4.16. To ensure that the cavities were
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built from single particles, further SEM measurements and dark-field microscopy were
employed to study the prepared substrates (Figure 4.17). This combination of self-
assembled monolayers and colloidal building blocks makes it possible to manufacture
a variety of stable cavity systems featuring different spacings and geometries with low
fabrication efforts. A complementary and statistical study on their radiative properties

now becomes possible.
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Figure 4.17: Spectroscopic properties of various colloid-to-film coupled setups: Time correlated single
photon counting, scattering spectroscopy and dark-field imaging of (a) gold spheres and (b) silver cubes
coupled to a gold film with 9 nm (red), 12 nm (green), and 16 nm (purple) cavity spacing. The dashed
line in (a) marks the gold film scattering.

Figure 4.17 shows a general evaluation of the different cavity designs chosen to
cover a broad range of cavity resonances and light-matter interactions. For quantita-
tive information about the single cavities and their exciton-coupling, single particle
scattering spectroscopy and TCSPC was used to directly access the optical proper-
ties of the colloid-to-film coupled cavities. TCSPC decay rate measurements of gold

spheres and silver cubes were highly sensitive to the particle-to-film distance d. For
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gold spheres with 12 nm and 16 nm spacings, similar TCSPC curves were obtained
while the 9 nm cavity led to a significantly enhanced decay rate. Silver cubes offer
a greater degree of decay rate changes as a clear trend towards shorter lifetimes was
detected for decreasing particle-to-film distances. This effect becomes more compre-
hensive when the single cavity scattering spectra are taken into account. Both particle
systems show coupling interactions with the gold mirror as expressed through a spec-
tral redshift. The silver cubes show a large sensitivity AA/Ad of 23.7, whereas the gold
spheres were less sensitive at 7.1. The higher sensitivity of the cube setup is domi-

nated by the edge geometry rather than the material properties of silver (Figure 4.18).

Scattering /a.u.

LIS L L O [ O L L L L B B

500 600 700 800
Wavelength /nm

Figure 4.18: FDTD simulations on the sensitivity of a silver sphere (dashed lines) and silver cube (solid
lines) with different particle-to-gold film distances.

This relationship is also observable through dark-field microscopy as shown in Fig-
ure 4.17. While only minor changes of the color of the cavity scattering cross-section
are visible for the sphere-to-film geometry, a more pronounced color variation takes
place for the cube-to-film systems. The pronounced peak at 520 nm in the sphere-
to-gold film system is most likely caused by scattering of the gold film and not visi-
ble in the cube-to-gold film geometry due to the much higher scattering intensity of
the silver cubes compared to gold spheres. The most significant observation is the
splitting of the cavity resonance for the sub-10 nm cube-to-gold film gap. This mode
hybridization is a signature that light-matter interactions between the plasmonic and
the excitonic systems are becoming strong enough to overcome the energetic losses

of the resonator. Since light-matter interactions are necessary for optical gain, we
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further investigated the optical properties of this particular 9 nm silver cube cavity

setup. In order to evaluate the suitability of the cube-to-gold film coupled cavities for
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Figure 4.19: Statistical evaluation of silver cube nanocavities at 9 nm spacing: (a) Dark-field scatter-
ing spectra of three representative nanocavities. The solid black line shows the measured scattering
response. The blue and red dashed lines show the individual Lorentzian fits, and the purple solid lines
show the combined fits. (b) Peak position of the hybridized modes with respect to the estimated cavity
resonance \g. (c-f) Histogram plots and Gaussian fits (black lines) of (c) Q-factor, (d) peak splitting, (e)
cavity resonance and (f) loss rate. 77 nanocavities were studied statistically.

tasks that demand strong plasmon-exciton interactions, quantification of the occur-
ring losses v as well as the coupling strength g is necessary. Another point of interest
is the quality factor (), which is a measure for energetic losses in respect to the res-
onance wavelength of an optical resonator. The colloidal approach enables statistical
measurements of the optical properties of single cavities by dark-field scattering spec-
troscopy. The required parameters can directly be extracted from the resulting spectra
since 7 is the spectral FWHM while g is given by the distance between the hybridized

(1171 As discussed in the previous chapter, this can be explained with a

plasmon peaks.
coupled-oscillator model that quantifies the coupling strength g between the emitter

and the cavity resonance. As Figure 4.19 shows, 77 cube-to-film coupled cavities were
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evaluated and the desired parameters were extracted using Lorentzian functions (Fig-
ure 4.19a). To visualize the optical range in which our cavities are operational, we also
obtained the estimated cavity wavelength )\, for each spectrum (Figure 4.19b) by using
an additional Lorentzian fit. We found the mean quality factor of the 9 nm cube sys-
tem to be 16.9 + 0.2, while typical plasmonic cavities have Q-factors between 5 and 10,
although similarly high Q-factors were reported for different cavity geometries.[3%117]
The statistical analysis of coupling strength gives a normal distribution with a mean
value of 111.5 + 5.2 meV, which is on the same order of magnitude as published in
literature recently.!?!! The variations of the coupling strengths are affected by several
parameters. On the one hand, the absolute position of the emitters is crucial. Cube-
to-metallic film coupled cavities induce large field enhancements near the edges of the
cubes and lower field strengths in the center. Varying positions of the AgInS particles
in each cavity will therefore lead to different levels of interaction. On the other hand,
the number of emitters N also affects the cavity coupling.['*#**!] For the cube-to-film
geometry, we have an estimated N of 360 emitters per cavity (Figure 4.14). The es-
timated average central wavelength of the coupling cavities is found to be 720 nm
(1.72 £ 0.01 eV), which matches the emission from the AgInS QDs. The mean losses
of the cavities are found to be 177.5 + 6.5 meV. Although the loss surpasses the cou-
pling strength in general, we can still observe plasmonic mode hybridization, which

is usually associated with intermediate or strong plasmon-exciton coupling.
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Figure 4.20: a) Scattering spectrum of a silver cube-to-gold film coupled cavity with an embedded
AgInS QD monolayer. The insets show this particular cavity in SEM (b) and dark-field scattering mi-
croscopy (c).

Latter is defined by 2g>y, which is only the case for several of the detected cavities

(Figure 4.20). The statistical evaluation shows that the cavities feature stable condi-
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tions concerning their light-matter interactions. Together with the scalable manufac-

turing process, they can be employed in macroscopic applications in the future.
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Figure 4.21: Dark-field spectroscopy and time-correlated single photon counting in cube-to-film cou-
pled cavities: (a) Dark-field scattering image of silver cube nanocavities at 9 nm spacing. (b) Fluorescence
events (grey scale) and fluorescence lifetime (color scale) image of the corresponding cavities in (a). (c)
Lifetime pattern images of quantum dot monolayers without (top) and with (bottom) silver cubes. (d)
Normalized photoluminescence (PL) measurements of the ensemble of quantum dots on glass (black)
and a single cavity (red). The instrument response function (IRF) is shown in grey.

One of the most promising ways to employ plasmonic cavities is their impact on
the emitters’ decay channels. Due to the QDs’ close proximity to the metal surfaces,
the excitable states of the quantum dots are altered, leading to both faster radiative
and nonradiative decays. Since the increase in radiative decay rates generally exceeds
that of the nonradiative channels, the overall quantum efficiency of the QD emission
improves significantly. This gives rise to photoluminescence enhancement, which re-
sults in a strong increase in emission. Since the cube-to-film coupled system with
9 nm spacing already showed signatures of strong light-matter interactions, they are
once again chosen to be investigated in more detail regarding possible fluorescence
enhancement. Figure 4.21a shows a dark-field microscopy image of the cube-to-gold-
film-coupled cavities sandwiching the AgInS QD monolayer, verifying the presence
of a cube-to-gold-film-coupled nanocavities. Figure 4.21b shows the same area as a
FLIM, in which the contrast resembles the photoluminescence intensity and the color

indicates the lifetime. A strong increase in the emission intensity can be detected
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at each cavity. To quantitatively analyze the photoluminescence enhancement, the

enhancement factor (EF) was determined, which is defined as

o IcavAfit

EFF =
IbkgAccw

(4.4)
I,y is the emission intensity of the cavity, I, is the intensity of the AgInS QD mono-
layer outside the cavity, Ay; is the area of the enhanced region, and A, is the es-
timated area of the cavity. The data were extracted from each cavity by applying a
twodimensional Gaussian fit, in which /.,, describes the amplitude, I, the baseline,
and Ay;; the FWHM of the fit. A.,, was assumed to be 75 x 75 nm?. A statistical
evaluation of 100 cavities gives an EF of 1002 + 48 for the cube-to-gold-film-coupled
nanocavities.

For application in devices like optical circuits, it is necessary to modulate the decay
rates of the emitters. Since the lifetime is inversely proportional to the decay rate, a
decrease is to be expected for plasmonically enhanced fluorescence. TCSPC was em-
ployed to further quantify the radiative decay properties of the cavities. While uncou-
pled AgInS emitters show an estimated average lifetime of 100 ns, the metal-enhanced
photoluminescent system shows drastically decreased lifetime of about 330 ps (Fig-
ure 4.21d) that is nearly indistinguishable from the instrument response function for
most of the measured photons. Both the improved emission and the enhanced exciton
decay indicate a strong interaction between plasmonic and excitonic components of
the system. To study the macroscopic changes in emission behavior for cube-to-gold
film coupled cavities, we employed a lifetime pattern analysis of FLIM measurements
which provides information about the general lifetime distributions of a measured
surface. Figure 4.21c shows the lifetime pattern of an AgInS QD monolayer on gold
without (top) and with (bottom) plasmonic colloids. Although only about 2.5% of the
surface is affected by the plasmonic cavities, strong confinement of the lifetime dis-
tribution at high decay rates is observed. This shows that these colloidal approach
is suitable for large scale modulation of the radiative properties in enhancement and
lifetime.

Beyond possible application in optical computing, plasmonic cavities are also highly
sensitive to changes in their environments. Therefore, their optical response can be

further altered by changing parameters like the ambient refractive index (RI). To study
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Figure 4.22: Cyclical change in the refractive index environment: (a) measured (solid lines) and sim-
ulated (dashed lines) scattering responses of a nanocavity in different dielectric media, including air
(red), water (blue), and ethylene glycol (green). (b) Reversible switching of plasmon mode hybridization
by alternating the environment.

how the light-matter interactions respond when the cavity resonance is changed, the
dielectric environment of the system is varied from air (n=1) to water (n=1.33) and to
ethylene glycol (n=1.43). Figure 4.22a shows the scattering signals for these different
ambient conditions, both in experiments and simulations. While pronounced splitting
is observed in air, reduced splitting is observed if the surrounding medium is changed
to water or ethylene glycol. If a sample is immersed in water and dried afterwards, the
original peak splitting is recovered. As it is plotted in Figure 4.22b, this RI modulation

can be cycled.

Conclusion

The ability to tailor light-matter interactions on a sub-wavelength scale was demon-
strated for a set of nanocavities using spectroscopic and electromagnetic simulation
methods. To ensure cost-effective fabrication on large scale, a self-assembled mono-

layer of thiolates and polyelectrolytes were employed to tailor the cavity proper-
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ties. This method allowed to statistically quantify the spectroscopic properties of
the colloid-to-film coupled cavities with and without embedded emitters and could
be extended to create different emitter densities by using varying thiolates in the fu-
ture. The resonance position and shape could be adjusted over a wide visible spectral
range by introducing different colloidal materials, shapes and cavity spacings. The
plasmon-exciton interaction, as a measure of the coupling strength, was confirmed
by scattering spectroscopy, fluorescence lifetime measurements and reversible refrac-
tive index sensing. The accurate determination of optical properties is an important
step in the design of photonic nanostructures. The low-cost and scalable fabrication
of tailor-made nanocavities can therefore lead to new generations of optical circuits

and light modulators.
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4.4 Self-Assembled Semiconductor Nanocrystals on

Macroscopic Scale

Colloidal quantum dots are semiconductor nanoparticles that inhibit unique opti-
cal properties due to quantum confinement of the excited electrons.’”] They can be

132,133

processed on large scale with low-cost methods! I and have already been em-

ployed for optoelectronic applications like photodetectors!***, light harvesting**) or

gl136

displays!**®]. Their application in macroscopic devices is yet restricted due to losses in

brightness resulting from internal reflection and reabsorption of emitted photons.*”]

These obstacles can be overcome by assembling colloidal QDs in optical gratings.3%13]
The diffraction modes inherent to these structures can be coupled to the single build-
ing blocks, which can be exploited for optoelectric functionalities like coherent emis-
sion. 10141 A promising method to fabricate ordered macrostructures made from col-
loidal building blocks is Template-Assisted Self-Assembly (TASA), where the particles
are arranged in a predetermined way through the capillary flow of the respective par-

(142,143

ticle solution in nanopatterned structures. 1 This single-step method can produce

defined particle arrays on large scale and is therefore a suitable method for manufac-

turing optical gratings consisting of colloidal QDs.[144145][FG3]

This section shows how rapid prototyping involving LIL and Soft Lithography is
used to manufacture elastic optical gratings with adjustable periodicities. These poly-
mer stamps are then employed for TASA of colloidal CdTe QDs in defined structures
on cm?. The QD gratings are analysed regarding their spatial and optical properties
using SEM, AFM, FLIM and UV-vis. The printing process is furthermore applied on
substrates containing singlecrystalline goldflakes to obtain alternating emission prop-

erties and to demonstrate the stability of the printing process.

The colloidal CdTe QDs and their spectroscopic measurements were provided from

Vladimir Lesnyak from the group of Prof. Alexander Eychmiiller, TU Dresden.

Additional UV-Vis reflectance measurements were done by Olha Aftenieva, Leibniz-

Institut fir Polymerforschung e.V., Dresden
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Results and Discussion

The first step for TASA of CdTe semiconductor nanocrystals is the manufacturing of
master gratings. LIL was chosen since this mask-free lithography method can gener-
ate defined nanopatterns in short time with low costs, which are crucial qualities for

146.147] This is achieved by having two coher-

applying nanostructures on large scale.!
ent laser beams overlapping in specific angles, which results in interference between

both beams. The periodicity of the interference patterns can be described with Bragg’s

law: (1481

= L (4.5)
2sin(0)

P is the period of the resulting grating, A the Laser wavelength and 6 the angle in

which both beams are interfering. The interference pattern can be imprinted to a

thin layer of photoresist and developed afterwards. The employed He-Cd Laser with

325 nm emission wavelength incorporated in an optical LIL setup is depicted in fig-

ure 4.23.
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Figure 4.23: (a) Sketch of the LIL setup built during the scope of this thesis featuring a He-Cd Laser
operating with A=325 nm. (b) FDTD simulated interference pattern of two light waves interfering with
each other with =45 °. (c) Schematic illustration of the sample fabrication for LIL nanostructures.

The LIL-fabricated structures are then employed for Soft Lithography, which makes
it possible to transfer nanosized patterns in elastic polymers.!'*”! Since common elas-

tomers like PDMS can’t reproduce the small feature sizes below 500 nm properly,
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h-PDMS is used for replicating the respective master substrates.[**’]
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Figure 4.24: Template manufacturing for Template-Assisted Self-Assembly: (a) Schematic illustration
of structure transfer from a LIL master into h-PDMS. (b) AFM measurement and profile of a LIL manufac-
tured master substrate. (c) AFM measurement and profile of the h-PDMS mold of the original structure.

This process is shown exemplary in figure 4.24, where a LIL-fabricated line pattern
with approximately 600 nm periodicity and the respective h-PDMS mold are char-
acterized using AFM. The measurements show that the patterns are well replicated

concerning the periodicity and the height of about 200 nm.
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Figure 4.25: Colloidal CdTe QDs: (a) Extinction (blue line) and emission (red line) of TGA-capped CdTe
Quantum Dots in aqueous solution. (b) Photograph of a solution of colloidal CdTe QDs in water with
white light (left) and UV light (right) exposure.

TGA-capped colloidal CdTe QDs are used as colloidal building blocks for TASA of

optical gratings. Besides their availability in aqueous solution, they feature a narrow
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emission peak at 617 nm with a FWHM of 25.9 nm (figure 4.25), which lies in the
domain of available grid constants that can be manufactured with the present LIL
system. This is important as the overall goal is to match the emission wavelength
and the grid constant to induce coupling between both components. For the proof of
concept, a line pattern with 860 nm periodicity is employed for better resolution in

optical characterization methods.
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Figure 4.26: Fabrication of semiconductor nanocrystal gratings: Aqueous QD solution is dropped onto
a glass substrate. The nanopatterned PDMS stamp is applied und guides the liquid into its cavities. After
drying and PDMS stamp removal, confined CdTe QD lines are obtained.

The TASA is carried out by placing a drop of the QD particle solution onto a glass
substrate and then applying the Soft Lithography-fabricated h-PDMS stamp onto it.
The capillary forces adhere the stamp to the substrate surface and the QD solution
flows into the cavities of the line pattern. After drying over night, well defined gratings
made from CdTe QDs are obtained (figure 4.26).

The resulting structures is characterized using complementary surface characteriza-
tion methods. FLIM measurements of the QD line pattern (figure 4.27a) show defined
photoluminescent lines with homogeneous emission and lifetime over the whole de-
tected area, which suggests uniform packing of the assembled colloids. This is further
validated with AFM and SEM (figure 4.27b+c), where defined gratings can be observed.
Since tunable diffraction orders that arise in optical gratings are of high interest for
possible coupling to the emitters, a lower periodicity of 560 nm is fabricated and angle
dependent UV-Vis measurements on the resulting CdTe QD grating are employed to

quantify the macroscopic diffraction properties.
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Figure 4.27: Characterization of TASA-fabricated CdTe QD gratings.(a) FLIM measurements of a CdTe
lattice. (b) AFM measurements of the assembled QD lines. (c) SEM pictures of the QD Lines.
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Figure 4.28: Diffraction of self-assembled CdTe gratings: (a) FLIM measurement of a CdTe QD grat-
ing with 560 nm periodicity on a glass substrate. (b+c) Angle dependant UV-Vis measurements of the
respective QD grating.

The resulting dispersion measurement (figure 4.28) reveals first order Rayleigh anoma-
lies with a crossing at 851 nm, which corresponds to the periodicity of the grating

(560 nm) and the refractive index of the medium, in this case glass (n = 1.52).

Applying emitters on plasmonic mirrors can lead to enhanced coherent energy
transfer due to coupling of the emission to the SPR of the metal film.["*!] The sur-
face roughness of a respective metal surface directly affects the optical properties

of electromagnetic coupling.'®®! In order to obtain smooth metallic surfaces, single-
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crystalline gold plates are synthesized using a bottom-up wet-chemical reduction of

HAuCl, as reported in literature.!*>?)
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Figure 4.29: Single-crystalline gold microplates: (a) Dark-field image of gold flakes synthesized on a
glass substrate. (b+c) AFM measurement of an exemplary gold crystal and a respective profile plot,
showing the uniform thickness on large lateral dimensions.

Dark-field imaging and AFM mapping of the as synthesized gold plates (figure 4.29)
show the presence of gold crystals with lateral dimensions of up to 50 pm and a uni-
form height of 50 nm. Furthermore, the absence of scattering featured in the dark-field

and the AFM scan of the gold plate surface show remarkable smoothness and steep

| d .

edges of the obtained gold flakes.
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Figure 4.30: TASA fabricated CdTe QD lines printed on gold crystals: (a-c) SEM images of the grid
printing on single crystalline gold plates. Scale is 10 um. (d) Dark-field image of the area shown in the
SEM images.

The TASA of CdTe QDs is now employed to print respective particle lines onto a
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glass substrate containing single-crystalline gold microplates to induce interactions
between the emission and the gold surface. SEM and dark-field imaging are used
to validate if the macroscopic assembly process is affected by the different height and
surface chemistry of the gold plates on the substrate. Figure 4.30 shows a continuously
uniform grating formation over the respective gold plates as well as the glass substrate.
A single microplate covered with a QD grating is now studied in detail regarding its

spatial properties and photoluminescence.
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Figure 4.31: CdTe QD Lines on a monocrystalline gold microplate: (a+d) AFM measurement and profile
of QD lines printed onto the gold crystal. (b) SEM image of the structure. (c) FLIM measurement of the
same gold microplate covered with a QD grating.

The AFM image and profile plot as well as the SEM measurement (figure 4.31 a,b,d)
show that the uniform line shape of the TASA-fabricated QD gratings is persistent on
both surface materials as well as on the edges of the gold plate. It has yet to be noted
that the height of the assembled QD lines is lower on top of the gold structure (40 nm)
than on the bare substrate (70 nm), which could be caused by compression of the elas-
tic mold by the gold crystals. This compression might affect the capillary flow of the
QD solution and therefore decrease the absolute height of the gratings. The FLIM data
shown in figure 4.31c illustrate the interaction between the emission of the CdTe QD
lines and the gold surface. Although the overall intensity of the photoluminescence is
conserved on the gold plate, the detected fluorescence lifetime is reduced significantly.
Since optoelectronic applications like optical circuits require nanomaterials with tai-

lored light-matter interactions on the lateral dimension!'*3], uniform TASA-fabricated
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QD gratings on substrates with alternating optical properties are now available for

large-scale application.

Conclusion

It was shown how a combination of LIL and Soft Lithography can be employed to
efficiently manufacture optical line gratings with variable periodicity on cm? scope
which can then be transferred into elastic materials. These molds were then used
for TASA of colloidal CdTe QDs, which resulted in periodic arrays of emitter lines
on macroscopic scale. Optical and mechanical surface characterization methods like
dark-field imaging, AFM and FLIM proved great uniformity regarding the structural
and photoluminescence properties of the obtained QD lines. Angle dependent UV-
Vis spectroscopy could validate the presence of pronounced Bragg refraction modes
inherent to the colloidally assembled gratings. Atomically flat gold microplates with
high aspect ratios were then synthesized and printed with QD lines in order to modu-
late the emission properties of applied QD gratings and demonstrate the robustness of
the TASA process. The low-cost and high-throughput assembly of colloidal QDs into

macroscopic structures allows tunable grating constants for coupling of the emitters

to the refraction modes of the grating or to the SPR of metallic nanostructures.
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Chapter

Conclusion

This thesis approached the generation of coherent energy transfer on nanoscale using
colloidal methods. Bottom-up self-assembly techniques were employed to fabricate
different functional systems and correlated characterization methods together with
electromagnetic simulations were carried out to study them in detail. The main focus
was put on colloidal particle-to-film coupled cavities, that allow high control of the
spatial features and the resulting optical properties. A gold sphere-to-gold film cou-
pled system was chosen to theoretically study how colloidally accessible parameters
affect the optical response of the cavity with nanometer precision. Further simula-
tions on resonant dipole sources at different positions in regard to the cavity showed
that the radiative and nonradiative decay rates of the emitter are crucially depen-
dent on the absolute position and orientation in the electromagnetic field induced by
the cavity. The simulations further showed how the QE of a cavity-coupled emitter
is enhanced by orders of magnitude. A gold sphere-to-gold film coupled cavity was
then realized with fluorescent dye-loaded hectorites as dielectric spacer and matrix
for embedded emitters. Simple drop casting techniques allowed the fabrication of de-
fined NPoM-type cavities on large scale that were characterized with complementary
topographical and optical detection methods. Hybridized cavity modes and fluores-
cence enhancement indicated the presence of coherent light-matter interactions in the
system, but the short lifetimes of the emitters allowed no quantitative evaluation on
the decay processes of the cavity-coupled fluorophores. This led to the next system,
where gold spheres and silver cubes were used as plasmonic colloids. In combina-
tion with thiolate SAMs and layer-by-layer assembly of polyelectrolyte multilayers, a

tunable method for large scale assembling of NPoM cavities was introduced. AgInS
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broadband emitters were incorporated into the cavity by electrostatically driven ran-
dom sequential adsorption, which resulted in densely packed monolayers. For the
silver cube-to-film coupled cavity geometry with sub 10 nm particle-to-film distance,
mixed light-matter states were detected as well as large enhancement of the fluores-
cence intensity and the radiative decay rate, which allowed statistical evaluations on
the plasmon-exciton interactions arising in the cavity. The results showed how plas-
monic and semiconductive colloids can be assembled to induce strong light-matter
interactions in the intermediate to strong coupling regime.

Instead of using plasmon resonances to enhance the photoluminescence proper-
ties of emitters like colloidal QDs, another approach for coherent optical structures
was introduced where semiconductor nanocrystals were assembled into macroscopic
superstructures with defined diffraction properties. This was achieved by combining
LIL and Soft Lithography to fabricate optical gratings in elastic stamps on cm? scope,
that were then employed to assemble the QDs into gratings from solution. This TASA
process resulted in defined optical gratings composed by colloidal QDs on large scale,
that were thoroughly characterized in regard to structural and optical quality. Mod-
ulated emission properties and stable printing were demonstrated by assembling the
grating onto wet-chemically synthesized single crystalline gold microplates. Intense
Rayleigh anomalies were furthermore detected and proved the presence of diffraction
orders that can be coupled to the QDs for coherent energy transfer in future works.

This work showed how colloidal building blocks in combination with bottom-up
self-assembly techniques can be employed to create functional nanostructures with
precisely tunable properties in an efficient, low-cost and scalable fashion. It further-
more proved that colloidal methods can be a relevant tool on the way to large scale
manufacturing of elaborated optoelectronic applications like nanolasers, sensing on

single molecule level or optical circuits.
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Zusammenfassung

Diese Arbeit befasste sich mit dem Erzeugen koharenten Energetransfers auf Nano-
ebene mittels kolloidaler Methodiken. Verschiedene funktionale Systeme wurden mit-
tels Selbstassemblierung gefertigt und korrelierte Charakterisierungsmethoden sowie
elektromagnetische Simulationen wurden genutzt um diese detailliert zu untersuchen.
Der Hauptfokus lag auf kolloidalen Partikel-auf-Film gekoppelten Kavititen, da diese
hohe Kontrolle tiber die strukturellen und optischen Eigenschaften der Struktur er-
lauben. Ein Goldsphare-auf-Goldfilm gekoppeltes System wurde mittels Simulationen
darauthin untersucht, wie dessen optische Eigenschaften durch kolloidal zugangliche
Methoden mit Nanometer-Prazision gesteuert werden kénnen. Weitere Simulationen
mit resonanten Dipolquellen, die an verschiedene Positionen im Verhiltnis zur Kavi-
tat gesetzt wurden, zeigten dass die strahlenden und nichtstrahlenden Zerfallsraten
der Emitter stark von dessen raumlicher Position und Orientierung im elektromagne-
tischen Feld der Kavitat abhangen. Die Simulationen zeigten ebenfalls dass die Quan-
teneffizienz eines Kavitat-gekoppelten Emitters um Groflenordnungen erhoht wird.
Anschlieflend wurde eine Goldsphére-auf-Goldfilm-gekoppelte Kavitét realisiert, in
der fluoreszente Hectorite sowohl als dielektrischer Abstandshalter und Matrix fiir
die eingelagerten Emitter dient. Einfaches Dropcasting erlaubte die Herstellung defi-
nierter NPoM Kavitaten auf grofflem Mafistab, die anschlieffend mit sich ergidnzenden
topographischen und optischen Methoden untersucht wurden. Hybridisierte Kavitats-
moden und Fluoreszenzverstarkung deuteten auf die Gegenwart koharenter Licht-
Materie-Wechselwirkungen im System hin, jedoch verhinderte die kurze Lebenszeit
der verwendeten Fluorophore eine quantitative Untersuchung von deren Zerfallspro-
zessen. Dies fithrte zum nachsten System, bei dem Goldspharen und Silberwiirfel als
plasmonische Kolloide verwendet wurden. In Verbindung mit Thiol-SAMs und Layer-

by-Layer Auftragung von Polyelektrolyt-Multilagen wurde eine einstellbare Methode
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zur grofiflachigen Assemblierung von NPoM Kavitéten erarbeitet. AgInS Breitbande-
mitter wurden mittels elektrostatisch getriebener Adsorption, die zu geschlossenen
Monolagen fiihrte, in die Kavitaten eingebaut. Fiir die Silberwiirfel-auf-Film gekoppel-
te Kavitatsgeometrie mit weniger als 10 nm Partikel-zu-Film Abstand wurden hybri-
disierte Licht-Materie Zustdnde sowie eine starke Erhohung der Fluoreszenzintensitat
und strahlenden Zerfallsraten gemessen, was es moglich machte diese Eigenschaften
statistisch zu untersuchen. Die Ergebnisse zeigen wie plasmonische und halbleitende
Kolloide angeordnet werden konnen um starke Licht-Materie Wechselwirkungen im
intermediate coupling und strong coupling Bereich zu erzeugen.

Anstatt Plasmonresonanzen zu nutzen um die Photolumineszenz von Emittern (wie
kolloidalen Quantenpunkten) zu verbessern wurde ein weiterer Vorstof3 fiir Koha-
renz in optischen aktiven Strukturen vorgestellt, bei dem halbleitende Nanokristalle
in makroskopische Superstrukturen mit definierter Diffraktion angeordnet wurden.
Dafiir wurden mittels Kombination aus LIL und Soft Lithography optische Gitter in
elastischen Polymeren auf cm? Ebene hergestellt, mit denen anschlieSend die Quan-
tenpunkte aus wiassriger Losung in Gitter angeordnet wurden. Dieser TASA Ansatz
fihrte zu definierten optischen Gittern aus kolloidalen Quantenpunkten, die ausgiebig
beziiglich ihrer strukturellen und optischen Eigenschaften untersucht wurden. Schalt-
bare Emission und die robuste Assemblierung wurden demonstriert indem die Git-
ter auf nasschemisch synthetisierten, einkristallinen Goldplattchen gedruckt wurden.
Desweiteren zeigten intensive Rayleigh-Anomalien die Gegenwart von Diffraktions-
ordnungen in der Struktur, die kiinftig mit den Emittern gekoppelt werden kénnen
um kohiarenten Energietransfer zu erzeugen.

Zusammenfassend zeigte diese Arbeit, wie kolloidale Bausteine in Verbindung mit
nasschemischer Selbstassemblierung verwendet werden kénnen um funktionale Na-
nostrukturen mit présize einstellbaren Eigenschaften auf effiziente, kostengiinstige
und skalierbare Weise herzustellen. Damit wurde gezeigt dass kolloidale Methoden
sich als relevantes Werkzeug fiir die grofiflaichige Herstellung von optoelektronischen
Anwendungen wie Nanolasern, Einzelmolekiil-Sensoren und optischen Schaltkreisen

erweisen konnten.
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Appendix

7.1 Gold Triangle-based Open Cavity Design

Introduction

Plasmonic particles coupled to emitters are referred to as open cavities.[¥ If they fea-
ture sufficiently strong field enhancement, they are able to couple with the photolu-
minescent material like already shown for NPoM type cavities. This preliminary work
shows how gold nanotriangles are explored concerning their plasmonic mode struc-
tures and field enhancement.

The elelctron energy loss spectroscopy (EELS) was done by Dr. Pavel Potapov from
the group of Dr. Axel Lubk, Leibniz-Institut fiir Festkorper- und Werkstoftforschung
Dresden.

The gold nanotriangles were synthesized and additional electromagnetic simulations
were carried out by Martin Mayer from the group of Prof. Andreas Fery, Leibniz-

Institut fiir Polymerforschung e.V., Dresden

Results and Discussion

For a detailed characterization of the optical properties and the enhanced fields of the
gold nanotriangles, transmission electron microscopy (TEM), EELS, dark-field scatte-

ring and electromagnetic simulations are employed.
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Abbildung 7.1: Mode analysis of colloidal gold nano triangles. (a) shows a TEM image of a selected
AuNT, (b) and (c) EELS measurements to picture the confined modes of the particle.(d-f) EELS spectrum
(simulated and measured) and EELS simulations showing the same modes. (g) shows a scattering spec-
trum of such a AuNT (black line) and the red curve shows a matching CdSe quantum platelet. (h) shows
an FDTD simulation of the excited fields of a AUNT.

The TEM picture (figure 7.1a) and EELS measurements on the same particle (figu-
re 7.1b+c) show two modes with field enhancements at the vertices (2.31 meV) and the
edges (1.76 meV) and are well matched by additional EELS simulations (figure 7.1d-
f). Dark-field scattering spectroscopyof a single nanotriangle shows LSPR at 592 nm,
which shows perfect overlap with CdSe quantum platelets that are chosen for emitters
for future coupling of both specimen (figure 7.1g). The simulated field enhancement
of this mode at the edges is displayed in figure 7.1h. These high field enhancement

makes the gold nanotriangles suitable colloids for designing plasmonic open cavities.
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Conclusion

Further experimental efforts are needed to create an open cavity with colloidal gold
nanotriangles coupled to quantum platelets. The preliminary work on this system yet
show great potential due to well defined field enhancement and spectral overlap bet-

ween plasmonic resonance and the PL of the emitter.
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7.2 Theoretical Investigation on Cube-to-Gold Film
coupled NPoM Cavities

Introduction

The NPoM cavities with 75 nm silver cubes as plasmonic colloids were thoroughly
discussed in the main part of this work. This section gives additional simulation data

for further insights into the optical properties inherent to this type of cavity.

Results and Discussion

a b

800 LSPR(d) = (598.24 + 3.44) +
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Abbildung 7.2: FDTD simulations of a 75 nm silver cube approaching a plasmonic gold film. Calculated
scattering spectra (a) were normalized to the cube face area (75 nm-75 nm). The sensitivity (LSPR as a
function of the cavity gapsize) is extracted from the scattering spectra and show a strongly exponential
shift of the LSPR (b).

Fig 7.2 shows the simulated scattering spectra of cube-to-gold film coupled cavities
with varying spacing to determine the sensitivity of the plasmon resonance. A expo-

nential increase of the LSPR occurs if the particle-to-film distance is decreased.
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7.3 Scripts Used for Analytical Models

Script used for simulating different coupling regimes for the polaritons shown in fi-

gure 3.10 using Lumerical Script Language:

lam=300:2:900; #wavelength
energy=1240/lam; #eV
freq=c/lam+1e9; #omega
omega=2+pi+freq; #omega_circ

w_pl=2.1; #plasmon resonance

w em=2.1; #emission resonance
y_pl=0.24; #plasmonic loss factor
y_em=0.09; #exciton loss factor

a=2; #coupling factor

g=axy_pl; #coupling strength

label="Splitting_sim_g_~"+num2str(a)+

lam_pl=1240/w_pl;
lam_em=1240/w_em;
lam_y_em=1240/y_em;
lam_y_pl=1240/y_pl;

f_pl=c/lam_pl;
f em=c/lam_em;
f_y_pl=c/lam_y_pl;

f y_em=c/lam_y_em;

omega_pl=2«pi+f_pl;
omega_em=2xpif_em;
omega_y_pl=2«pixf_y_pl;

omega_y_em=2+pi+f_y_em;

>

2] »

Ctxt 7y

mu_pl=(w_em"2-energy*2-1lixenergy+y_em)/

((w_em”2-energy”"2-lixenergy+y_em)(w_pl"2-energy"2

-lixenergy+y_pl)-w_emsw_pl«g*2);

sigma_scat=energy “4»abs (mu_pl)"2;
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Scripts used to plot the theoretical electron confinements in figure 3.8 using Lumerical

Script Language:

## Teilchens im Kasten
label="particle_box7;

label2 ="Brus_CdTe ”;

##define constants

m0=9.1093837015«1e-31; ## Mass /kg

e0=1.602e-19; ## Elementary charge: 1leV=ex1V=1.602e-19
h]s=6.62607015«1e-34; ## Planck constant /J=s

define parameters

r=-3.6:0.1:3.6; ## Skala /nm

n=1:3;

rs=rxle-9;

En=matrix (length(r),length(n));

for(j=1:length(n)){
En(1l:length(r),j)=(hJs"2+«n(j)"2)/(8+m0x(rs/2)"2); ## /]

Ene=En/e0; ## /eV

plot(r,Ene(1:length(r),1:length(n)),”Linge /nm”,” Energy /eV”,6label);
setplot (”y max” ,6);

data_all=[r,Ene];

write (label +”. txt” ,num2str(data_all));
## Brus Formel CdTe

## define parameters

Egap=1.606; ## band gap for CdTe 1.606 eV
mes=0.096+m0;

mhs=0.4+m0;

eps=7.1; ## dielectric constant CdTe
r=1:0.05:10; ## Skala /nm

dE1=Egap=«r/r«e0; ## /eV

dEle=Egap=«r/r; ## /eV

dE2=h]Js "2/(8+(r+«1e—-9)"2)«(1/mes+1/mhs); ## /]
dE2e=dE2/e0; ## /eV

## eigene Fortfihrung mit originaler Formel
E_eps=(1.8+e0"2)/(4»pi+epsO+eps«(r=le-9));
E_CdTe=((hbar"2+pi*2)/(2+(r+1e-9)"2))+(1/mes+1/mhs);
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E _CdTe _e=E_CdTe/e0;
E_Brus=Egap+(E_CdTe/e0)-E_eps;
data_Brus=[r,E_Brus,dEle];

plot(r,E_Brus,dEle,” Radius /nm”,” Energy /eV”);

write (label2 +”. txt” ,num2str(data_Brus));
Script used to calculate and extract the interference patterns for LIL, here with
325 nm excitation wavelength and 45 ° angle between both waves.

# Simulation with source at x degrees:

label="45deg_s_pol”;

switchtolayout;

setnamed (” source45deg”,” enabled 7 ,1);
setnamed (” source -45deg” ,” enabled 7 ,0);
run;

» %

E_45 = getresult (”monitor_17,”E”);
Ez_45=pinch(E_45.Ez);

x = E 45 .x/1e-6;
y = E_45.y/1e-6;
image(x,y,Ez_45,”x (microns)”,”y (microns)” ,”E_z for source @ 45deg?”);

# Simulation with source at -45 degrees:

switchtolayout;

setnamed (” source45deg”,” enabled ” ,0);
setnamed (” source —-45deg” ,” enabled 7 ,1);
run;

E_m45 = getresult (> monitor_1”,”E”);
Ez_m45=pinch (E_m45.Ez);

»

image (x,y,Ez_m45,”x (microns)”,”y (microns)”,”E_z for source @ -45deg’”);
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# Coherent sum (CORRECT)

Enet = Ez_m45+Ez_45;

»

image(x,y,Enet,”x (microns)”,”y (microns)”,”E_z for sources @
45 and -45deg (CORRECT)”);

>

write (label +”. txt” ,num2str (Enet));
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