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Z USAMMENFASSUNG

Im Verlaufe der letzten zwanzig Jahre hat das Gebiet der Molekularen Elektronik stetig
an Interesse in der wissenschaftlichen Gemeinschaft gewonnen. Da sich die fortschreitende
Miniaturisierung von Halbleiter-Technologien der Grenze des physikalisch Machbaren nähert,
kann die Molekulare Elektronik, durch die Nutzung von aktiven molekularen Komponenten
als Bauelemente, neue und reizvolle Alternativen für die Mikroelektronik bieten. Das Fehlen
eines Gold-Standards für die Untersuchung dieser molekularen Komponenten in Flächenkontakte verhindert dabei jedoch eine rasche Entwicklung von Anwendungsbeispielen. In diesem
Kontext wird im Rahmen dieser Arbeit eine neuartige Plattform entwickelt, welche es ermöglicht molekulare Proben in metallenen Flächenkontakten zu charakterisieren. Dabei
werden plasmonische Anregungen in den vergrabenen Metall-Elektroden ausgenutzt und in
einer sog. Crossbar-Architektur realisiert. Das Ziel ist dabei eine erhöhte Verlässlichkeit
der mikrokontakt gedruckten Crossbars zu erzielen. Darüber hinaus werden mit der hohen
Lichtdurchlässigkeit der Elektroden völlig neue Anwendungsfelder der Crossbar Architektur
in der Optoelektronik geschaffen.
Der erste Teil dieser Arbeit bezieht sich dabei auf die Herstellung und Charakterisierung
von nano-perforierten Metall-Elektroden mittels Kolloid Lithographie. Die Kolloid Lithographie nutzt Polystyrol Kugeln als Schattenmasken während einer Metall-Deposition, um
einen löchrigen Metallfilm herzustellen. Zwei unterschiedliche Herstellungsvarianten dieser
Schattenmasken werden untersucht, basierend auf direktem Eindampfen kolloidaler Lösung
und einer Grenzflächen-Fügung von Partikeln, welche mittels einer Trichter-Kompression
verbessert wird. Der Durchmesser der Partikel aus den resultierenden Monolagen wird dann
mittels Trockenätz-Techniken verringert.
Eine neue Art der Charakterisierung von Partikel-Monolagen wird vorgeschlagen, welche
die spektralen Eigenschaften der photonischen Partikelschichten nutzt. Mittels dieser Methode ist es möglich sowohl die Qualität einer Monolage zu evaluieren, als auch den Durchmesser
der einzelnen Partikel zu bestimmen. Ein einfaches Modell für den zu Grunde liegenden
Mechanismus wird vorgeschlagen.

Die etablierten Methoden der Kolloid Lithographie werden mit konventionellen Strukturierungsmethoden aus der Halbleiter-Technik kombiniert, um nano-perforierte Mikroelektroden zu generieren. Deren optische Eigenschaften werden bestimmt, insbesondere in Hinblick auf plasmonische Anregung des Metallfilms.
Im zweiten Teil der Arbeit wird ein Dünnfilm-System aus einem photochromen Molekül
erstellt und charakterisiert. Die Diarylethen-basierten Moleküle besitzen zwei chemisch stabile Zustände, welche mittels Beleuchtung von geeigneten Wellenlängen ineinander überführt
werden können. Dabei ändert sich die Hybridisierung des Moleküls von einer konjugierten
zu einer unterbrochenen sp2 Hybridisierung, welche mit einer Änderung seiner Leitfähigkeit
einhergeht. Diese optische Schaltfähigkeit macht die Diarylethene zu einer sehr interessanten
molekularen Spezies im Rahmen elektrischer Untersuchungen.
Im letzten Teil der Arbeit wird das Dünnfilm-System der molekularen Schalter auf die
löchrigen Elektroden aufgebracht und die kombinierten optischen Eigenschaften untersucht.
Besonderer Fokus wird dabei auf die Ermittlung der photochromen Eigenschaften des Moleküls gelegt, und ob eine plasmonische Verbesserung des Schaltens, im Vergleich zu konventionellen Elektroden erreicht werden kann.
Schließlich wird das Schichtsystem der molekularen Schalter in der Crossbar-Architektur
untersucht und die nano-perforierten Elektroden als potentielle Plattform für Flächenkontakte evaluiert.
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A BSTRACT

Over the last two decades, the field of Molecular Electronics has gained a lot of attention in
the research community. Since the continuous miniaturization of conventional complementary metal-oxide semiconductor (CMOS) technology is reaching physical limits, ME can offer
appealing new approaches by using active molecular entities as building blocks for microelectronic devices. However, the lack of a golden standard for the investigation of molecular
building blocks in large area junctions impedes the development of applicable devices. In
this context, within the scope of this thesis, a novel platform for the characterization of
molecular entities in large area junctions was developed. By combining plasmon enhanced
metal electrodes and an embedded crossbar (CB) electrode design, the new platform aims
to increase the reproducibility of microcontact printed molecular junctions. Furthermore,
with the introduction of high light transmittance electrodes, entirely new opto-electronic
applications are rendered possible for the CB architecture.
The first part of this thesis focuses on the fabrication and optical characterization of
nanohole arrays, created by colloidal lithography (CL). CL utilizes polystyrene sphere monolayers as evaporation masks to generate holey metal films. Two separate fabrication schemes
of particle monolayers are employed, based on a direct evaporation and an interfacial technique, which is further improved by an funnel compression method. The resulting layers are
then evaluated regarding the quality of the lattice and the particle diameter is reduced by
dry chemical etching.
A novel characterization method for particle monolayers is introduced, utilizing the spectral properties of the photonic particle film. Using this technique, both changes in the layer
quality and particle size are detected and a simple underlying model is proposed.
The established protocols of the colloidal lithography are then combined with conventional
cleanroom techniques, to generate nanoperforated microelectrodes. Furthermore, the optical
properties of the holey metal films are characterized regarding their plasmonic properties.
In the second part, a molecular thin film of photochromic molecular species is generated and characterized. The diarylethene based molecules exhibit two chemically stable

states which can be converted to each other, by light illumination with defined wavelengths.
Thereby the molecule changes from an interrupted, towards a completely conjugated sp2
hybridization, which is accompanied by a change in its electrical conductivity. This optical switching capability makes the diarylethene molecules a splendid species for electric
investigation.
In the third and last part of the thesis, the molecular thin film is assembled on the
highly transmissive holey electrodes and the combined optical properties are investigated.
Particular interest is put on the photochromic properties of the optical switches assembled
on the plasmonic substrates and whether a plasmon induced improvement of the optical
switching kinetics can be achieved.
Finally, the molecular film is contacted in a crossbar geometry, and the fabricated holey
electrodes are used to benchmark the electrical characterization capabilities of the established
large area junction platform for the field of Molecular Electronics.

iv

C ONTENTS

1 Introduction

xi

2 Background

3

2.1

2.2

Electron Transport Mechanisms . . . . . . . . . . . . . . . . . . . . . . . . .

4

2.1.1

Electron Transport in Metals . . . . . . . . . . . . . . . . . . . . . .

4

2.1.2

Electron Tunneling through Potential Barriers . . . . . . . . . . . . .

4

2.1.3

Molecular Tunneling . . . . . . . . . . . . . . . . . . . . . . . . . . .

7

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

9

2.2.1

Single Molecule Junctions . . . . . . . . . . . . . . . . . . . . . . . .

9

2.2.2

Large Area Junctions . . . . . . . . . . . . . . . . . . . . . . . . . . .

10

2.3

Crossbars Junctions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

10

2.4

Photochromic Molecular Switches . . . . . . . . . . . . . . . . . . . . . . . .

12

2.4.1

Chemical Structure . . . . . . . . . . . . . . . . . . . . . . . . . . . .

12

2.4.2

Optical Properties of Molecular Thin films . . . . . . . . . . . . . . .

14

Colloidal Lithography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

18

2.5.1

(Nano)-Particles in Liquid Media . . . . . . . . . . . . . . . . . . . .

18

2.5.2

Particle Assembly on Interfaces . . . . . . . . . . . . . . . . . . . . .

20

2.6

2 Dimensional Photonic Crystals . . . . . . . . . . . . . . . . . . . . . . . .

22

2.7

Surface Plasmons Polariton . . . . . . . . . . . . . . . . . . . . . . . . . . .

25

2.7.1

The Drude Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

25

2.7.2

Surface Plasmon Polaritons at Metal Insulator Interfaces . . . . . . .

26

2.7.3

Generation of Surface Plasmon Polaritons by Grating Coupling . . .

28

2.7.4

Optical Phenomena linked with Surface Plasmon Polariton . . . . . .

30

State of the Art . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

34

2.8.1

Large Area Molecular Junctions . . . . . . . . . . . . . . . . . . . . .

34

2.8.2

Optical Switches in Molecular Junctions . . . . . . . . . . . . . . . .

37

2.5

2.8

Molecular Junctions

C ONTENTS
2.8.3

Molecular Plasmonics . . . . . . . . . . . . . . . . . . . . . . . . . . .

3 Methods
3.1

41

Photolithography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

42

3.1.1

Fundamental Process Steps . . . . . . . . . . . . . . . . . . . . . . .

42

3.1.2

Limitations and Artefacts . . . . . . . . . . . . . . . . . . . . . . . .

44

3.1.3

Alternative Techniques for Nanostructuring . . . . . . . . . . . . . .

45

3.2

Reactive Ion Etching . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

46

3.3

Surface and Thin Film Characterization . . . . . . . . . . . . . . . . . . . .

51

3.3.1

Atomic Force Microscopy . . . . . . . . . . . . . . . . . . . . . . . . .

51

3.3.2

Scanning Electron Microscopy . . . . . . . . . . . . . . . . . . . . . .

52

3.3.3

UV-vis Spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . . .

53

Crossbar Printing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

54

3.4.1

Electrode Layouts . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

54

3.4.2

Printing Process

. . . . . . . . . . . . . . . . . . . . . . . . . . . . .

55

Monolayer Assembly of Polymer Particles . . . . . . . . . . . . . . . . . . . .

57

3.5.1

Spin Coating Assisted Direct Evaporation . . . . . . . . . . . . . . .

58

3.5.2

Funnel Assisted Interfacial Assembly . . . . . . . . . . . . . . . . . .

60

Measurement Setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

62

3.6.1

Optical Characterization . . . . . . . . . . . . . . . . . . . . . . . . .

62

3.6.2

Light Source . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

63

3.6.3

Electrical Characterization . . . . . . . . . . . . . . . . . . . . . . . .

64

3.4

3.5

3.6

4 Results and Discussion
4.1

4.2
4.3

4.4

viii

38

67

Holey Electrodes by Colloidal Lithography . . . . . . . . . . . . . . . . . . .

68

4.1.1

Characterization of Particle Monolayers . . . . . . . . . . . . . . . . .

68

4.1.2

Dry Chemical Etching of Particle Monolayers . . . . . . . . . . . . .

71

Characterization of Particle Monolayers
using Radiative Losses in Photonic Crystals . . . . . . . . . . . . . . . . . .

78

Crossbar Fabrication . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

85

4.3.1

Holey Bottom Electrodes . . . . . . . . . . . . . . . . . . . . . . . . .

85

4.3.2

Top Electrodes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

95

Optical Characterization of Diarylethene Thin Films . . . . . . . . . . . . .

98

4.4.1

Thin Film System of C5F-H-SAc . . . . . . . . . . . . . . . . . . . .

98

4.4.2

Optical Characterization . . . . . . . . . . . . . . . . . . . . . . . . . 100

4.5

Optical Characterization of Holey Electrodes . . . . . . . . . . . . . . . . . . 107

4.6

Optical Characterization of
Metal-Molecule Hybrid systems . . . . . . . . . . . . . . . . . . . . . . . . . 113

C ONTENTS

4.7

4.6.1 Optical Switching Through Solid Au . . . . . . . . . . . . . . . . . . 113
4.6.2 Optical Switching Through Holey Electrodes . . . . . . . . . . . . . . 115
Electrical Characterization . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127

5 Summary and Outlook

133

A Appendix
A.1 Additional Information . . . . . . . . . . . . . . . . . . . .
A.1.1 Wafer-Layout of Bottom Electrodes . . . . . . . . .
A.1.2 Wafer-Layout of Top Electrodes . . . . . . . . . . .
A.1.3 Roughness of Template Stripped Top Electrodes . .
A.1.4 Mobile Spectrometer . . . . . . . . . . . . . . . . .
A.1.5 Effective Refractive Index . . . . . . . . . . . . . .
A.1.6 Spin Coating of C5F-H-SAc Thin Films . . . . . . .
A.1.7 Monolayer Detection on Holey Electrodes . . . . . .
A.1.8 Absolute spectra of C5F-H-SAc
Thin Films on Holey Electrodes and Solid Au . . .
A.1.9 Advanced Bottom Electrode Fabrication Scheme . .
A.2 Protocols . . . . . . . . . . . . . . . . . . . . . . . . . . .
A.2.1 Standard Cleaning . . . . . . . . . . . . . . . . . .
A.2.2 Standard Activation . . . . . . . . . . . . . . . . .
A.2.3 Spin-Coating Assisted Direct Evaporation (SADE)
A.2.4 Funnel ASsisted Interface Assembly (FASA) . . . .
A.2.5 Particle Etch in Plasma Furnace . . . . . . . . . . .
A.2.6 Particle Etch in RIE solution with ICP . . . . . . .
A.2.7 Particle Etch in RIE solution without ICP . . . . .
A.2.8 “Bottom-Up” Bottom Electrodes . . . . . . . . . .
A.2.9 “Top-Down” Bottom Electrodes . . . . . . . . . . .
A.2.10 Top Electrodes . . . . . . . . . . . . . . . . . . . .

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

139
140
140
141
142
143
143
144
145

.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.

146
148
150
150
150
150
151
151
151
151
152
153
153

References

155

Acknowledgements

165

ix

C HAPTER 1

I NTRODUCTION

1. I NTRODUCTION
The continuous down-scaling of technical and electronic devices in the last decades was
enabled and accelerated by an increased processing accuracy of mass fabricated semiconductor devices. As the fabrication of smaller structures becomes more and more difficult,
the industry struggles to keep up with the often-quoted Moore’s law. Each reduction in the
structuring dimensions, requires more elaborate structuring techniques and devices, which
often have to be newly developed to meet the arising technical challenges. This enormously
cost intensive process is hard to justify and to realize in an economical context. Many believe that the semiconductor industry is very close to loosing this bargain, or as D. Reed
(computer scientist, University of Iowa) put it: “My bet is that we will run out of money
before we run out of physics” [1].
As an alternative for a reduction in feature size, alternative computation architectures
and approaches like quantum computing or neuromorphic computing are investigated, or
very recently to protrude into a 3-dimensional fabrication scheme [2]. However, the success
and application potential of these techniques are limited so far, and further concepts have
to be evaluated.
The field of Molecular Electronics (ME) discusses the questions, how molecular specimen
conduct electricity and whether it is possible to build functional electronic elements with
them [3]. Spawned by Aviram & Ratner’s proposal of a molecular rectifier in 1974 [4], ME
investigates molecules as fundamental building blocks, which could add more functionality
to solid state electronic devices at the nanoscale. Thereby the molecules can be specifically
tailored to match a certain requirement, offering a vast variety of possible applications in
chemistry, biology and physics.
The electric investigation of molecular species can generally be realized in two ways,
namely single molecule junctions and large area junctions. As the dimension of typical
molecules is below 2 nm, the electric contact scheme has to be able to capture a molecule
of this size between two electrodes. These strict requirements pose great challenges for the
fabrication of the electric metal contacts in both single molecule and large area junctions.
Most commonly today, single molecule junctions are generated by mechanically controllable
break junctions [5, 6] and by scanning tunnel microscopy [7].
Large area junctions are based on the premise, to contact a molecular layer, rather than
a single molecule, in a sandwiched structure of metal-molecule-metal. To allow for a parallel
contact of the molecular layer, special attention has to be paid on the surface topography
of the metal layers. Usually a molecular layer is deposited on a smooth metal film - the
Bottom Electrode (BE) - and then contacted by a second metal layer - the Top Electrode
(TE). Pioneering attempts to realize such large area junctions were done by Mann and Kuhn
in 1974 [8], depositing cadmium salts of fatty acids on aluminum films and contacting them
using various top electrodes. Since that day, many different approaches have been developed

xii

to realize large area molecular junctions in a reliable fashion. Fueled by the findings in
the field of single molecule junctions at the brink of the new millennium [9, 10], research
about large area junction has also gained more attention. Although various types of large
area junctions have been realized over the last decades, no golden standard for the junction
formation could be established [11]. This is largely due to the lack of reliability of the
created junctions and the repeatability of their electric characterization, which hampers a
widespread and large-scale investigation of molecular species.
In this thesis, the development of a novel platform for large area molecular junctions is
presented, which allows accurate optical control over the molecular species in the junction.
To benchmark the new platform, a photochromic molecule is chosen to act as functional
species in the junction. The selected diarylethene molecule, named C5F-H-SAc exhibits two
chemically stable states, between which a transfer can be induced using light illumination
[12, 13]. Since a change in the molecular state is accompanied by a change in the molecular
conductivity of approx. one order of magnitude [14], the diarylethene “switches” make for a
perfect molecule in ME investigations. By sandwiching the molecular switches in the newly
developed large area junction, a live switching of the molecular species is attempted, by
optically controlling the molecule’s conduction state.
Any precise optical control of a photochromic species between two metal electrodes requires sufficient light intensity arriving at the molecule. Due to the marginal distance of the
electrodes, this light has to arrive at the molecular species by penetrating through the metal
electrode itself. Proved and test electrode materials in ME are gold (Au) or silver (Ag), however even thin layers (≤ 50 nm) of these metals exhibit only very low transmittance values.
To overcome this issue, a nanoperforation of the metal electrodes is proposed, which allows
for a direct and high light input into the junctions. The nanoperforation of the metal film is
performed using colloidal lithography (CL), an unconventional lithography technique, which
allows for a cost effective and large-scale fabrication of the electrodes [15]. During a CL
process, usually a monolayer of polymer particles is deposited on a substrate. In this work
two distinct particle deposition techniques are employed and improved with respect to their
application as fabrication route for nanoperforated electrodes. Dry chemical etching is executed and optimized to generate highly ordered lattices of nanoholes in a metallization-lift
off process.
Utilizing radiative losses of the photonic crystals which are created by the particle monolayers, a new measurement method for the characterization of dielectric particle films is
proposed. A facile and nondestructive UV-vis spectroscopy scan is used to derive both the
lattice quality of the particle monolayer and the individual particle size of the polymer beads
during dry chemical etching.
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1. I NTRODUCTION
The holey metal films created by the established CL processes are investigated with respect
to their optical spectra, clarifying the influences of the plasmonic excitations created by the
hole lattices. Specifically the effects of the metal thickness, lattice constant and hole size on
the optical transmission are investigated.
The CL nanostructuring is then combined with existing lithography techniques, to generate large area molecular junctions by microcontact printing in a crossbar architecture.
Thereby the crossbar array is realized by separately generating structured electrodes for
the bottom and top electrode, and combining them via a soft lithography printing process
[16–18]. Furthermore, the established processes of crossbar printing were refined by embedding the conducting bottom electrodes into the substrate material. Embedding the bottom
electrode wires intends to reduce the risk of creating a direct metal-metal contact during
the soft-lithography printing process, resulting in a more reliable fabrication of the crossbar
platform
A novel thin film system of the molecular switches is realized and investigated regarding
its photochromic properties on a transparent glass substrate. These results are then compared with similar thin films on a solid metal film and the nanoperforated metal electrodes.
Thereby of particular interest is the question, whether a plasmon enhanced switching kinetics
of the molecular species on the holey metal electodes is observable.
Finally, the electric characteristics of the molecular film are investigated in its two respective states and a live switching is attempted. Thereby the molecular film acts as benchmark
for the performance of the novel crossbar platform, to evaluate the CB as potential asset for
the ME research community.
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For between true science and erroneous doctrines, ignorance is in the middle.
Natural sense and imagination are not subject to absurdity.
Nature itself cannot err: and as men abound in copiousness of language;
so they become more wise, or more mad, than ordinary.
Thomas Hobbes, Leviathan, Part I, Chapter 4

C HAPTER 2

BACKGROUND

2. BACKGROUND
In order to establish a novel characterization platform for a highly interdisciplinary field
as Molecular Electronics (ME), many techniques and theories of physics, chemistry and
nano-engineering have to be employed. This chapter is aimed to support the reader with
the required fundamental information of these topics, ranging from molecular conductance
behavior, over photonic and plasmonic properties of nanomaterials to technical challenges
in semiconductor lithography processes.

2.1 E LECTRON T RANSPORT M ECHANISMS
The capability of a material to transport electrons is defined by its atomic structure and
composition. Describing the transport phenomena on different length scales and in very
different materials is not possible using a single theory, so for each application an adequate
conduction model has to be chosen.

2.1.1 E LECTRON T RANSPORT IN M ETALS
Electron conductivity in metals can be effectively described using the Fermi-Sommerfeld
model. In this model, the electrons are described using a particle-wave equivalent (Bloch
waves) in an electric field E. Due to interactions of the electron wave with the periodic
atom lattice, the electron is defined via the effective mass me . For any metal, there is a
characteristic time τc , which describes the mean free time, the electrons can be accelerated
at rate aE before losing their energy by collisions. The resulting mean drift velocity vD =
1/2aE τc of each electron can be summed up to the current density
j=

ne2 τc
E = σE,
me

with the electron density n and the material specific electric conductivity σ =

ne2 τc
me

[19].

2.1.2 E LECTRON T UNNELING THROUGH P OTENTIAL BARRIERS
Tunneling describes the quantum mechanical probability for electrons (or Bloch waves in
general) to pass through a potential barrier, for which the electron does not possess enough
energy in a classical physical description. Quantum theory dictates, that this lack in energy
can generally be overcome by thermal excitation. But even without sufficient energy there is
a finite possibility for electrons to pass through a potential barrier (e.g. an isolator, vacuum
4
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etc.). The probability of a tunneling process is depending on the barrier width L and height
Φb . The resulting current can usually be described using an exponential dependency
j ∝ exp(−βΦb L)
q

with the exponential decay constant β = 2 2m~e2Φb where ~ denotes the reduced Planck
constant.
A mathematically more elaborate framework was done by Simmons in 1963 [20], describing
the electric tunneling current between two metal electrodes, separated by a thin isolating
layer, with an applied potential V . In this model, the current density is given by
e
2Lα q
j = 2 2 2 2 Φb exp −
2me Φb
4π ~ α L
~


2Lα q
− (Φb + eV ) exp −
2me (Φb + eV )
~






(2.1)
(2.2)

with e denoting the fundamental electron charge and 0 ≤ α ≤ 1 a dimensionless correction
factor accounting for any generalizations done to the potential barrier. Depending on the
applied potential, Equation 2.1 can be simplified in three voltage regimes:

Low Voltage Range
For very small voltages (eV ≈ 0) the potential barrier shape and height is not affected by the
voltage, so the barrier can be approximated by Φb = (Φ1 + Φ2 )/2 and α = 1. Consequently
Eq. 2.1 becomes
√


e2 2me Φb
−2αL q
j=
exp
Φ
b · V = jL · V
2π 2 α~2 L
~
where Φ1/2 is the potential barrier height as depicted in Figure 2.1a). For low voltages, the
current follows a linear relationship, often referred to as ohmic regime [3].

Intermediate Voltage Range
As depicted in Figure 2.1b) for voltages eV ≤ Φb the barrier is deformed slightly, resulting in
an average potential of Φb = (Φ1 + Φ2 − eV )/2. Hence, the current density can be simplified
to
!
!
√
√


e2 2me Φb
−2αL q
α2 L2 me e2 2αL 2me
j =
exp
Φb V +
−
V3
2π 2 α~2 L
~
12~2 Φb
32~Φ3/2
= JL (V + ηV 3 ).
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a)

b)
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L

Lr




EF

EF

eV

 eV

Electrode 1

Electrode 2

Electrode 1

Electrode 2

Electrode 1

Electrode 2

F IGURE 2.1: Schematic representation of tunnel barriers according to three different voltage
regimes in the Fowler-Nordheim Model. The Electrodes 1 and 2 are represented by their energetic
bands filled up to the Fermi level EF . a) Low Voltage Range: The two electrodes are separated by a
rectangular potential barrier of width L and height Φ1 ≈ Φ2 . b) In the Intermediate Voltage Range
range the voltage V leads to a deformation of the potential barrier. c) In the High Voltage Range
the applied potential leads to a very strong deformation of the potential barrier into a triangular
shape and consequently a reduction of the barrier length Lr .

It is to be noted, that by using the coefficients JL and η, it is possible to extract the barrier
height Φb and width L from a fit to a simple I-V trace.
High Voltage Range
For high voltages (eV ≥ Φb ) the potential barrier is deformed to such an extent, that the
barrier width is reduced to Lr , as depicted in Figure 2.1c). The tunneling behavior in this
regime is similar to a field emission from metal to vacuum and can be described by
1
1.35Lr q
j ∝ V 2 exp −
2me φ3b
Lr Φb
~eV
2





with Φb = Φ1 being the maximum potential barrier height at electrode 1.
Simmons mathematical description is often sufficient to describe simple molecular junctions,
e.g. a contact of metal-alkane-metal. A alkane molecule only consists of a simple carbon
chain and its electric properties are well comparable to an isolating layer. For more complex
molecular compounds, e.g. species with molecular orbitals close to the Fermi level, incorporated metal ions or simply non-identical metal materials which contact the molecular species,
a more elaborate conduction model has to be advised.
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2.1.3 M OLECULAR T UNNELING
Pioneered by Aviram and Ratner in 1974 [4], the discussion of molecules as possible active
elements for electronic circuitry gave re-birth to a completely new field of mesoscopic physics.
Molecular Electronics (ME) describes a metal-molecule-metal system and its electromagnetic
properties. For an accurate description, the metal is modeled as solid state body with
a continuous band structure, which is filled up to the Fermi energy EF . The electronic
structure of complex organic molecules is best described using discrete energetic levels or
orbitals. Depending on the exact geometric and electronic configuration of the individual
electron orbitals, the overall molecular levels are generated. As for any energetic distribution,
these levels are filled up with electrons to a certain level, which is commonly referred to as
the Highest Occupied Molecular Orbital (HOMO). Together with the next higher level, the
Lowest Unoccupied Molecular Orbital (LUMO) the HOMO often dominates the electric
properties of molecular structures. If the HOMO/LUMO levels are in the energetic vicinity
to the Fermi level of the electrodes, any electron transport through the molecule is very
likely involving an occupation or clearing of these respective orbitals. The HOMO and
LUMO levels of the molecule are separated from the electrodes by a potential barrier, but
exhibit a tunneling based coupling. In general, a good coupling of the molecule to the
electrode by chemi- or physisorption can lead to a shift of the HOMO/LUMO level. With
an applied potential between the electrodes, this can lead to a resonant tunneling behavior
through the molecular orbital, if the HOMO/LUMO lies in between the Fermi levels of the
electrodes.

L
EF

Electrode 1

LUMO

F IGURE 2.2: Schematic representation
of the HOMO/LUMO levels of a
eV
molecular orbital between two metal
electrodes. The coupling Γ of the
electrodes to the molecular orbitals
leads to electric transport through the
molecular levels. The depicted situation represents resonant tunneling, the
molecular HOMO orbital lies in between the energy levels of the metal
Electrode 2 electrodes.

R
HOMO
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Derived from the Landauer-Büttiker-Formalism, an equation for the current transport in
the so called Single-Level-Model is derived [3]:
4πe
j=
~A

ˆ

µR

T (E, V )dE[fL (E) − fR (E + eV )]

µL

with the area A, the Fermi energy distribution fL/R and the applied potential between the
R
. The transmission function T (E, V ) depends on the
left and right electrode V = µL −µ
2
coupling strength of both leads ΓL/R to the molecular orbital and their respective energy
level position, as depicted in Figure 2.2. The mathematical description is given by [21]
T (E, V ) =

4ΓL ΓR
.
(E − E0 (V ))2 + (ΓL + ΓR )2

Thereby E0 (V ) is the energy gap between the Fermi level and the current conducting molecular orbital. The energy gap depends on the energetic position of the HOMO/LUMO level
and on the applied potential V , since a coupling Γ of the molecular orbital to the electrodes
can lead to a shift of the Fermi levels according to
eV
E0 (V ) = E0 +
2
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ΓL − ΓR
.
ΓL + ΓR
!
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2.2 M OLECULAR J UNCTIONS
The realization of a direct metal-molecule-metal (M3 ) junction as described in chapter
2.1.3 is technically very challenging. Due to the very small dimension of the molecular species
(≤ 2 nm), the metal electrodes have to be processed at least to similar scales. The metal
of choice in molecular electronics (ME) is the gold (Au) metal electrode. Being chemically
stable under atmospheric conditions or in solution makes Au an indispensable cornerstone
for experimental setups for ME. Additionally, molecular layers can easily be added to the Au
electrodes by using a thiol-gold (Au-HS) bond, which is very strong and stable. The downside
of gold is its very soft crystal structure and high atom mobility. The mobile atoms in the
Au lattice make any junction prone to filament formation, and complicates the structuring
of the electrodes on the low nm scale.
There are in principal two ways of realizing a M3 junction. Either a single molecule is
trapped in between the two metal electrodes, or many molecules are contacted in parallel.

2.2.1 S INGLE M OLECULE J UNCTIONS
The most common type of M3 contacts are single molecule junctions, specifically Mechanically Controllable Break Junctions (MCBJ) based junctions. In a MCBJ, a thin metal
wire is lengthened by bending the flexible break junction sample using a mechanical push
rod. This reduces the diameter of the wire until it eventually breaks. A MCBJ setup allows
for a very fine control of the distance between the two electrodes, enabling a precise measurement of conductance/distance traces. By adding a molecular species to the junction,
the two separated wires can be bridged by the molecular species, which allows for electric
characterization of the molecule. By repeatedly opening and closing the MCBJ, on each
breaking a new molecular junction is created. This yields a high number of conductance
traces, which can be averaged to compensate for deviations in contact geometry of the metal
electrode during the breaking curves [3].
Other examples for single molecule junctions are scanning tunneling microscopy (STM)
or conductive probe AFM (CP-AFM) [22]. In both cases the molecule is assembled in a
monolayer on a metallic substrate and subsequently contacted using the scanning probe of
the microscope. Both techniques also exhibit a very good height resolution, permitting the
measurement of a single molecule, if a sufficiently sharp tip and flat substrate is used.
While single molecule junctions are the gold standard in electrical characterization of
molecular conductivity, the gained information from these junctions cannot easily be scaled
or used for application purposes. Large area junctions can potentially provide applicability
and scalability, the experimental realization however remains challenging.
9
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2.2.2 L ARGE A REA J UNCTIONS
In contrast to single molecule junctions, large area junctions aim to contact many molecules
in parallel. This is usually achieved by assembling the molecular species on a flat metal electrode and contacting the layer using a second, flat electrode. The created M3 sandwich can
be investigated regarding its e.g. electric, magnetic or thermal properties. Since a very large
number of molecules is contacted in parallel during a single measurement, each measurement
exhibits an inherent statistic average over different contact geometries and coupling qualities
between the molecular layer and metal. However, at the same time the gained average of
parallel contacts can be highly influenced by metal filaments in each respective junction.
The realization of large area M3 junctions, in particular contacting the molecular layer with
a second metal electrode, is still a grand challenge for the scientific community.
Most approaches lack reproducibility and stability of the created junctions, which hinders an open discussion in the community. The most important prerequisite for successful
junctions is a low roughness of both metal electrodes. Since any assembled molecular layer
is directly copying the surface topography, a big surface roughness of the electrode material
will impede a parallel contact of the molecular species by the two metal layers. This in turn
heavily influences the conduction characteristics and can lead to short cuts [11].

2.3 C ROSSBARS J UNCTIONS
A crossbar (CB) is defined as two sets of parallel wires, whereas the sets are oriented
perpendicular to each other. The resulting structure is a grid pattern with n·m intersections,
where n and m are the number of wires in the perpendicular sets. Each crosspoint in the
grid can be accessed electrically by applying a potential or current at the respective wire in
the grid. The major advantage of the CB is the independence of the individual junctions
from each other. A defective crosspoint does not necessarily impede the functionality of the
other junctions. A downside of the CB architecture is the inevitable cross-talk, i.e. parasitic
currents or potentials between the junctions, particularly for high density grids. By adding
a functional layer between the sets of wires, different electric circuits can be realized. A
schematic representation of a 3 × 3 CB is depicted in Figure 2.3.
A highly parallel computing architecture was proposed by Heath [23] using CB junctions
as computing units. By dynamically reconfiguring the circuits, even defective junctions could
be repaired, by the residual CB junctions themselves.
The most straight forward application however, is the utilization of the CB for memory
applications [24]. There have been several investigations regarding CB memories, and it
was most recently realized in the Intel R OptaneTM storage drives, which are commercially
10
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F IGURE 2.3: Illustration of a crossbar
architecture, with functional segments
sandwiched in between the metal electrodes. By applying a voltage or current at a specific junction, the functional molecular species of each junction can respond independently, as indicated by the blue and red shadings
of individual junctions.

available since 2017 [2]. Intel R OptaneTM , or 3D X-Point technology consists of a CB array,
which uses two functional metal alloy/oxide layers in the junction area. Thereby one layer
mediates an applied potential at the CB junction into a current signal, which stores this
input as a conductivity change in the second functional layer. The resulting difference in
resistance can then be read out by a lower potential and is kept without external applied
voltages. This enables non-volatile and fast storage, with many interesting applications for
future computing architectures.
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2.4 P HOTOCHROMIC M OLECULAR S WITCHES
The molecular species of interest for this thesis are photochromic molecular switches, in
particular diarylethene complexes. A photochromic compound can be defined as “a reversible
dye under photochemical control” [25]. The molecule can exist in two states, into which they
can be transferred from the respective other state, using electromagnetic irradiation. Both
states usually exhibit light absorptions in different wavelengths, which can be employed for
characterizing the compound and also to switch between the two states. Usually an illumination at wavelengths of the maximum absorbance of one state will transfer the molecule
into its second state.
There are many different molecular complexes which exhibit photochromism, e.g. spirooxazines, fulgides, quinones or diarylethenes [25]. The class of diarylethene is of particular
interest for ME, since the two molecular states are known to exhibit approximately one order of magnitude difference in conductance while only marginally changing their geometrical
structure [14, 26, 27].

2.4.1 C HEMICAL S TRUCTURE

a)

1,4

b)

Opened State
Closed State

1,2

Absorbance

1,0

0,8

0,6

0,4

0,2

0,0
300

400

500

600

Wavelength [nm]

F IGURE 2.4: a) Chemical structure and b) optical absorption of the photochromic molecule C5FH-SAc. a) The transfer between the depicted open (top) and closed (bottom) states of the molecule
can be achieved using UV and visible light, as indicated by the arrows. The carbon backbone of
the molecule is colored green and red to indicate sp2 and sp3 hybridization respectively. b) The
optical absorbance of C5F-H-SAc in tolan, with the open and closed molecular state in red and
green respecively. The two states can clearly be distinguished by their respective absorption in the
UV and visible range, with the open molecules exhibiting a low/high absorption in the visible/UV
range. Spectra were graciously provided by and adopted from [28].
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The molecular species of interest for this thesis is depicted in Figure 2.4a) and was developed by Wulf et al. [13]. The molecule, named C5F-H-SAc, can generally be divided
into the central switching unit and two side chains. The central switching unit of the diarylethene is responsible for the photochromic properties of the molecule and capable of
performing a photocyclisation reaction. During the photocyclisation the electronic structure
of the molecule is altered, leading to the formation/cancellation of a double bond (see Figure
2.4a), red highlights). This changes the overall electronic structure from completely conjugated sp2 hybridized (alternating double and single bonds) to two successive single bonds
and vice versa. Conjugated carbon chains are known to be very good electron conductors,
since the gap between HOMO and LUMO is smaller for sp2 orbitals than for sp3 hybridization. Therefore, a molecule with completely conjugated carbon chain is a better conductor
than a molecule with interrupted conjugation. In analogy to a light switch the conjugated
state is therefore referred to as closed and the non-conjugated molecule as open.
In the central switching unit, a perfluoration is added to the molecular structure, which
eliminates any rotations around the very central ethene bond. Thereby unwanted rotation
states of the molecule can be avoided, which otherwise would lead to non-switchable compounds. The most common type of diarylethene molecules exhibits two thiophene groups
in the central switching unit, which were substituted by furan groups here, since the sulfur
of the thiophene might couple to the metal electrodes uncontrollably. The side chains are
chosen to exhibit a complete conjugated carbon system, to reduce resistive effects on the
switching of the conductivity of the molecule. At the same time, the side chains separate
the functional switching unit from the environment (i.e. metal electrodes) and thereby avoid
a possible quenching of the switching effect. The benzene rings of the side chains can rotate around the axis defined by the ethine connections, but during a thin film assembly the
benzene rings will most likely align with the plane, defined by the central switching unit to
form π-π stacking. The π-π stacking can lead to a highly organized and stable film similar
to organic crystals created by diarylethene molecules [29]. The optical absorption spectra of
C5F-H-SAc molecules in solution in open and closed state is depicted in Figure 2.4b) in red
and green respectively. The open molecular state exhibits a strong absorption in the UV
range at approx. 350 nm and no absorption in the visible wavelengths. The closed state of
the C5F-H-SAc molecule on the other hand exhibits a clear absorption in the visible range
and, compared to the open state, a smaller absorption in the UV range. Consequently, the
switching of this molecular species from its open to closed state can be achieved by UV light
of 350 nm wavelength and from closed to open with visible light of 560 nm wavelength.
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2.4.2 O PTICAL P ROPERTIES OF M OLECULAR T HIN FILMS
The optical absorption spectra of molecular thin films are similar to those of their dissolved
form, if the effect of scattering in the organic crystal is negligible and if there is no interaction
between the thin film and the substrate.
Assuming a non-scattering film of photochromic switches on a non-interacting glass substrate, the transmission of light T through a thin film of thickness d is given by [30]
ˆ



T (λ) = exp (−τ (λ)) = exp 

X

d



ni (z)dz 

υi (λ)

(2.3)

0

i=o,c

where υi (λ) denotes the attenuation cross section for i = o, c the open and closed molecule
respectively. The number density ni (z) describes the spatial distribution of the individual
molecular species. The equivalent description for a species in low concentration solution is
given by the Lambert-Beer law, the transmission is given by
T = 10−A(λ) = 10−(λ)cd

(2.4)

where (λ) is the decadic molar attenuation constant and A(λ) denotes the commonly measured absorbance. Since most spectrometers are displaying the absorbance, the conversion
τ (λ)
can be obtained and Eq. 2.3 is rearranged to
factor A(λ) = ln(10)
!
ˆ d
ˆ d
1
nc (z)dz
no (z)dz + υc (λ)
υo (λ)
A =
ln(10)
0
0
!
ˆ d
ˆ d
nc (z)dz
no (z)dz + σc (λ)
= σo (λ)
0

0

υ(λ)
where the purely absorption dependent attenuation factor σ(λ) = ln(10)
is defined. Assuming
an isotropic number density ni = const. of the molecules in the thin film, for any given
mixture of open and closed molecules in the thin film,

A = σo (λ)No + σc (λ)Nc
is identified, with the number of open and closed molecules Ni and implying a number
conservation N = No + Nc = const. In case of a photochromic molecule without photoinduced degradation, additionally ∆Nc = −∆No is given. This presumes that the molecules
do not degrade their spectral attenuation or lose their functionality during the switching
process, i.e. are not destroyed or end up in an irreversible state. By illuminating the film
with light of wavelength λ, the molecules can switch their state, if the attenuation factor is
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not vanishing, i.e. σc,o (λ) 6= 0. For each molecule a certain amount of activation energy is
required for the switching reaction, which is delivered by the irradiance I(λ) over illumination
time ∆t. Since the switching is only taking place with a certain probability, measured in the
quantum yield Φ(λ), the change in numbers of molecules is given by
∆No = −Φc→o (λ)Nc σc (λ)I(λ, No σo )∆t or
∆Nc = −Φo→c (λ)No σo (λ)I(λ, Nc σc )∆t
with Φo→c and Φc→o denoting the closing and opening yields respectively. It is denoted, that
the light intensity is a function of the number of molecules Ni , which attenuate the light
by Ni σi while passing through the film. The rate equation for the switching can therefore
defined as
∆Ni ∼ dNi
= −Φj→i (λ)Nj σj (λ)I(λ, Ni σi )
=
∆t
dt

(2.5)

with i, j being c, o or o, c respectively.

Isosbestic Point
For many photochromic molecules, there is a wavelength, at which the attenuation factor of
the respective species is equal to each other
σi (λ) = σj (λ) = σ(λ).
Consequently, the absorption of the molecular thin film A(λ) is given by
A(λ) = σi (λ)Ni + σj (λ)Nj = σ(λ)(Ni + Nj ) = σ(λ)N
and is therefore constant, independent of the number of molecules in the different states.
This specific wavelength is called the isosbestic point of the species and is a powerful reference
point for spectrographic characterizations.

Opening a Thin Film of Closed C5FHSAc Molecules
Given a thin film of photochromic switches in the completely closed state. The rate equation
of the opening spectokinetics is given by
dNo
= −Φc→o (λ)Nc σc (λ)I(λ, No σo ).
dt
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The opening wavelength should be chosen according to the maximum absorbance in the
visible range of the closed molecule at approx. 570 nm. Since the open molecule does not
absorb light in this wavelength region (σo (570 nm) = 0, see Figure 2.5a), the opening light
intensity is independent from the number of open molecules. Using Nc = N − No ,
dNo
= −Φc→o (λ)σc (λ)I(λ)(N − No )
dt
can be identified, which is easily solved by integrating the separated variables:
ˆ

ˆ
1
dNo =
−Φc→o (λ)σc (λ)I(λ)dt
N − No
ln(N − No ) + C1 = −Φc→o (λ)σc (λ)I(λ) · t + C2
No = N − exp [Φc→o (λ)σc (λ)I(λ) · t + C]
During the switching process, the molecules in the film are continuously opened, starting
with the topmost molecule layer and progressing through the film. This eventually leads to
a limited exponential growth of the number of switched molecules No .
The integration constant C = ln(N ) can be identified using the boundary conditions No =
0 for t = 0. Therefore, the opening of the photochromic thin film follows the spectrokinetic
equation
No = N {1 − exp [Φc→o (λ)σc (λ)I(λ) · t]} .

a)

(2.6)

b)
I0(c)

I0(o)
Open
Noo(o)=0

Closed

Closed

I0(o)

Ncc(c)0

I0(c)e(-N  )
c

c

Open

F IGURE 2.5: Schematic representation of a) opening and b) closing of a diarylethene thin film. a)
During the opening of a closed film, the already open molecules do not absorb the switching light
and lead to a constant light intensity I0 throughout the film. During the closing depicted in b)
however, the already closed molecules do absorb the switching wavelength and consequently reduce
the light intensity which reaches the lower molecules. This leads to a decelerated switching rate
and a possible deterioration of the already closed molecules in the film due to unwanted energy
absorption.
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Closing a Thin Film of Open C5FHSAc Molecules
Analogously the rate equation for closing a completely open film of molecular switches can
be derived
dNc
= −Φo→c (λ)σo (λ)I(λ, Nc σc )(N − Nc ).
dt

(2.7)

The closing wavelength for the molecule is reported at approximately 350 nm, which yields a
non-zero attenuation coefficient for the closed molecule (σc (350 nm) 6= 0), sketched in Figure
2.5b). Therefore, the switching light intensity is not independent of the number of closed
molecules, consequently not constant everywhere in the film. The intensity is given by
I(λ, Nc σc ) = I0 (λ) · exp(−τ ) = I0 (λ) exp(−Nc σc (λ)).
with I0 the original light intensity before entering the film, which is reduced by the absorbing
closed molecules. Inserting this into Equation 2.7, one arrives at
ˆ

exp(Nc σc (λ))
dNc =
N − Nc

ˆ
−Φo→c (λ)σo (λ)I0 (λ)dt.

(2.8)

Analyzing Equation 2.8, there is no analytical way of integrating the left side of the equation,
so an approximation has to be considered. A Taylor approximation of the left side would be
possible, but for simplicity reason the spectrokinetic description of the film closing can be
split into two regions.
For the first region, which is describing the film facing the illumination source, the intensity of the switching light is assumed to be not diminished by the absorbing molecules
I(λ, Nc σc (λ)) := I0 = const. This is generally true for small σc (λ), here the light intensity
will be assumed to be constant up to a penetration depth of d/e, which accounts for a film
thickness of approx. 63.2%.
In the residual second part of the thin film with a thickness of approx. 36.8%, also a
constant light intensity is assumed. However, this intensity is reduced by the absorption of
the already closed molecules in the supernatant layer which the light has to penetrate. The
intensity can be approximated by I(λ) ∝ I0 (λ)·exp(Nc σc (1−1/e)), the switching is sketched
in Figure 2.5 b).
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2.5 C OLLOIDAL L ITHOGRAPHY
Colloidal Lithography (CL) commonly describes the process of a controlled assembly of
particles for structuring purposes. Except rare examples [31], the majority of CL techniques
utilize dispersions of spherical particles. Generating ordered layers of particles for lithography
purposes requires accurate control over the surface properties of the particles and substrates
and their respective interactions. The following chapters discuss the major interaction forces
and their role in nanoparticle dispersions and assemblies.

2.5.1 (N ANO )-PARTICLES IN L IQUID M EDIA
The description of electrostatic interaction and colloidal stability has been developed
independently by Derjaguin & Landau [32] and Verwey & Overbeek [33] and is therefore
often named DLVO-Theory. Following the DLVO theory, the interaction energy in solution is
composed of van-der-Waals attraction, electrostatic repulsion/attraction and Born repulsion:
UDLVO (d) = UvdW (d) + Φ(d) + UBorn (d).
The van-der-Waals interactions for two spheres of radii R in the Derjaguin approximation is
given by
kR
UvdW (d) =
d
with the distance d and geometrical material constant k.
The electrostatic interaction of the particles in solution is governed by the Stern-Helmholtz
double layer model. Any surface charge on the particles will attract opposing charged ions
in solution and create a region of high density ions at close proximity of the particle. This
local charge inequality can be treated as a electrostatic potential with linearly potential drop
close to the particle surface. Beyond the high ion density region, the potential is governed
by diffusion and decreases exponentially with distance. The mathematical description was
done by Gouy-Chapman-Stern and the diffusive layer is defined by
Φ(d) = Φ0 · exp(−κd)
where κ is the distance independent factor, describing the solution and particle properties.
The Debye length λD = κ−1 is given by the distance, where the surface potential is dropping
to 1/e and is naturally depending on the availability of ions in the solution. For two particles of similar charge, the electrostatic potentials repel each other, effectively preventing
aggregation of the particles in solution.
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F IGURE 2.6: a) Interaction potential depending on the particle distance according to the DLVO
theory. UDLVO is the result of Born and electrostatic repulsion UBorn /Uel.Stat and van-derWaals attraction UvdW . b)/c) Schematic representation of capillary forces (red arrows) acting on
particles (blue circles) on solid (b) and liquid (c) interfaces. The capillary forces are driven by the
reduction of the liquid curvature, caused by the contact angles θ.

The hard sphere repulsion of the atoms, described by the Born interaction governs the
interaction of particles at very small distances ∝ 1/d12 , but has negligible influence on larger
distance scales (> 1nm).
In summary, the potentials sum up to
1
kR
.
UDLVO (d) = 12 + Φ0 exp(−κd) −
d
d
The combined interaction potential and its respective contributions are shown in Figure
2.6a) for a stable particle solution. With increasing distance the DLVO potential exhibits
firstly a minimum, resembling the irreversible aggregation of particles in solution. Secondly
a maximum and energy barrier can be found, generated by the electrostatic repulsion of
the particles. Thirdly, a minimum for higher distances is found, which is referred to as
flocculation. The energy barriers around this minimum are usually shallow, enabling a
reversion of the freely diffusive state at higher distances. For increasing ion concentrations,
the electrostatic repulsion is lowered which in turn eliminates the maximum of the DLVO
potential. Consequently, all particles in close proximity will be trapped by the first minimum
in the permanent aggregation state, leading to inevitable clustering of the particles in the
solution.
19

2. BACKGROUND

2.5.2 PARTICLE A SSEMBLY ON I NTERFACES
Over the years many techniques have been developed to control the assembly of particles
on interfaces, recent overviews can be found in [15, 34–36]. The majority of techniques
rely on the realization of monolayers of particles of identical diameters [34] or multilayers
of polydisperse particles [15, 37]. In the following segments, the focus will be put on the
techniques used for the realization of particle monolayers in this thesis and their theoretical
background. In both cases, the ordering process is driven by capillary forces, hence a short
introduction to surface energies is given.
Free Surface Energy and Contact Angle
For constant temperature and pressure in the system, the generation of an interface area A
between to phases a and b requires an amount of energy G, which is given by
dG = γab dA
with the interface surface tension or free energy per unit area γab [38]. By placing a droplet
of liquid on a solid substrate, the liquid can either remain on the surface as a semi lensshaped droplet or spread homogeneously on the substrate, forming a thin film of certain
thickness. This depends on the surface interaction of the liquid, substrate and air, and how
their surface energies relate to each other. Therefore, the shape of a droplet on a substrate
can be used to analyze the interaction between the surface and droplet using the so called
Young-equation:
γsv = γsl + γlv cos(θ)
with the surface energies of the interfaces between the solid, liquid and vapor phase s, l, v
respectively. Most applications use water as reference liquid for surface characterizations,
with a high contact angle θ indicating a high surface energy of the solid substrate.
Capillary Forces
Considering an interface of two immiscible media, for example water and air, the interface
area is minimized and consequently becomes flat. The addition of a single particle results
in a three-phase contact with an equilibrium geometry, as the system seeks to optimize
the contact area in order to minimize its free energy. For a single particle, this causes a
deformation of the originally flat water-air interface in its vicinity. For two particles of
similar size R and surface properties γ, which are partly immersed in an air-water interface,
the most desirable configuration is to reduce the curvature of the interface between the
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particles, effectively reducing their interface area and surface energy. This is true, both
for particles supported by solid substrates (immersion) and on liquid interfaces (floatation),
as depicted in Figure 2.6b) top and bottom. The reduction of curvature in the interfaces
between the particles leads to a reduction of the distance between the particles, if they are
sufficiently mobile. The force accompanied by the curvature reduction of the interface is
commonly referred to as Capillary force.
This process ultimately leads to the formation of a closed packed layer of particles with
the ordering process often referred to as Laplace-Young pressure. The mathematical description of these interface forces is very complex, and can be studied in detail in the works of
Kralchevsky [39] and Chan [40] for solid and liquid interfaces respectively. Calculations show
that the attractive capillary forces on solid substrates are orders of magnitudes higher than
the opposing electrostatic repulsion of the particles [41] and consequently actively attract
particles over large distances.
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2.6 2 D IMENSIONAL P HOTONIC C RYSTALS
Most biomaterials exhibit a color due to the absorptive/reflective properties of chromophore molecules, subtracting specific wavelengths from the continuous sun spectrum.
The resulting transmitted or reflected colors are the direct result of the molecular properties
and material composition. Certain materials, e.g. wings of butterflies, some beetle shells or
opal gemstones exhibit their color due to the interaction between light and their underlying
structure [42]. The interaction of light with matter can lead to absorption, diffraction, refraction and reflection of the light and consequently to constructive or destructive interference
if a periodic structure of the matter is given. The class of materials is consequently called
photonic crystals (PC). The most prominent example of such interference colors is described
by the Bragg equation, describing the constructive interference of light with wavelength λ
under the angle θ
m · λ = nl sin θ
with the refractive index of the material n and the underlying lattice constant l. This
solution is valid for 3D crystals, however photonic resonance can also be achieved in 1D and
2D geometries. A mathematical description of the optical properties of 1D and 2D crystals
is however more involved. Bragg’s equation does not hold in many cases, since the reduction
from an infinitesimal spread 3D crystal to imperfect experimental realizations of one and
two-dimensional crystals yield too many impediments on the Bragg model. Although the
mathematical description suffers from real world restrictions, 1D and 2D crystals do still
exhibit astounding many parallel properties, like angle-dependent colorful shimmering or
diffraction.
In a macroscopic perspective, the most decisive factor for the optical properties of a material is its dielectric constant. For mixed materials, very often the so-called Maxwell-Garnett
average is used, where the dielectric properties of two separate materials are combined to an
effective refractive index [43]
n2eff = n2A fA + n2B fB

(2.9)

with the filling fractions fi and refractive indices ni of materials A, B in the mixed layer.

22

2.6. 2 D IMENSIONAL P HOTONIC C RYSTALS

a)

b)

(a)

(b)

(c)

nSub=1.5

nSub=1.4

nSub=1.2

1

(d)
0.1
0.01

0.001

F IGURE 2.7: FDTD simulations of a PC of PS beads on a dielectric substrate. a) Cross sectional
view of the total field intensity of the three photonic modes (A1-A3) for a dielectric substrate with a
refractive index of 1.2 (top) and 1.4 (bottom). With an increase in refractive index, the coupling of
the PC mode with the substrate is increased, leading to radiative losses into the dielectric substrates.
b) Calculated reflectance spectra of a PC slab of√d = 520 nm PS particles on different dielectric
substrates in terms of the reduced frequency ω = 3/2 · d/λ. The reflection peaks A1-A4 caused by
the PC for n = 1.2 are subsequently vanishing for higher refractive indices n = 1.4/1.5 due to their
increased coupling efficiency. The increased coupling leads to radiative losses of this PC mode into
the substrate, consequently loosing reflection intensity. The dotted line depicted in c) separates
the frequencies for which the radiative losses prevent reflection/transmission enhancement by the
PC modes depending on different refractive indices. Reprinted and adopted with permission from
the American Physical Society [44]

.

Low dimensional photonic crystals are very often described using Finite-Difference Time
Domain (FDTD) algorithms, employing Maxwell’s equations on the repeating geometrical
grids of the PC materials. This enables the simulation of transmission/reflection spectra as
well as the total field distribution of the electro-magnetic fields within the sample unit cell.
An example of a FDTD simulation of a photonic crystal slab’s electromagnetic interaction
is presented in Figure 2.7 [44].
The PC leads to interference patterns of the light, with different modes within the spherical particles, as depicted in Figure 2.7a). Thereby the interference modes (here the three
highest-energy modes A1-A3) are naturally also interacting with the dielectric substrate,
which can lead to radiative losses. The losses into the substrate depend on the dielectric
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properties, or refractive index of the materials. A change in refractive index from 1.2 (top)
to 1.4 (bottom) highly affects the efficiency of the coupling of the respective modes into the
substrate. Therefore, while measuring the transmission/reflection of a photonic crystal, the
losses into the substrate can highly influence the optical spectra. The loss into the dielectric
substrate is only possible for sufficient coupling, evident for the emerging reflectance peaks
for reduced refractive indices shown in Figure 2.7b) top. This leads to a complex relationship
between the reflectance of the PC on various dielectric substrates, see Figure 2.7b) bottom.
Photonic crystals are interesting systems for sensing applications, since the photonic sensor translates signals on the molecular scale into optical signals, observable by naked eye
[42, 45].
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2.7 S URFACE P LASMONS P OLARITON
Similar like photons or phonons, a plasmon is describing the quasi-particle nature of an
oscillation, specifically the plasma oscillation of the free electron gas in metals. In contrast
to the Localized Surface Plasmon Resonance (LSPR) a Surface Plasmon Polariton (SPP)
is traveling along the interface of a metal and a dielectric. A good introduction is given in
by Maier in 2013, here some basic aspects of SPPs and their mathematical description are
given, following along [43].

2.7.1 T HE D RUDE M ODEL
In the free electron gas, the electrons move freely between the positive background of the
metal cores. If an external exciting field E(t) = E0 exp (−iωt) stimulates electron motion,
this movement is damped by collisions, characterized by the collision frequency γ = 1/τ .
This is described by a simple wave equation:
m

d
d2
x
+
mγ
x = −eE.
dt2
dt

Solving this differential equation, the electron oscillation is described by
x(t) =

m(ω 2

e
E(t)
+ iγω)

which naturally describes the polarization P = −enx of the metal upon electromagnetic
excitation. Using Maxwell’s equations, the dielectric displacement D yields
D = 0 E + P
!

= 0

ne2
1−
E
m(ω 2 + iγω)
2

where the bulk plasmon frequency ωp = ne
was defined. Consequently, the dielectric
0m
displacement D of the free electron gas is given by D = 0 (ω)E with the dispersion relation
ωp2
(ω) = 1 −
.
ω + iγω

(2.10)

At high frequencies the dispersion relation of a free metal (Eq. 2.10) can be simplified to
(ω) = 1 −

ωp2
ω2

(2.11)
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with the bulk plasmon excitation frequency ωp . Considering the dispersion relation of an
electromagnetic wave in bulk metal m ω 2 = k 2 c2 , the bulk plasmon dispersion in the limit
of low wavelengths is identified as
s

ω(k) =

ωp2 +

k2
.
c2

(2.12)

So far, the band structure of the metal was completely neglected, which in particular becomes
important for high frequencies. For sufficiently high energies of the photons, electrons can
be excited into unfilled bands. This can rigorously be described in a similar approach as for
direct band transitions in semiconductors. Here the discussion is reduced to the notion, that
possible interband excitations ultimately lead to additional dampening effects in the Drude
description of the metal.

2.7.2 S URFACE P LASMON P OLARITONS AT M ETAL I NSULATOR I NTER FACES

The Maxwell equations in absence of external charges and current densities can be combined to
∇ × ∇ × E = µ0

∂ 2D
.
∂t2

Assuming a homogeneous distribution of the dielectric function (r) =  and no external
stimuli ∇ · D = 0, the equation can be reduced to
∇2 E + k02 E = 0

(2.13)

for a harmonic time dependent electric field E(r, t) = E(r) exp(−iωt). Equation 2.13 is
commonly referred to as the Helmholtz equation for a propagating electric wave in vacuum.
Taking a material interface into the consideration, a propagation direction has to be defined.
Given a material interface at z = 0 of a Cartesian coordinate system and a wave traveling
along the x-axis with no y-component. Consequently the spatial variation of the electric field
E = E(z) exp(iβz) is described by the propagation constant β = kx of the wave traveling in
x-direction. Adding this into Equation 2.13, the wave equation for the electric field can be
derived as
∂ 2 E(z)
+ (k02  − β 2 )E = 0
2
∂z

(2.14)

with a similar solution for the magnetic field H. Equation 2.14 and its magnetic counterpart
can be bluntly calculated and for a harmonic time dependence a set of coupled equations can
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be gathered. When doing so, two consistent sets of solutions can be identified, corresponding
to the polarization properties of the propagating wave. The solutions for the transverse
magnetic wave (TM or p) mode, with only Ex , Ez , Hy 6= 0 is given by
1 ∂Hy
ω0  ∂z
β
Ez = −
Hy
ω0 

Ex = −i

(2.15)

∂ 2 Hy
+ (k02  − β 2 )Hy = 0.
∂z 2
For the transverse electric mode (TE or s) a similar set of equations is found
Hx

y
= −i ωµ1 0 ∂E
∂z

Hz

= − ωµβ 0 Ey

∂ 2 Ey
+ (k02  − β 2 )Ey = 0.
∂z 2
Assuming an interface at z = 0, between a non-absorbing upper half space (z > 0) with
dielectric constant 2 and a lower metallic half space (z < 0) with R(1 (ω)) < 0, a TE
and a TM solution can be stated. The solutions describe a one-dimensional propagation
of a wave along the metal-dielectric interface. Comparing the TE and TM solutions, one
can quickly find that TE wave propagation along the interface is not possible due to the
boundary conditions at the material interfaces.
For TM polarization however, Equations 2.15 can be solved for both half spaces, and
according to the continuity of Hy and i Ez with i = 1, 2 along the interface it follows that
2
k2
=−
k1
1

(2.16)

and
k12 =

β 2 − k02 1

k22 = β 2 − k02 2 .

(2.17)

By combining Equations 2.16 and 2.17, the major equation for surface plasmon propagation
is identified
β = k0

s

1 2
2π
=
1 + 2
λ

s

1 2
.
1 + 2

(2.18)

The SPP dispersion relation is depicted in Figure 2.8 with neglected dampening, together
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Light Line
Bulk Plasmon

ω

F IGURE 2.8: Surface Plasmon Polariton
(SPP) dispersion with neglected dampening (red). In the low frequency regime,
the SPP approaches the dashed light
line ω =
√ ck, the high frequency limit
ω = ωp / 1 + 2 is depicted as horizontal
dotted line. As the SPP dispersion does
not cross the light line, additional wave
vector matching is required for light to
excite a SPP on a metal surface.

Surface Plasmon Polariton

k

with the bulk plasmon dispersion and the light line defined by ω = ck, where c denotes the
speed of light in air. The dotted horizontal line marks the threshold of the SPP for high
√
frequencies, the characteristic surface plasmon frequency ω = ωp / 1 + 2 . Since the SPP
lies on the right side of the light line, there can be no SPP excitation from a photon without
additional wave vector matching.

2.7.3 G ENERATION OF S URFACE P LASMON P OLARITONS BY G RATING
C OUPLING
There are many different ways to excite a SPP on a metal/dielectric interface, the most
common approach is a prism coupling. The higher dielectric constant of the prism enables
a coupling of the light beam into a surface plasmon, where the exact vector match can be
controlled by choosing the incident angle of the beam. An overview about prism coupling
and other less common techniques is given by [43]. Here a short introduction on grating
coupling will be given, particularly for gratings with a hexagonal lattice.
A light beam with wavevector k arriving on the interface between a hexagonally structured
metal and dielectric under angle θ has a surface parallel component of kk = k · cos(θ). In
order to generate a SPP, the equation
β = kk ± G
has to be fulfilled, where the additional wavevector G is supplied by the reciprocal vector
of the grating lattice. For a 2 dimensional hcp lattice, the reciprocal vectors are given by
G = ib1 + jb2 with i, j ∈ N and
b1 = 2π
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The respective geometry of an incoming light beam on a hexagonal lattice is sketched in
Figure 2.9. Inserting the hcp unit cell vectors of a two-dimensional lattice
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The absolute value for the SPP wave vector is therefore given by
|β| =

v
u
u 2π
t

2π
kx cos(θ) ± i
λ
l

2

2π
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4π
+
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.

Together with Equation 2.18, the resonance wavelength for a SPP coupled by a hexagonal
lattice under incident angle θ is found to be
λSPP = r

2π
2π
k
λ x

cos(θ) ± i 2πl

2

+



s

2π
k
λ y

cos(θ) ± i √2π3d ± j √4π3d

2

·

1 2
.
1 + 2

(2.19)
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F IGURE 2.9: Schematic representation of SPP excitation in a hexagonal geometry. An incoming light beam
with wavevector k (blue) and surface
parallel wavevectors kx and ky can superimpose with lattice excitations of
the reciprocal hcp lattice (grey dots).
The hexagonal unit cell a1 and a2
(red) results in a (rotated) hexagonal
unit cell, neglected for clarity in this
depiction.

x
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Considering a light beam arriving perpendicular to the interface (θ = π/2), the equations
simplifies to
λSPP = q

l
4 2
(i
3

+ ij + j 2 )

s

1 2
.
1 + 2

(2.20)

Using the resonant wavelength λSPP , an excitation of a surface plasmon is possible. Each of
the grating elements can be the source of a SPP, and in case of a vector match, the excitation
will lead to an increase in SPP excitation. The lattice itself can be composed of repeated
surface topographies on a solid metal film, but in most applications a grating is supplied by
an array of patterned holes in the metal.

2.7.4 O PTICAL P HENOMENA LINKED WITH S URFACE P LASMON P OLARI TON

The excitation of a plasmon has many effects on optical phenomena involving metals. The
interaction of the plasmon excitation with light can lead to very interesting effects and has
been used for centuries. Early examples like the Lycurgus glass cup from the 4th century
or colorful window staining in medieval churches show the staining of glass materials by
metal nanoparticles [46]. Although it is very unlikely, that the early craftsmen were aware
of the reason for the staining in the glass the color effect could clearly be attributed to the
plasmonic excitation of the nanoparticles trapped in the glass matrix. The following section
will briefly discuss some aspects of plasmonic optics which will be exploited in the course of
the thesis.

Extraordinary Transmission
The effect of extraordinary transmission (EOT) describes the transmission of light through
an optically thick metal film, featuring a number of sub-wavelength holes arranged in a lattice
pattern. When measuring the amount of transmitted light, it was found that for particular
wavelengths, more light was transmitted, than the opening of the holes would have permitted
[47]. It was further found that the wavelengths of extra ordinary transmission correlate with
the SPP resonance wavelengths (Eq. 2.20). This was confirmed in rigorous calculations of
the electromagnetic fields in and on the metal surface [48]. Even for diameters of the holes,
which do not permit waveguiding in the hole apertures, an increased transmission was found
[49]. The interpretation of this phenomena is, that for the resonant SPP wavelengths λSPP ,
a surface plasmon polariton is excited, which in turn can interact with the transmitted light
in a different position in the lattice of holes.
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Studying Eq. 2.20, it is clear that the spectral position of the EOT can be tuned by
changing the lattice constant or dielectric material on the interface. The sensitivity of the
plasmon resonance for the dielectric properties of the material forming an interface with the
metal layer leads to the development of sensor concepts based on the plasmon enhancement
of signals (e.g. in Raman spectroscopy or fluorescence microscopy) [50, 51]. However, there
are many other aspects which can influence the resonance wavelength, such as the hole
diameter and the Fano resonance of the grating.
The effect of hole size is not covered by the basic description of the SPP generation, but
can be understood by a consideration of the SPP’s propagating nature. The bigger the hole
diameter is, the more likely the holes will scatter a SPP, which is traveling over the metal
surface. The resulting shorter lifetime of the SPP has to fulfill the uncertainty relation
∆E∆t ≥ ~/2, which results in a broadening of the resonance energy. In terms of SPP
resonances, this will lead to a broader EOT peak for bigger hole diameters with constant
lattice distances [52].
The so called Fano effect describes a scattering process of a discrete mode interacting
with a continuous spectrum. In the case of SPP gratings, a continuous spectrum, which
illuminates a metal grating will generate a discrete SPP mode, which is interacting with the
continuous generating spectrum itself. This can lead to an asymmetric Fano type resonance
close to the SPP excitation wavelength and can generate an asymmetric resonance of the
SPP excitation [53].

Surface Plasmon Polariton Molecule
So far, the description of the SPP was focused on a single interface of an optically thick
metal layer. For the realization of a holey metal film a substrate is required, which supports
the metal layer. This results in a metal layer with two interfaces, which both can support
SPPs. These SPPs propagate along their respective interface, but also penetrate into the
metalqand dielectric layer (skin effect) by exp(−z/δ). The skin depth δ is defined by δ =
(ω/c) 2m /(m + 1) and can be approx. 20-30 nm deep into noble metals [54].
For thin metal layers of ≤ 50 nm, the SPP modes from both interfaces are able to overlap
and couple. This overlap will create two new energy levels, one sharp level at higher energy
and one broad level at a lower energy position. Due to the similarities of molecule hybridization into molecular orbitals, this phenomenon is often referred to as “SPP Molecule”. This
has been predicted by calculations by Martin-Moreno et al. in 2001 [48] and experimentally
realized by Degiron et al. in 2002 [55].
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Absorption Induced Transparency
The term Absorption Induced Transparency (AIT) was introduced by Hutchison et al. in
2011 [56] describing the phenomenon of a hole array transmitting more light after coating an
absorptive layer of molecules on it. The transmission peak of the molecular layer thereby is
shifted by a few nm to higher wavelengths, and shows a weak dispersive character. Since then
there has been vivid discussions about the mechanism behind this phenomenon, particularly
whether it being caused by surface plasmon effects [56] or local waveguiding within the
individual holes [57]. Recently it has been found that the AIT can be both caused by local
waveguiding effects in subwavelength holes and interactions of the SPP with the molecular
layer. This causes an increase in transmission and a shift in wavelength [58] for the combined
plasmon-molecule resonance.

Coupling between SPP and Molecular Excitation
When an excitable optical emitter is placed in close vicinity of a SPP excitation, a coupling
of the electromagnetic systems is possible. Thereby the strength of the coupling defines in
which extent the energy levels of the SPP and molecules are affected. While a weak coupling
may affect the emission rate of the molecular species, the energy modes are left unaffected
[59]. A strong coupling will ultimately lead to a hybridization and linking of the energy
modes. These new hybrid modes have to be described by a combination of both excitations of
molecule λ1 and SPP λ2 . Assuming a fixed resonance energy position of molecular excitation
λ1 = const., the hybrid model’s energy dependence is depicted in Figure 2.10 a), red line. As
the SPP dispersion (dashed diagonal line) approaches the energetic position of the molecular
excitation (dashed horizontal line) and two distinct hybrid modes are generated. With its
quantum mechanical analogy of a Rabi oscillation [60], this energy mode splitting is often also
called Rabi splitting. While the SPP mode approaches the resonance mode of the molecular
species the coupled resonance can exhibit shifted wavelength positions with respect to the
fixed molecular level. It is to be noted, that the hybridization of the energy modes is always
given, however the strength of the coupling will define if and how clearly a splitting of the two
hybrid energy levels is detectable. This is schematically depicted in Figure 2.10 b). In case
of a weak coupling or far away from the molecular resonance, the splitting is negligible on
the prevalent energy scales and a single (superimposed) energy level is detectable. A strong
coupling will lead to a distinct separation of the energetic modes, which is only detectable,
if the linewidths γ of the original excitations of SPP and molecule are sharp enough.
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F IGURE 2.10: a) Schematic energy dependence of the SPP molecule hybrid system (red) in case of a
strong coupling, with indicated SPP dispersion (diagonal dashed line) and the molecular excitation
level (horizontal dotted line). The characteristic avoided crossing of the energy levels is separated
by a gap, which is often referred to as Rabi splitting. b) Schematic representation of the influence
of linewidth on the weak/strong coupling regime. Although for weak coupling a small separation
is present, the overlap of linewidths impedes a clear distinction. Adopted from [59].

Therefore, strong coupling is experimentally defined by the evidence of an energy level
split, i.e. [59]
2
2
γSPP
γMol
N e2
+
.
≥
V 0 me
2
2

(2.21)

with the line-widths of the plasmon and molecular excitations γSPP and γMol . Consequently, for a strong coupling, the molecular density N/V has to be large, and/or the interaction volume V has to be sufficiently confined. Similarly, for a fixed molecular density and
excitation, a sharper SPP resonance will lead to a bigger observed splitting of the hybrid
energy modes. The energetic separation of the modes can be derived by both classical and
quantum mechanical models, but is always qlinearly dependent on the square root of the
molecular density in the interaction volume N/V .
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This work aims at realizing direct molecular area contacts of optical molecular switches
in a novel type crossbar architecture. This chapter is intended to provide an overview over
recent developments in molecular area contacts, with an additional focus on optically active
species in molecular junctions.

2.8.1 L ARGE A REA M OLECULAR J UNCTIONS
Liquid Metal Droplets
Currently the most commonly published type of large area junctions are based on liquid
metal droplets, specifically an eutectic of Ga and In (EGaIn) as depicted in Figure 2.11b).
Here a droplet is gently deposited on a layer of the molecular species and contacted using a
micro needle inserted into the liquid metal [61–63]. The technique relies on an ultra-smooth
substrate, created by evaporating Ag on a mica substrate and subsequently stripping the
metal of the mica. By that, roughnesses of 0.9 nm RMS (25 µm2 ) for the metal electrodes
can be achieved [63]. As discussed in chapter 2.2.2, this smooth surface acts as an optimal
substrate for monolayer formation and their characterization.
The downside of this method, however is, the uncertainty about the real junction area
created by the droplet and the inevitable formation of a surface oxide on the EGaIn. The
thin layer of gallium oxide (Ga2 O3 ) insulator yields an asymmetric junction and affects
the current transport through the molecular layer. Also, no covalent connection between
a molecule and the Ga2 O3 can be formed, leaving a weakly coupled contact at this interface. So typically, a molecular layer is covalently bound by thiol-Ag bonds to the substrate
electrode, with a weak connection to the liquid metal droplet. This unequal coupling can
easily result in asymmetric current transport mechanisms due to energy level alignments,
similar to conventional diodes. Most of the recent investigations focus on utilizing and even
amplifying the diode like behaviour with molecular species which intrinsically already exhibit a non-symmetrical IV-response. These often called ’rectifying’ molecular junctions are
commonly based on SAMs with attached metal complexes such as ferrocene) [64–66].
Direct Metal Evaporation
The most intuitive solution for creating Metal-Molecule-Metal (M 3 ) contacts might be a
direct metal evaporation onto the molecular layer, which is assembled on the bottom electrode [24, 67–71] (see Figure 2.11a). However, the evaporated metal atoms often penetrate
through/into the molecular layer during evaporation. This ultimately leads to filament
formation upon an applied potential, shortening the molecular layer. Since molecular con34
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F IGURE 2.11: Sketch of various junction types for molecular electronics. a) For junctions by direct
metal evaporation, the top contact is deposited via gentle evaporation of the electrode material
onto the molecular layer. The junction area is thereby often defined by a surrounding insulator
created by lithography. b) Using liquid metal droplets, the top contact is provided and defined
by the shape and size of the liquid metal droplet (for example Hg, EGaIn). c) For transferprinted junctions, the top electrodes are attached to a transfer polymer and have to be structured
before the deposition step. The deposition is carried out using e.g. soft lithography or float-on
techniques. d) Metallization onto buffer layers such as PEDOT:PSS or graphene reduce the chance
of metal penetration into the molecular layer, but can alter the electronic transport. e) In graphitebased junctions, carbon is used as electrode material to contact the molecular layer, created by
pyrolization and evaporation.

ductance values are very low compared to those of single metal atom contacts, a metal
filament in the junction will dominate the electric transport due to the low resistance, even
for non-shorted junctions [72]. Nevertheless, due to the appealing simplicity of the junction
generation, direct metal evaporated junctions are still used today, particularly for investigations of molecular species with very long (metal complex mediated) chains (15 − 30 nm)
[73].
Metallization on Buffer Layer
Since the direct evaporation of metal onto the molecular layer often yields to metal filaments,
buffer layers can be added in between the molecule and second electrodes, sketched in Figure
2.11d). Employing the organic semiconductor PEDOT:PSS as buffer layer, the characterization of monolayer could be reported by Akkerman et al. [26, 74–79]. A metal electrode
opening is defined using photoresist and subsequently covered by PEDOT:PSS. The second electrode is created by an additional metal evaporation on top the PEDOT:PSS layer.
This reduces the danger of filament formation in the molecular layer during evaporation,
but also leaves an asymmetrically contacted junction, which exhibits a semiconducting layer
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in the electron transport pathway. Therefore, the derived information about the molecular
layer has to be interpreted regarding the influences of the molecular layer and the adlayer
of the polymer. Additionally, no covalent bond between the molecule and the second metal
electrode can be achieved.
As an alternative approach, the deposition of graphite material prior to the metal evaporation was tested. The graphite layer can be kept thinner while maintaining the buffer
properties during metallization and it does not exhibit semiconducting properties, in contrast to PEDOT:PSS. Thereby both multilayer graphene [80] and reduced graphene oxide
interlayers could be employed [27] successfully.
Graphite Based Junctions
There have also been efforts to create molecular junctions without the involvement of metal
contacts but completely based on graphite based electrode materials as depicted in Figure
2.11e). By pyrolizing a resist layer to graphite and chemically growing a monolayer on
this substrate, a graphite-molecule-graphite junction can be created. The second graphite
electrode is thereby created by graphite evaporation, which yields stable junctions even under
high potentials [81–85].
Metal Transfer Printing
Finally, metal transfer printed junctions are discussed. This class of large area junctions is
based on the idea, to contact the molecular layer using a structured metal wire, using soft,
elastomeric polymer stamps in a process called soft lithography. This technique is outlined
in Figure 2.11c) and can create symmetric Au-molecule-Au junctions with good electrode
coupling and a known junction area. However, the transfer of defined metal patterns from a
structured substrate onto the molecular layer remains technically challenging.
To enable the transfer of metal from a structuring substrate to the polymer stamp, a
release layer between the substrate and metal is required. The first application of such a
release layer has been demonstrated by Shimizu et al., utilizing an alkaline etch to remove a
SiO2 layer in between a Si substrate and a Au structure [86–88]. This technique was refined
by Sanetra et al., by exchanging the aggressive chemical etch of SiO2 with the dissolution of
a water-soluble release layer [17]. Other approaches are based upon an adhesion gradient,
i.e. a stripping of the metal electrodes from the substrate using a sticky transfer medium
[18, 89–91].
After the release from the structuring substrate, the transferred metal layer has to be stabilized by a supporting polymer layer. This polymer transfer material is chosen according
to the requirements of the subsequent deposition method, e.g. flexible, elastic polymers for
microcontact printing (µCP) [17, 18, 86] or lift-off float-on (LOFO) [89, 90]. If a complete
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metal transfer off the polymer onto the target substrate is desired, an additional adhesion
gradient is required. Thereby the deposition of the top electrode onto the target substrate
remains the most difficult, fault prone structuring step. Recently, Jeong et al. covered the
bottom electrode by a layer of 50 − 100 nm SiO2 and opened the insulator selectively, to
create defined microscopic electrode areas [88]. This burying of the electrode material was
intended to improve the yield of functional molecular junctions after the electrode printing
process.
While many publications with the aforementioned techniques claim high yields of functional and stable junctions, there is no universally accepted method in the scientific community due to the lack of reliability and reproducibility. Many techniques rely on “tricks”,
like indirect direct metal evaporation via a reflective Ar+ sputter stream and are not always
transparently communicated [11].

2.8.2 O PTICAL S WITCHES IN M OLECULAR J UNCTIONS
The species of interest for this thesis is a difurylethene molecule, a subcategory of the
class of diarylethene switches which were first described by Irie and Mohri in 1988 [92].
First electric measurements of diarylethene switching were performed by Dulic et al. in
2003 in single-molecule junctions, however, only a one-way switching could be achieved [93].
The difurylethene molecule for this thesis was specifically chosen, since it does not exhibit
sulfur in the central switching unit, which has been shown to reduce the switchability of
the molecule in gold-based junctions [94]. The electrical characterization of various difurylbased switches in single-molecule junctions was done by Kim et al. in 2012 [14], the specific
C5F-H-SAc molecules used in this thesis were developed by Wolf et al. in 2013 [13].
For large-area junctions, an electric characterization of the switching is inherently difficult, since the switching light has to reach the molecular layer, usually sandwiched between
non-transparent metal electrodes. However, there have been investigations of the switching
of the molecular species in area contacts using interlayers. Both the utilization of gold substrates and interlayers composed of semiconducting polymers [26, 78] and graphite [27] and
entirely graphene-based junctions [95] have been reported. For the graphene-based singlemolecule contacts, reversible switching of diarylethene molecules was observed with on/off
ratios of 107(56) [95]. For Au-based junctions on the other hand, the reported difference in
conductance for similar diarylethene switches is approximately one order of magnitude, for
both single-molecule junctions [14] and for monolayers [26, 27].
Since this thesis proposes a novel characterization platform, the utilization and characterization of a molecular thin film is proposed. Diarylethene molecules are known to perform
repeatable photochromic switching in solution [13], in single crystalline state [29] and em37
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bedded in liquid crystal matrices [96]. However, to the best of the author’s knowledge, a
thin film system of diarylethene molecules created by a direct spin coating process has not
been reported or investigated with respect to its conductance switching properties yet.

2.8.3 M OLECULAR P LASMONICS
The novel nanoperforated electrodes proposed for optoelectronic investigations in this
thesis, allows for plasmonic excitations on the metal electrode surface. This in turn renders
a coupling between the molecular layer and plasmon excitation possible. These effects are
commonly referred to as ’Molecular Plasmonics’ and portray a young and flourishing field
of research.
However, the interaction of molecular switches and plasmon excitations is sparsely covered
by scientific investigations yet. There have been reports on spiropyran molecules by Schwartz
et al. in 2011, showing a reversible switching of the coupling strength between the moleculeplasmon modes [97]. Thereby one molecular state (merocyanine) showed a strong coupling
to the plasmonic excitation, while the other (spiropyran) did not. For that, they stabilized
the molecular switches in a polymer matrix and sandwiched the layer in a plasmonic metal
cavity assembly. Similar switching of the coupling strength of the spiropyran molecule could
be shown by Baudrion et al. in 2013, using silver nanoparticle arrays [98]. To the best of
the author’s knowledge, neither an investigation of the coupling of diarylethene molecules
and plasmon excitations in general nor a possible utilization of the plasmon excitation for
an enhanced switching efficiency has been reported yet.

38

C HAPTER 3

M ETHODS

3. M ETHODS
In this chapter, a brief introduction of the methodical approaches are presented, which are
used for the generation and characterization of the novel crossbar platform and molecular
thin film system.

3.1 P HOTOLITHOGRAPHY
The term photolithography is derived from the words “photos” (greek ϕωτ òs “light”),
“lithos” (greek λίθoς “stone”) and “graphein” (from Greek γράϕιν “to write”) and describes
the process of structuring a material using light [99]. Photolithography (PL) is the most
employed technique in semiconductor industry today, because of its high throughput and
cheap parallel processing capabilities. In the following paragraphs, a generic PL process is
described and general processing issues are discussed.

3.1.1 F UNDAMENTAL P ROCESS S TEPS
During a PL process, a photosensitive material is first deposited on a cleaned substrate,
most commonly a silicon (Si) wafer. The deposition is usually achieved by spin-coating of
resist material, since the centrifugal spreading of the resist results in a very homogeneous
layer thickness over large areas. Photoresists are usually composed of a polymer matrix and
a photosensitive chemically active component [100]. The resist is subsequently heated in the
so called soft-bake, primarily for removing the solvents from the layer and homogenizing the
distribution of the photosensitive components.
The resist is then exposed by light of defined wavelength (usually 250 nm − 450 nm),
inducing a chemical transformation of the exposed areas by the photosensitive components.
During the exposure, a metal photomask shadows parts of the resist, leading to a selective
change in defined areas of the resist. Thereby the photomask can be employed in a projection
or contact geometry, whereas the best resolution is achieved by a very tight contact between
the mask and resist. The alignment of mask and wafer is carried out using mask alignment
systems, which allow for precise µm accurate positioning.
The most crucial factor, which defines the achievable resolution of a resist structuring,
is given by the wavelength of the used light λ. Similar to optical microscopy, two spots in
distance d can be only resolved, if d ≥ 0.61λ/NA [100]. Thereby the Numerical Aperture
NA accounts for the spatial distribution of the ideal spot-like light illumination point, due to
lens and mirror aberrations of the exposure setup. For classical PL applications, this results
in a resolution limit of approx. 0.5 µm whereas modern semiconductor fabrication employs
extreme UV lithography in order to reduce the resolution limit to the nano-scale [101].
During the illumination, the resist is consecutively exposed through the thickness of the
layer. The photosensitive species in the resist thereby generate radical groups, which are
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F IGURE 3.1: a) Schematic representation of a negative and positive tone resist during exposure
and development. While for the positive resist the exposed areas are removed during development,
for a negative resist the exposed areas remain. b) Sketch of good and bad lift-off profiles. For a
negative profile, the deposited metal layer on substrate and resist are clearly separated and can be
removed selectively. In case of positive profiles or extensive metal deposition in general the metal
layers are not separated and a lift of is prohibited.

capable of chemically modifying the resist composition. Since the substrate can also reflect the incoming light, the resulting standing wave within the resist thickness can lead to
inhomogeneous exposures.
For many photoresists, a Post-Exposure Bake (PEB) is required prior to the chemical
development step. The elevated temperature increases the mobility of the resist components
and can equalize the chemical gradients created by the standing wave effects in the resist
during exposure. The high temperatures also change the chemical stability of the polymeric
matrix, particularly for the subsequent development step.
There are two distinct kinds of photoresist, positive and negative tone resists as depicted
in Figure 3.1a). The positive/negative characteristic is defined by their behavior during the
development of the structures. While for a positive resist the exposed areas of the resist
are removed in the development bath, the exposed structures of a negative resist remain.
There are many different resist system and possible mechanisms behind this, but the most
common ones rely on ether a destruction of the polymer chains by the created radicals in
a positive process, or a radical induced polymerization of the polymer matrix in a negative
process [102]. This leads to a difference in solubility in the development solution, where
shorter polymer chains can be developed much faster than longer chains.
The created polymer pattern on the substrate can subsequently be used for further processing, like (dry) chemical etching, doping or metal deposition. In case of metal deposition,
the remaining structures are usually used for a lift-off (LO) process. The metal layer is
deposited on the complete area of the wafer, with the structured resist layer protecting parts
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of the substrate. In the subsequent stripping of the resist layer, the metal on top the resist is also removed, resulting in a metal pattern on the substrate only in the previously
unprotected areas. For a successful and clean lift-off, a clear separation between the metal
layers on the substrate and on the resist surface is necessary. Usually a negative profile of
the resist-sidewalls is used to guarantee a separation of the metal layers, even under slightly
angled evaporation conditions, as sketched in Figure 3.1b). Often double- or multilayers
of resists are employed, where the “lower” layers closer to the substrate exhibit a higher
solubility in the development, consequently leading to a negative profile.

3.1.2 L IMITATIONS AND A RTEFACTS
As discussed in the previous chapter, the main limitation of the lithography resolution is
given by the wavelength of the used light. Any photoresist is designed to work with a certain
wavelength of light, commonly from 450 nm/400 nm/350 nm (g/h/i line). Approaching the
resolution limit of the resist, there are many additional influencing factors, which may impede
the resulting resolution of the structures.
Under- / Overexposure
Variations in the exposure dose [ mJ/ cm2 ] can lead to under- and overexposure of the photoresist. While overexposure will lead to an increased size of the desired structures for
positive resists, and can lead to smaller structure sizes for negative resists. Underexposure
for negative resists will leave a soluble layer in vicinity of the substrate which might lead to
a delamination of the resist layer during development. An underexposed positive resist will
not yield in a completely open resist structure during development which prohibits direct
further structuring.
Under- / Overdevelopment
Variations in the development time or inhomogeneous mixtures of the development solution
can influence the development of the resist profile. An underdeveloped resist exhibits residue
of the polymer in the profiles, and impairs the sidewall profiles of both positive and negative
resists. Overdeveloped resist will increase the desired feature size in the resist and generally
thin down the resist layer.
Wedge Errors
During the exposure, a close contact enables high resolution structuring. Any high spots on
the photomask or on the wafer (e.g. dust, particles, prestructured substrates) will lead to an
imperfect contact. To compensate for those flaws modern photomask alignment systems use
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an elaborate mechanisms to reduce these wedging errors. However, a conformal contact is
not always realizable, especially with flexible glass wafer substrates, which can additionally
exhibit small curvatures in their profile. But even for a defect free stack of wafer-resist-mask
an inhomogeneous contact can be created, e.g. by cut-outs in the substrate support plate
which are necessary for a back-side alignment of the wafer.
Aberrations
Any modern mask aligner is constructed with an optical array of lenses and mirrors which
guide the UV light onto the wafer. As any optical system, the mask aligner is subdued to
aberrations. Most importantly there can be tilting errors of the beam line/wafer, leading to
inhomogeneous exposure doses over large areas, or defocusing of the light beam leading to a
partial under-/overexposure through the resist stack.

3.1.3 A LTERNATIVE T ECHNIQUES FOR N ANOSTRUCTURING
As PL meets its constraints in structuring nm-sized objects, alternative structuring techniques can be used.
In order to reduce the wavelength of the structuring radiation, electrons can be employed
according to their short de Broglie wavelength at high kinetic energies. This process is called
e-Beam lithography and the most commonly used nano-structuring technique in research
and laboratory fabrication. Thereby the beam is directed by electromagnetic fields onto the
substrate, controlling the areas which are exposed to the electron radiation. The features in
the resist can then be used for lift-off processes, wet or dry chemical etching etc. e-Beam
lithography can yield very small feature sizes, but the writing using an electron beam is very
time consuming and expensive.
Skipping the resist structuring, ion beam milling can be employed to directly structure a
substrate. For this, atoms (e.g. Gallium) are ionized and accelerated towards the substrate
where they remove substrate atoms by collisions, due to their high kinetic energy. This
process is extremely time consuming, especially for large area patterning and in general not
useful for wafer scale fabrication purposes.
A possible alternative for e-Beam lithography is given by Nano-Imprint Lithography
(NIL). NIL relies on imprinting a relief pattern of a master stamp into a polymer resist
material at high pressures and/or temperatures. The master stamp has to be created using e-Beam lithography structuring once, but can be reused after each imprinting process.
This enables repeatable structuring with sub- µm resolution and a possible roll-to-roll implementation. A disadvantage of NIL is the discrepancy in flow characteristics of the imprint
resist on different dimensions scales. This difference complicates a simultaneous and precise
structuring of nm and µm structures.
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3.2 R EACTIVE I ON E TCHING
Chemical etching is imperative for many cleanroom processes, where a general differentiation can be found between dry and wet chemical etching. During a wet chemical etch,
the reactive components are liquid or dissolved in solution and delivered via diffusion processes. Thereby the etching front is continuously supplied with reactants by diffusion. The
etching speed in any certain direction into the substrate is therefore mainly determined by
the concentration of the etchant and the density of atoms in the respective etch plane. Generally, if a chemical etching process is used for structuring purposes, a sufficient chemical
etch selectivity against a structured etch mask has to be given. This selectivity is of vital
importance in order to transfer the structure of the etch mask into the substrate material.
Often photoresists can offer enough selectivity for chemical etching of shallow sub- µm deep
structures, but for more aggressive and powerful etches, hard masks have to be employed.
Common hard mask materials are for example SiO2 or metals like Cr or Al.
Reactive Ion Etching (RIE) on the other hand, is an example of dry chemical etches
and relies on ionized gases, which are capable to perform similar redox reactions with the
sample as are performed by wet etching. In addition to the chemical etch, the radical ions
can be influenced by electromagnetic fields, yielding a physical contribution to the etch.
Consequently, a broad variety of different etch geometries can be achieved by dry chemical
etching processes. Most prominently, an additional anisotropic etch component can be added
to the ions, which will be discussed in more detail in the following paragraphs.
Reactive Ion Etching relies on the creation of ionized gasses, commonly called plasma.
In order to understand a complete etching process, a closer look into the composition of a
plasma is taken and how it is created.
An atom is considered ionized, if an electron of the atom’s outer electron shell is removed
far enough from the core, so that it is not influenced by the potential field of the core
anymore. A defined amount of energy Eion is necessary to achieve this, which depends on
the atom number and electronic shell structure [103]. This energy can by supplied to the
electron in various ways, here the discussion will be confined to low temperature plasma
sources. The most commonly used plasma source for micro- and nanofabrication are low
temperature plasma sources, utilizing high frequency (RF) electromagnetic fields in order
to create a stable plasma. The created electron and ion pair are naturally subject to and
accelerated by the alternating electromagnetic field. Due to the immense mass difference
however, only the electrons can effectively travel within the RF field. By colliding with
other neutral atoms the electrons can generate an electron/ion pair on their own. This
cascade process creates an avalanche reaction and is crucial for maintaining and stabilizing
a plasma. Consequently, it is of vital importance for the electrons to gain enough energy
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during their acceleration phase, in order to overcome the ionization energy Eion of the next
atom during the collision. Clearly, the pressure of a plasma chamber must be low enough to
provide a sufficient mean free path for the electrons to be accelerated.
Depending on the geometry of the plasma chamber and its electric components, the
created fields can have different effects on the ionized species. Here a Oxford Plasmalab
100 will be described, which was used for Reactive Ion Etching throughout this work. The
Plasmalab 100 is equipped with two distinct plasma generators, a capacitively coupled RF
generator and an additional inductive coupled (ICP) component.
The RF component is composed of a central, round electrode, onto which the sample is
placed. This sample electrode is connected via blocking capacitors to the RF generator. The
counterpart electrode of this system is the chamber wall, radially surrounding the sample
electrode, which yields a homogeneous electric field distribution close to the electrode surface
as depicted in Figure 3.2a). The ions in the plasma will follow the electric field as it oscillates
with a directed, anisotropic movement close to the central electrode.
The ICP component is generated by a conductive coil, which completely wraps around
the chamber, see Figure 3.2b). The ICP adds additional means to control the properties of
the plasma, particularly very high radical densities can be generated in the chamber. Since
the moving ions in the plasma will be accelerated by the magnetic field via Lorentz forces,
a more isotropic etch mechanism can be achieved by the spiraling ions close to the sample
surface.
To achieve a high coupling efficiency of the RF generator to the plasma, the central sample
electrode is mounted movable in the chamber and an impedance matching circuit is used for
both the RF and ICP component [104]. This impedance matching circuit mainly consist of
capacitors, which can be added to the generator circuit.
If the plasma is stable, a constant self-bias of the RIE machine is established. This bias is
the result of the difference of the mobility between the ions and electrons in the plasma. In
average, the plasma is quasi neutral, meaning the number of ions and electrons is assumed
to be equal ni = ne . However, close to the chamber walls the much larger mean free path of
the electrons enables them to reach the electrode surface. This local imbalance in ion density
results in the so called dark sheath, a region close to the electrodes, where no glowing plasma
can be found. The escaping electrons cause a charging of the electrodes and consequently
lead to a negative bias on the central electrode. Thereby the bias is directly related to the
number of created electron/ion pairs in the stabilized plasma and can be used as control
parameter for a plasma with identical process parameters, which is vital for reproducible
processing. It is to be noted, that the etched substrate can in large extend affect the bias
of the plasma, e.g. a thick isolating glass wafer will permit less free electrons to reach the
central electrode, compared with a doped Si wafer.
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a)

b)

RF Plasma

ICP Plasma

F IGURE 3.2: Schematic drawing of the RF- and ICP-field generation in a Oxford Plasmalab 100. a)
The RF field is generated by a RF source connected to the central electrode and chamber sidewalls.
The resulting electric field lines (red) generate a parallel oscillation electric field close to the central
electrode. This parallel electric field will accelerate ions anisotropically along the field lines. b)
The ICP component of the plasma is generated by a big coil, which surrounds the whole plasma
chamber. The resulting magnetic field lines (green) also exhibit a parallel orientation at the central
electrode, however will yield a more isotropic etch, since moving ions are subject to Lorentzian
forces.

The potential of the substrate electrode attracts the positively charged ions of the plasma,
leading to a bombardment of the substrate, which results in an anisotropic etching component. Other important process parameters are the gas flow through the plasma chamber, i.e.
the availability of reaction gases in the continuous plasma, and the substrate temperature.
An etch process can be divided into several steps [105].
1. The transport of ions close to the sample surface.
2. Interaction of the ions with the surface by physi-/chemisorption.
3. Chemical reaction (if no noble gasses are used).
4. Desorption of reaction products.
5. Diffusive transport away from the sample surface.
The etch rate of a RIE process is the result of all the aforementioned process steps and
will be ultimately limited by the lowest rate of any process. Process parameters are often
interrelated and a change in process conditions will affect multiple steps in this sequence
in different ways. Using the example of an oxygen plasma, the fundamental processes and
parameters during a RIE using a Oxford Plasmalab 100 will be discussed in the following
paragraphs.
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Prior to the process, the process chamber is pumped down to the process pressure and
a constant flow of reactant oxygen gas into the chamber is initiated. Naturally, a higher
gas flow will increase the number of available ions which can contribute to the etching
process. The substrate is cooled/heated to a defined temperature using the central electrode
as heatsink. The electrode cooling is realized using embedded liquid nitrogen lines. A good
heat transfer to the substrate is provided by a helium (He) air cushion, injected into the gap
between the electrode and substrate. Since the He can also leak into the process chamber,
a minimal necessary pressure of He is desired, which still adequately cools the substrate
homogeneously.
With these presets, the plasma is ignited using defined RF and ICP components. If the
plasma is stabilized, the resulting self bias UDC can be used as indicator for the etch process
properties. Since the etch characteristic of a RIE process is highly sensitive regarding changes
of the process parameters, here some general remarks are given:
• An increased temperature will generally increase the chemical reactivity of substrate/ions and increase the etch rate. At the same time, a higher temperature can
reduce the etch selectivity for resist etch masks, since the reactivity of both mask and
substrate is independently increased. A higher chemical component will inevitably affect the an-/isotropic properties of the etch. Generally, a high temperature is beneficial
for the diffusive removal of reaction products away from the surface. This is particularly beneficial for nanostructures with small openings, which exhibit a low diffusive
removal of etch products, commonly referred to as “RIE lag”.
• An increased pressure will reduce the free mean path of gas atoms in the process
chamber, making the process harder to ignite and reducing the possible physical energy
of ions, which will lead to more isotropic etches. Higher pressures can increase the
availability of ions in the plasma for sufficient flow rates, but at the same time will
impede the transport of reaction products away from the surface. If the pressure is
too high on the other hand, the ion cascade reaction cannot take place and the plasma
will not ignite.
• An increased flow rate will increase the number of available ions in the chamber,
increasing the etch rate. A too low rate can hinder the avalanching plasma formation
and destabilize the plasma.
• An increased generator power will increase the generation of ions in the plasma and
therefore the etch rate. The ratio of ICP/RF power will predominately define the
etch profile. A high ICP/RF will lead to rather isotropical etch profiles, while a pure
RF plasma will etch very anisotropically. An increase RF generator power will lead
to an increase of the self-bias, since the number of ions is increased. The ICP power
however will decrease the self-bias, since the spiral motion induced by the ICP reduces
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the possible effective travel distance of the ions and therefore the number of electrons
reaching the electrode before colliding with other atoms. Similarly, a ICP generator
cannot easily ignite a plasma, and high ICP/RF ratio plasmas are hard to maintain.
Since the plasma process and its parameters are highly interconnected, it is of vital importance to perform a conditioning plasma prior to the process. In the conditioning plasma, a
dummy sample of similar chemical composition is etched, to generate saturated and stabilized parameters in the RIE chamber. Conditioning should usually be carried out for long
times (20 min), independent on the subsequent processing time. The established self-bias of
the conditioning plasma is also an excellent indication for the quality of the plasma and can
be used as benchmark before the real sample process.
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The structures created for the experimental part of this thesis span over several orders of
magnitude and are composed of several different materials. Consequently, various different
characterization techniques have to be employed, to gain insight into the respective properties. A short introduction to the most commonly used techniques is be given in the following
chapters.

3.3.1 ATOMIC F ORCE M ICROSCOPY
Atomic Force microscopy (AFM) is a reliable tool for characterizing surface topographies
with sub- nm height resolution. AFM was first realized by combining a scanning tunneling
microscope (STM) and a profilometer by Binning et al. [106]. The major advantage of an
AFM over an STM is given by its ability to profile both insulators and conductors. The AFM
can be driven in different measurement modes, e.g. Contact Mode or Tapping Mode. While
Contact Mode offers the best height resolution, the contact of tip and surface can damage
or alter both structures. Tapping Mode offers a good height resolution while keeping the
surface/tip intact. For that, a nano-machined silicon tip is forced to oscillate close to its
resonance frequency. This oscillation frequency is monitored using a laser reflection setup,
while the tip or cantilever is probing the surface. If the cantilever is in close proximity of the
surface, the atom potentials between the tip and surface lead to a change in the cantilever
oscillation amplitude. An electronic feedback controls the cantilever position, to keep the
oscillation amplitude constant during scanning. In addition to the height information, the
interaction of the atomic forces of tip and surface lead to a change in the forced frequency
of the cantilever. Any change in oscillation phase can therefore by correlated to a spring
constant or local stiffness of the surface.
The downside of an AFM measurement is that the x-y resolution of the scanning is
ultimately limited by the shape of the tip of the cantilever. AFM tips are machined to exhibit
≤ 7 nm radius of curvature with very steep profiles (15◦ − 20◦ ), but the tip sidewall profile is
the theoretical limiting x-y-resolution [107]. More limitations in experimental conditions are
given by particles which can be picked up by the tip, causing artifacts and tip degradation in
general. Here a Bruker Nanoscope V Multimode AFM setup has been used, to characterize
the surfaces roughness and profiles of the substrates. If not stated otherwise RTESPA-300
cantilevers were used, purchased from Bruker (Bruker Nano Inc, Camarillo, USA).
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3.3.2 S CANNING E LECTRON M ICROSCOPY
An alternative surface characterization is offered by an Scanning Electron Microscope
(SEM). As discussed in chapter 3.1, the resolution of a magnification technique is primarily
limited by the used wavelength of the investigation beam. By using accelerated electron
beams as imaging de-Broglie wave, SEMs offer the ability to image structures ≤ 10 nm. A
detailed description of various SEM techniques and features can be found in [108]. In short,
a primary beam of electrons is accelerated using high voltages (1 − 20 keV) towards the
target, scanning its surface. The focused electron beam hits the substrate and is scattered
elastically and inelastically by the substrate atoms. The scattering process leads to a drop
shaped interaction volume within the specimen. In this volume, inelastic electron collisions
lead to the generation of secondary electrons, back scattered electrons, Auger electrons of discrete energies, X-rays and a continuous X-ray background spectrum. Each of the mentioned
collision products can be captured and analyzed. For surface imaging, mostly secondary
electrons and backscattered electrons are detected. Secondary electrons are originating from
the atoms outer electron shells and usually have low kinetic energies and consequently originate from the first few nm of the specimen. Back scattered electrons (BSE) are originating
from scattering process of the primary electron beam with the atom cores, and therefore
carry much material information, which can result in strong contrasts in the final image. As
the scattering process requires more energy, BSE usually originate from deeper layers of the
material than SE.
Here a Zeiss Gemini 1550 system was used, employing the inlens detector. This detector is
positioned within the focusing apparatus of the beam column and detects secondary electrons
and BSE, which are traveling in opposite direction of the primary beam. The electrons are
recorded using a scintillator and photomultiplier for each spot of the scanned surface and
transferred into a black and white image which can be displayed and stored. For imaging any
surface by SEM, the sample has to exhibit some conducting property to allow for electric
grounding, since otherwise the scattered electrons would extensively charge the surface.
This charging would lead to a bleaching effect and prohibit the acquisition of high-resolution
pictures. For insulating samples, a thin layer of metal (e.g. Ir, Au) is deposited to enable
high magnification recordings.
In order to image a high-resolution cross section of a sample, a Focused Ion Beam (FIB)
cut can be done. A FIB utilizes high energy ions (e.g. Ga+ ) to physically sputter away
substrate material in specific spots on the sample. To protect and stabilize fragile nanoscale
objects, prior to the aggressive sputtering process a layer of Pt is deposited, which embeds
the structure. The aggressive milling process is performed with high ion currents, and
leaves a trench in the substrate, which can be monitored under a non-perpendicular angle
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of incidence. To enable a high resolution characterization of the cut, an additional polishing
step with low ion currents is done. This step smoothens the milled edge and removes artifacts
at the structure borders, where collision induced atom migration might smear the borders’
contrast.

3.3.3 UV- VIS S PECTROSCOPY
In chemical analysis, UV-vis spectroscopy enables the qualitative and quantitative determination of absorbing analytes. For this, a light beam is directed through the specimen and
the transmitted light intensity is compared with a reference sample without the analyte for
different wavelengths. Thereby the transmitted light of sample and reference can be reduced
by reflection, scattering and pure molecular absorption. Assuming an equal reflection of
the specimen and reference sample, reflective losses and measurement artifacts due to the
optical setup can be canceled out of the measurement. For most chemical applications, the
scattering term can also be dropped, leaving the characteristic absorption of the analyte.
The resulting spectra consequently portraits the capability of the analyte to absorb light
and enables the derivation of various properties. In a typical application, for an analyte of
known absorption coefficients, the concentration can be extracted by measuring the absolute
absorption of the solution, as described by Equation 2.4.
However, for solid samples or dispersions of nano-particles the influence of scattering
cannot be neglected throughout. As discussed in chapter 2.4.2 the attenuation cross-section
is used to describe the absorption and scattering effects. The measured wavelength dependent
reduction in light intensity is commonly referred to as extinction spectrum accordingly [109].
An absorption spectrum can theoretically be recorded both in transmission and reflection geometry, whereas most commonly a transmission geometry is used. For transmission
geometries, wavelength resolved measurements are usually achieved by an optical beamline
including a prism or grating. Thereby the wavelength selection can be achieved both prior
and after the sample transit, the intensity measurement is then usually carried out using a
single photo diode or a diode array. If not stated otherwise, a high precision Lambda 900
Spectrometer (Perkin Elmer, Waltham, USA) was employed. For specific applications, a
mobile, hand held CCS200 spectrometer (Thorlabs, Newton, USA) was deployed.
It is to be noted, that UV-vis spectrometers usually only measure relative light intensities
and cannot give precise information about spectral irradiances. Here, a mobile powermeter
PM100D by Thorlabs was employed to measure the absolute irradiances of a known spectra
to gain information about the energies of the optical setups employed in the experiments.
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3.4 C ROSSBAR P RINTING
With the goal to measure the electric properties of photochromic molecules, a suitable
setup has to be employed. Here, a layer of molecular switches is contacted using transfer
printed crossbar junctions, allowing for a direct electric measurement in a probe setup.

3.4.1 E LECTRODE L AYOUTS
The crossbar (CB) structures, designated for the electrical characterization of molecular
species, are fabricated by a microcontact printing technique, called Soft Contact Lamination
(SCL) [18]. Thereby metal leads on a solid substrate serve as Bottom Electrode (BE), onto
which the molecular layer is assembled. Subsequently the metal-molecule stack is contacted
by metal wires in a CB pattern using a flexible polymer stamp, called the Top Electrode (TE).
The metal leads of the TE generate a sandwich structure of a direct metal-molecule-metal
(M 3 ) junction, with a junction area equal to the multiplied widths of the electrode wires.
The metal wire structures on the TE are created by a template stripping process, transferring
pre-structured metal wires onto a PolyOlefin Plastomer (POP) stamp. A removal of the POP
stamp after the printing process off the junction is not easily possible without impeding or
destroying the junction, therefore the polymer is kept on the BE, laminating the crossbar
area. Both BE and TE electrodes are fabricated in separate processes, specifics of these
process will be discussed in more detail in the next chapter.
The layout of the electrodes is depicted in Figure 3.3a). The central crossbar area, where
the bottom and top electrodes meet, is formed by 10 × 10 perpendicularly arranged wires,
which either have an identical width w between 1 µm and 10 µm or in a particular structure
are a combination of 5 different widths (see full wafer layout in chapter A.1.1). The pitch
of the electrodes (10 µm + w) is chosen larger than technically necessary to reduce crosstalk
and to facilitate the fabrication procedure.
Following the horizontal BE wires in Figure 3.3a) (blue) away from the central CB region,
their width successively increases, reducing the ohmic resistance of the wires and ending in
large contact pads (250 × 250 µm2 ) which can be contacted using probe needles.
The TE wires (red) on the other hand widen just a bit before ending in smaller contact
pads (30 × 30 µm2 ), where they meet identical contact pads on the BE layout. In this spot
the electric contact is transferred from the polymer TE stamp towards the solid BE, where
widening feedlines enable an electric contact using probe needles on the solid substrate,
similar to the contacts of the BE. The smaller footprint of the TE wires on the polymer
stamps facilitates the stripping process from the fabrication substrate, since less connected
metal has to be transferred for a functional substrate.
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F IGURE 3.3: a) Crossbar chip layout in an overlay of a Bottom- (blue) and Top-Electrode (red)
with zoomed central CB region in the inset. The 10 electrode wires in the central CB region
have a distance of 10 µm to each other, spanning an overall distance of approx. 700 µm before
widening in order to reduce ohmic resistance. Several orientation markers on the chip indicate the
wires’ orientation and facilitate the electric readout. b) Schematic representation of the Fineplacer
printing mechanism. A beam splitting optic enables a simultaneous monitoring of the BE substrate
(blue) and TE stamp (red) and manual alignment using a x-y-z table and a rotating vacuum
tweezer. The calibrated mechanism is then used to bring the two focal planes of the beamline into
close proximity and contact.

The overall size of the BE chip is approx. 1.2 × 1.2 cm2 , compliant with common commercially available chip carrier layouts. To facilitate sample identification, each chip is labeled
with the used wire sizes and an orientation arrow. Each of the 40 possible contact pads are
numbered, to additionally simplify the electric readout.

3.4.2 P RINTING P ROCESS
Since BE and TE are fabricated separately, the electrodes have to be aligned during the
printing process in a very precise manner in order to create well defined CB junctions. Here
a Fineplacer (Finetech, Berlin, GER) is used to combine the electrodes, with an approximate precision of approx. 5 µm. To achieve this, the Fineplacer uses beam-splitting optics,
enabling a simultaneous monitoring of the substrate table and a vacuum tweezer, which
is attached to a handle mechanism as depicted in Figure 3.3b). By optically aligning the
structures of the electrodes using micro adjustable screws in x-y-z direction for the substrate
table and an additional rotation adjustment screw of the vacuum tweezer, a perfect overlay
of contacts of the BE on the substrate table and TE, attached to the vacuum tweezer is
achieved. To enable a soft and controlled deposition of the TE onto the BE, the focus of the
optics has to be precisely set to the surfaces of the electrodes (focus plane 1 and 2 in Figure
3.3b). The calibrated handle mechanism then brings the vacuum tweezer and substrate into
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close proximity. A fine excenter handle is then used to contact the BE substrate and TE
stamp by a parallel contact of the previously set focal planes. During the deposition process,
the applied pressure is monitored using a scale embedded in the substrate table.
Improvement of Crossbar Printing Process
The yield of micro contact printed large area junctions is today still very low, with the most
common issue being shorted M 3 junctions after printing. Thereby the deposition process
is likely to be the most crucial, fault-prone part of the CB assembly. Understandably, the
printing pressure is kept as low as possible, trying to avoid a direct metal-metal contact
during deposition.
As general improvement for microcontact printed junctions, an embedding of the electrode
wires is proposed. The embedding removes any topographies or ridges on the BE substrate,
and thereby prevents locally increased pressures at the structure edges during the printing
process.
Furthermore, the CB assembly was done in a two-step process, aiming to increase the
successful junction yield after printing. The fineplacer was used to align the BE and TE
substrates and to initiate the deposition process. A homogeneous, conformal contact between
stamp and substrate can be identified visually by a darker shade in microscope pictures [18].
In regions without contact, a small air-gap leads to a brighter color, due to reflections between
the polymer stamp and substrate, with interference colors closer to the conformal contact
points. The regions of conformal contacts fix the stamp position with respect to the substrate
and are desirably far from the CB junction area after the printing process. The conformal
contact in the CB area is then achieved by a slow expansion of the contact areas. This can
be realized by carefully pressing the elastic polymer stamp onto the substrate in the vicinity
of the contacted areas using bent probe needles under a low angle. The position of the
probe needle can be carefully tuned in µm steps, while the resulting pressure of the stamp
is mediated by the soft polymer material. This leads to a slow and controllable expansion
of the conformal contact area. Naturally for a soft and careful deposition process, a clean
and flat polymer stamp is imperative.
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Driven by capillary forces, particles of identical diameter will form closed packed monolayers, assuming agglomeration is avoided by sufficiently high surface charge on the particles.
The resulting structure is a hexagonal closed packed (hcp) lattice of particles with lattice
constant l = d, see Figure 3.4a). In most applications, the particles consist of polymer
(polymethylmethacrylate, polystyrene (PS) etc.), which makes them easy to synthesize with
defined diameters and adjustable chemical surface modifications. Possible particle dimensions range from several nm to mm, where most application is found in the sub- µm range
due to its appealingly easy nanoscale fabrication possibilities. Furthermore, the polymeric
body offers direct and facile processing routes by employing dry chemical etching in order
to reduce the beads’ size while keeping their respective distances. The process of particle
etching is depicted in Figure 3.4b).
The surface fraction fA of PS beads monolayer during the diameter reduction can easily
be calculated using
π d2
fA = √ 2
2 3l

(3.1)

with the bead diameter d and lattice constant or original bead diameter l. Assuming an
isotropic etching process, the bead diameter is reduced radially and therefore the volume
fraction of the PS bead on the surface is given by
π d2
fV = √ 2 .
3 3l
The reduced particle diameter can be used for a shadow evaporation of metals and a
subsequent Lift-Off (LO) step. This results in a holey metal film, where the holes are the
reproduction of the sphere’s shadow mask after etching, as depicted in Figure 3.4c). The
holey metal film thereby always exhibits a hexagonal lattice order with a lattice constant
l, which highly limits the geometries realizable by colloidal lithography. By varying the
evaporation angle, additional geometrical shapes can be generated from etched and unetched
particles, like lines and circles [110–112]. A reverse metal structure can be achieved by
depositing the colloidal monolayer on a metal film and using the polymer in an anisotropic
etch step to transfer the circular shapes into the metal underlayer.
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a)
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c)
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F IGURE 3.4: Schematic representations of a well ordered particle patch during colloidal lithography.
a)
√ Hexagonal lattice of particles (blue) with diameter/lattice constant l and inter-lattice distance
3/2 l. The red triangle can be used as unit cell to evaluate the surface and volume fraction
occupied by the particles. b) After etching, the particles exhibit the same lattice order, but with
reduced diameters d. The smaller particles can then be used as shadow masks for metal evaporation
and lift-off to create a holey metal film (yellow) depicted in c). Thereby the lattice constant of the
metal film is given by the original particle diameter l.

For the experimental part of this thesis, nano-perforated wires of µm-dimensions were
used. To realize a high throughput in the fabrication of these holey electrodes, Colloidal
Lithography (CL) is employed for nanostructuring the electrode. For an optimal optical
and electric performance of the wires, it is of vital importance to create large and uniformly
ordered lattices of a single layer of particles. Any double and multilayer formation has to be
prevented, since the additional, stacked particles will lead to disconnected wires after metal
deposition in the final structures. Naturally, a large ordered lattice is required to support a
Surface Plasmon Polariton (SPP) excitation and to characterize the influence of the SPP on
photochromic switches.
In order to achieve adequate qualities for the particle monolayer, two techniques have
been implemented and improved, namely a Funnel ASsisted interfacial Assembly (FASA)
and a Spin coating Assisted Direct Evaporation (SADE).

3.5.1 S PIN C OATING A SSISTED D IRECT E VAPORATION
Firstly, a Spin coating Assisted Direct Evaporation (SADE) technique was tested, described by Toma et al. [113, 114]. In short, the process relies on the controlled direct
evaporation of a particle solution on a hydrophilized substrate. Thereby the particles are
dispersed in ethanol solution to provide a homogeneous spreading of the solution on the
substrate. However, the process conditions have to be matched precisely to the substrate
properties and particle solution for realizing large areas of ordered monolayers.
Particle dispersions of 520 nm and 720 nm colloids with high carboxyl surface functionalization have been purchased. In a first preparation step, 75% of the water solvent was
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exchanged by an ethanol solution with added 0.2% Triton X-100 surfactant. For this purpose, the particle solution was first thoroughly mixed to ensure a homogeneous concentration,
subsequently centrifuged shortly. The supernatant was removed and the ethanol solution was
added. Since ethanol has a lower surface tension and cannot stabilize colloidal polymer particles for long times, the following centrifugation step was kept as short as possible to avoid
agglomeration, while still separating the particles and the bulk solution into two phases.
By removing parts of the solvent, the precise concentration of the dispersion is adjusted.
The flocculated particles are then redispersed with the ethanol solution and mixed. Details
about centrifugation speed and particle concentration can be found in chapter A.2.3. The
substrate preparation was done by a standard cleaning and plasma activation procedure (see
chapters A.2.1 and A.2.2), which was employed throughout this thesis.
The cleaned and activated surfaces exhibit a high surface charge and low surface energy,
enabling an easy spreading of polar solution. The dispersion is then deposited onto freshly
activated substrates where an immediate spreading distributes the solution over the sample
surface. The amount of dispersion is chosen to provide enough self-spreading to cover approx.
90% of the substrate, given approx. 8 µl for 1 × 1 cm2 samples or approx. 200 µl for 4
inch wafers. To remove excessive particle solution, especially at the sample edges, a short
spin-coating was done. During this 1400rpm spin coating, excess solution is removed from
the substrate, while the thin film on the surface is kept mostly unaffected. During the
subsequent drying the solution slowly evaporates, while the repelling charges of the particles
prevent agglomeration. As soon as the solvent film is getting thinner than the diameter of
the particles, the ordering process caused by capillary forces initiates (see chapter 2.5.2).
Thereby the ordering into a hcp lattice is naturally only possible if the particles exhibit
enough mobility during the drying process. Therefore, particles with sufficiently high surface
charge and a fresh surface activation have to be used, which results in a repelling electrostatic
force and prohibits an early settling of the particles on the substrate. The possible distance,
a particle can travel to find its energetically optimal lattice position is mainly determined by
the time the residual thin film of solution takes to evaporate. To lengthen this time span,
the drying process is carried out in a saturated ethanol atmosphere within the spin-coater.
However, the quality of the created lattice is generally limited since there can be many
growth seeds on the surface, like dust particles or local roughnesses of the substrate. Each
of these spots can form evaporation centers, around which the particle lattice is formed.
These lattice patches or grains can exhibit a single lattice orientation but change to other
lattice orientations abruptly at distinct grain boundaries. Therefore, the maximum size of
the single lattice grains is always limited and surrounded by grain boundaries on the sample.
The realization of monolayers with smaller particle diameters is increasingly difficult, since
the required increased centrifugal speeds to sediment the particles can lead to agglomeration.
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Additionally, the time frame of the layer formation for smaller diameter particles is shortened,
as the attractive capillary forces only act after the solution film is thinner than the diameter.
This naturally reduces the achievable degree and quality of lattice ordering. Consequently,
other techniques for monolayer formation have to be employed for small (≤ 500 nm) particle
sizes.

3.5.2 F UNNEL A SSISTED I NTERFACIAL A SSEMBLY
Secondly, a Funnel ASsisted interfacial Assembly (FASA) technique was explored, as
described by Weekes et al. [115] and modified by Vogel et al [37, 116]. The idea of this
technique is to trap polymer particles in the interface of water and air, where they can form
well organized layers, free from gravitational settling. The patches of single grain particles are
energetically trapped in the interface and can subsequently be picked up by a pre-immersed
substrate under a slight angle. The drawback of this technique, is the often imperfect
coverage of the substrate with a sparse distribution of individual floats of particles. This
can theoretically be avoided by using a Langmuir-Blodgett trough, compressing the particle
floats to a compact film. Here a simple setup is proposed to combine the convenience and
simplicity of the interfacial assembly with the enhanced quality of a sophisticated LangmuirBlodgett trough.
The setup is composed of a polyethylene (PE) funnel within a glass beaker, with a sample
stage in the funnel center as depicted in Figure 3.5. The beaker is filled with pure MilliQ
water and a hydrophilized sample is immersed onto the sample stage within the funnel. A
hydrophilized glass slide is inserted under approx. 35◦ into the water within the funnel
surroundings.
Particles dispersions of 380 nm beads (10% solids) with low surface functionalization are
diluted by MilliQ and ethanol with added 0.02% Triton-X 100, to provide a good contact on
a hydrophilic substrate. Thereby a ratio of 1:1:2 of dispersion:MilliQ:ethanol is chosen, typically with an overall volume of 400 µl. Small droplets of the resulting dispersion are deposited
onto the hydrophilized glass slide, where it spreads over the glass surface and approaches
the water-air boundary. Upon contact with the water phase, the ethanol content leads to
a rapid spreading of the dispersion along the water-air interface. This pulls the particles
into the interface, where they are energetically trapped. The small amount of surfactant
helps the transition from solution into the interface and supports a direct crystallization of a
monolayer [116]. A low surface charge of the particles is vital for this step, since a too high
charge of the particles would lead to a complete submersion in the polar water bath.
The monolayers in the interface can visibly be identified by a colorful shimmering effect,
as discussed in chapter 2.6 due to their photonic properties. More particle dispersion is
successively added until a shimmering effect is visible on the whole water surface and the
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F IGURE 3.5: Schematic representation of the compression phase during the Funnel ASsisted Self
Assembly Process (FASA). After depositing the particles in the water interface at the assembly
level within a PE funnel, the water level is reduced by pumping the water slowly out of the glass
beaker. With the reduced water level, the available water-air interface is reduced by the geometry
of the funnel. Since the PE funnel repels the particle monolayer, the floats are compressed to a
homogeneous, closed film. At a certain point after the interface is completely covered by particles,
the funnel is decorated by a layer of particles, indicating a limit in the compression force. The
closed film is then picked up by the pre-immersed target substrate under a slight angle, gently
depositing the particle monolayer.

spreading of the dispersion into the interface is dampened by the packed layer of particles
in the interface. If picked up in this condition, the particle layer would exhibit patches of
ordered particles, with unorganized particles in between the bigger patches.
However, by slowly removing the water from the glass beaker, the decreasing water level
in the beaker reduces the available water-air interface for the particle film. Additionally, the
high contact angle of the water on the PE funnel will lead to a local deformation of the waterair interface in close vicinity of the funnel. This deformation is energetically unfavorable for
the particles in the interface, leading to a repelling force away from the funnel. This repelling
force compresses the shimmering particle film continuously while the water level sinks. The
compression process can be visibly identified by a successive color change of the particle film
towards blue, which is caused by the reduced mean lattice constant of the particle film on a
macroscopic scale. At some point the repelling force is not strong enough anymore to hold
the particles away from the funnel and particles are deposited on its sidewalls.
Subsequently, upon further decrease of the water level, the pre-immersed substrate penetrates the water-air interface under a slight angle and picks up the particle layer. The slight
tilt allows for submerged particles to escape the space between the substrate and particle
film and prohibits disturbances in the particle lattice during the successive drying of the
sample. The drying is carried out under a slightly tilted angle to allow for a controlled,
directed evaporation of the water, avoiding a disruption of the tightly packed particle layer.
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3.6 M EASUREMENT S ETUP
3.6.1 O PTICAL C HARACTERIZATION
The optical characterization of the photochromic molecules on solid substrates is done
with a high precision Perkin Elmer Lambda 900 spectrometer. Thereby the samples are
positioned in the sample beam line, while a clean reference sample is positioned in the reference beamline, see Figure 3.6. Usually the solid samples are mounted perpendicular to the
beamlines in the sample compartment using the default sample holder. Thereby the samples
are cut to fit exactly into a 1.4 cm slit in the default cuvette holder, to ensure repeatable
measurements. For the optical characterization of photonic and plasmonic substrates, the
sample chamber is equipped with an additional rotation stage for the sample beamline, as
indicated in Figure 3.6. The rotation mount allows for angle dependent measurements of the
transmission in 2◦ increments. For angle dependent measurements, the reference beamline is
intentionally left empty since an exact angle reproduction of two manual angle stages cannot
be guaranteed.
The wavelength selected light is directed through the sample chamber, and the transmitted
light of each beamline is measured by a photomultiplier. The difference in transmission is
then giving the absorbance or extinction of the specimen compared to the reference sample.

Light
Source
Sample Chamber
Reference
Photomultiplier

Sample
Rotation
Stage

F IGURE 3.6: Sketched cross-section of the beamline of a typical high resolution spectro-photometer.
The wavelength selected light beam is split into a reference and sample beam line, which are
transmitted through the sample chamber and probing the placed specimen. Usually a 90◦ incident
angle is desired, here an additional rotation stage is added to the sample holder, which can be set
in 2◦ increments. After passing the sample chamber, the beamlines are directed onto the sensor
compartment, where an optical chopper allows for separate measurements the two respective beams.
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F IGURE 3.7: Optical spectra of the solar simulator without (black) and with the used filter sets.
The visible long pass filter set (red) exhibits a clear cut-off wavelength ≤ 440 nm, while the UV
bandpass (blue) only transmits light between 280 nm − 350 nm. The spectra are recoded using a
mobile Thorlabs CCS200 spectrometer, with enabled amplitude correction. While the amplitude
correction leads to a significant amount of noise amplification for low wavelengths (≤ 330 nm),
it accounts for the reduced sensitivity of the CCS200 sensor in the UV range and allows for a
qualitative comparison of the light intensities of the illumination spectra.

3.6.2 L IGHT S OURCE
The photochromic molecules employed in the experimental part of this thesis require
illuminations of both UV and visible wavelengths for the switching processes. To simplify
the switching and to avoid a change of light sources, both switching processes are done by a
single source. Here a Newport solar simulator, equipped with a 150 W Xe-lamp is employed
to generate both high intensity UV and visible light. The continuous spectra of the lamp is
depicted in Figure 3.7 (black curve), and enables the usage of the solar simulator for both the
opening and closing operation for the C5F-H-SAc molecules. Due to the high light intensity,
the beam is first passed through a neutral 0.3 optical density filter, before being reflected
via a UV-extended mirror through a wavelength selection filter assembly.
To match the necessary wavelengths for the diarylethene molecules, a 300 nm − 350 nm
UV bandpass and a 435 nm long pass filter set is employed. By hot-swapping the filters,
a quick and simple wavelength selection of the used light is enabled. The filtered light is
then focused into a liquid light guide, which can direct the light onto a target substrate or
sample. An implemented shutter mechanism in the liquid light guide assembly enables a
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F IGURE 3.8: a) Sketched crosssection of the chip illumination stage. The light guide is inserted via
a coupling connector, directing the light onto a 45◦ mirror, which illuminates the sample through
a 5 mm aperture in the substrate table. b) Photograph of the sample stage, used during an electric
measurement of the photochromic switches. The electric contact to the sample is provided by two
probe-needles, while the position of the needles and chip can be monitored via a microscope.

precise control over the illumination duration and thereby the exposure dose. The resulting
optical spectra emitted after the filter assembly from the light guide are depicted in Figure
3.7 red and blue for the visible and UV filters respectively.

3.6.3 E LECTRICAL C HARACTERIZATION
To allow for simultaneous optical switching during the electric measurements, a simple
chip stage is employed, as depicted in Figure 3.8. The stage is composed of a substrate table
with a central 5 mm hole, over which the chip can be positioned. This allows for a backside
illumination of the central CB region, if transparent chip substrates are used. To achieve a
low clearance height, a 45◦ UV-extended reflective mirror is positioned underneath the hole
in the table and a light input-port is attached parallel underneath the substrate table, see
Figure 3.8a). This enables the attachment of various light sources via fiber or light guide
connections.
For the electrical characterization experiments a Keithley SCS 4200 parameter analyzer
(Keithley Instruments, Cleveland, USA) is used, connected via triax cables to two probeheads in a PM5 probe station (Cascade Microtech). The probe-heads hold probe needles
and allow for an approx. 5 µm precise positioning of the needles and a direct contact of the
TE and BE wires on the fabricated chips. An image of the measurement setup is depicted
in Figure 3.8b), showing the sample stage and two probe needles under the monitoring
microscope.
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This chapter presents the achieved outcomes during the work of this thesis. Beginning
with the generation of nanoperforated metal films and their characterization, the developed
processes are implemented into common CMOS lithography techniques to produce nanoperforated crossbar structures. A thin film system of photochromic molecules is developed and
characterized regarding its surface topography and optical properties. The created nanoperforated metal films are investigated regarding their optical and plasmonic properties before
adding the molecular species to the holey electrodes. Finally, an electrical characterization
of the molecular thin film in the crossbar junctions is conducted.

4.1 H OLEY E LECTRODES

BY

C OLLOIDAL L ITHOGRAPHY

The following paragraphs will cover the development of the necessary processing steps to
realize crossbar junction with embedded, nano-perforated electrodes using a combination of
colloidal- and photolithography in a high throughput process in the Helmholtz Nano Facility
(HNF) [117]. For this, first the dry chemical etching of the colloidal monolayer using reactive
ion etching is described.

4.1.1 C HARACTERIZATION OF PARTICLE M ONOLAYERS
As described in chapter 3.5, monolayers of particles with different diameters were fabricated by a Spin Coating Assisted Direct Evaporation (SADE) and a Funnel ASsisted Self
Assembly (FASA) technique. Upon visible inspection, monolayers of all particle sizes resemble in a turbid white coloring of the sample, which exhibits a colorful shimmering effect,
when inspected under a certain angle.
By simple microscopic investigations, basic information about the ordering process can
be obtained. SADE samples can exhibit large variations in the macroscopic surface coverage
between various spots on the individual samples and in between different samples. Thereby
well-ordered and close packed monolayers of particles are often interrupted by vacancies
(≥ 10 µm2 ) in the particle film. These vacancies are the result of missing particles during the
formation of a closed packed layer. By an increase of particle concentration in the dispersion
the voids in the monolayer can be reduced, but not avoided throughout the fabrication, since
a double layer formation of particles, caused by a too high dispersion concentration, has to
be prevented outright. A double layer of particles would impede the later ability to employ
the particles for structuring, both during dry etching and metal depositions.
As the ordered monolayers are the result from direct evaporation, the covered areas are
very sensitive regarding surface roughness and dust-contamination. Each of these surface
inhomogeneities will be the center of an evaporation front, with grain boundaries between
the different evaporation centers.
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A typical particle monolayer created by FASA exhibits only very few clear grain boundaries, but rather many slightly different shaded regions, when investigated by an optical
microscope. These various shaded regions are very likely the result of the compression process, where many different individual floats with distinct lattice orientation are rearranging.
For individual floats, picked up before the compression process similar shaded tones were
obtained, with a sparse coverage of randomly distributed particles in between the shaded
floats. Since a low coverage with randomized particles should be avoided for realizing a high
yield of functional holey electrodes, the funnel assembly was preferred over a direct pickup of
uncompressed films. It is noted that no double layer formation was observed in the particle
film created by FASA, presumably because the required forces to stack the particles cannot
be provided by the PE funnel compression.
To enable proper high-resolution imaging of the particle films, scanning electron microscopy (SEM) was employed. For this, samples were coated with a thin stack of Ti/Au
(5/40 nm) prior to the imaging if not stated otherwise. An exemplary picture is depicted
in Figure 4.1a) for a lattice of 520 nm particles created by SADE assembly. The hexagonal packing of the particles is clearly detectable in this high magnification (sketched by red
arrows), with a good lattice homogeneity, only disturbed by small voids in the upper left
corner. The small contrasting specs on the particles (≤ 100 nm) are created by the metal
evaporation and resemble the grainy structure of gold.
The investigation of the particle pattern in SEM was facilitated by removing the particle layer after metal deposition, thereby circumventing contrast artifacts by charging effects
arising from the steep particle topography. By investigating the shadow mask created by the
monolayer, information like particle diameter and lattice constants can be extracted easily
using image analysis software, for example ImageJ (by Wayne Rasband, public domain license). The automatic software analysis thereby yields a high number of particle diameters
per image (≈ 100), which represents a good statistical overview of the sample. An exemplary picture of a created shadow mask is depicted in Figure 4.1b), where the triangular
metal structure created by the voids between the particles is clearly visible. The triangular pattern is interrupted by some connected lines of metal, where the particle monolayer
was compensating for single particle voids or diameter mismatches during the evaporation
process. The picture depicts a region of single grain lattice orientation, the connected line
shaped irregularities do not represent grain boundaries, where different lattice orientations
are converging.
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F IGURE 4.1: SEM micrographs of particle monolayer a) after metallization and b) after a subsequent particle removal. a) The 520 nm particles are covered in a thin layer of 5 nm/40 nm Ti/Au, to
allow for SEM imaging. The hcp lattice is well visible, the unit vectors are indicated by red arrows.
The particle edges exhibit a brighter color due to SEM charging artifacts. b) Shadow mask created by the particle monolayer. The triangular pattern created by the voids between the particles
enables a quick and precise determination of the particle diameter and mean lattice constant.

By reducing the magnification of the SEM images, larger areas of the sample can be
monitored and the large-scale ordering can be investigated. Thereby the high contrast image
of the shadow mask of the particles in lattice constant l can lead to Moiré-patterns, if the
scanning grid of the SEM exhibits pixels of similar distances. These Moiré pattern exhibit
parallel line structures, which are the result of the interaction of the fixed scanning grid
and the particle lattice orientation. For SADE samples (520 nm particles), a characteristic
example is given in 4.2a). The Moiré pattern of the individual particle lattice orientations
are clearly enclosed by the grain boundaries in the monolayer film.

a)

b)

50 µm

50 µm

F IGURE 4.2: Low magnification SEM image of shadow masks of particles created by a) SADE
and b) FASA assembly. The high contrast shadow masks thereby create Moiré patterns with the
scanning grid of the SEM, with parallel lines indicating single grain lattice orientation. The SADE
assembly of 520 nm particles in a) exhibits many regions of single grain orientation which abruptly
change at the grain boundaries. The FASA assembled lattice of 380 nm particles in b) does not
exhibit as many clear grain boundaries, but rather a continuous change in lattice orientation,
indicated by a slow change in the orientation of the Moiré pattern.
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For FASA samples on the other hand, a typical image is depicted in Figure 4.2b). No
clear grain boundaries can be found in this case. The created Moiré patterns consequently
also do not change abruptly, but exhibits a rather fluent transition.
In summary, both FASA and SADE monolayers exhibit particle monolayers with wellorganized lattice orientations. While for SADE samples the coverage is often diverse from
sample to sample and the grain size of the lattice is limited by grain boundaries, FASA
samples can both provide a higher surface coverage and more homogeneous lattice quality of
particle monolayers. Both techniques demand high control over the surface properties of the
particle functionalization and surface charges. While the spin-coating assembly process is
very fast, the preparation of the dispersion has to be optimized tediously and the dispersion
concentration often has to be adjusted from sample to sample to correct for too high/low
particle concentrations. The FASA process on the other hand requires more time for the
monolayer formation, but generates high quality monolayers in a repeatable and facile process. The prime requirement for a successful FASA assembly is the selection of particles
with low densities of charged functional surface groups (−COOH,−NH2 etc.). Successful
assemblies could be realized with surface density of ≤ 150Å2 per group for carboxylic functionalization. It is to be noted, that due to the low surface charges, the particle dispersion
batches are less stable and should be consumed quickly.

4.1.2 D RY C HEMICAL E TCHING OF PARTICLE M ONOLAYERS
To produce holey electrodes using the established particle monolayers, dry chemical etching with a subsequent metal evaporation was employed. The goal of dry chemical etching
of the PS particles is to reduce their diameter, while maintaining the lattice constant in
the particle lattice, resulting in holey electrodes. To facilitate the metal lift-off in the later
processing, an isotropic etching is preferred, since the resulting profile of the particles permit
higher metal layer thicknesses, as described in chapter 3.1.1. For the dry chemical etching,
an ordinary plasma furnace and a Reactive Ion Etching (RIE) solution were tested.
P LASMA F URNACE E TCHING Dry chemical etching in a plasma furnace is usually performed by low energy ions, which are diffusively delivered into the etching chamber. Thereby
a Faraday cage shields the electromagnetic field of the plasma source and leads to a relatively
isotropic etching process. Similar to a RIE process described in chapter 3.2 for a continuous
etch, a chemical reaction can only be maintained, if the pro- and educts are transported
to and away from the particle layer and removed from the chamber. To ensure sufficient
removal of the etch products, the particle etching was carried out at the lowest realizable
pressure at 0.16 mbar using oxygen gas. Resulting shadow masks of the particle films after
2 min, 4 min and 6 min of etching using 50 W generator power are depicted in Figure 4.3 a)71
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F IGURE 4.3: Compilation of plasma furnace dry chemical etching of 520 nm particles. a)-c) SEM
images of shadow masks created by a) 2 min, b) 4 min and c) 6 min respectively. During etching
the particle diameter is reduced, while retaining a lattice constant of 520 nm. d) Plot of the
extracted diameters depending on the etch time. A linear etch rate of 0.37 nm/ s is obtained. For
0 min etching, the lattice constant was used as diameter indication. The error bars represent the
standard deviation of automatically extracted particle diameters.

c). With increasing etching time, the diameter of the particles is reduced, while maintaining
the lattice constant. By analyzing the diameters of the shadow masks of different etch times
and on various spots on the samples, an etch rate of 0.37 nm/ s was extracted for 520 nm
particles, as depicted in Figure 4.3d). Generally, the etch rate of PS monolayers is highly
depend on the sample size and particle coverage and should only be compared for samples
of similar qualities.
Alongside to the diameter reduction, the particle shadows are still linked by thin bridging
connections. These bridging connections are the result of local heating of the polymer film
caused by the kinetic energy of the ions, which leads to locally melted contact points [118].
To reduce this effect, less generator power and intermediate cooling steps were examined during etching, however with limited success. Examples of melted particle films after etching
are depicted in Figure 4.4a), with clearly connected particles covered with metal. Ultimately
these bridges impede the circular shape of the particles during further etching, generating
hexagonally shaped holes in the metal film, as shown in Figure 4.4b). The hexagonal defor72
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F IGURE 4.4: SEM images of particle films being subject to influences of local melting. a) 30◦ tilted
image of a partly removed particle film with connecting bridges between the individual particles.
The particles were etched for 4 min with a clearly reduced particle diameter. The bridges lead to
disconnected triangular gold islands, similar to unetched particle shadow masks. b) Shadow mask
of 8 min etched particles, with hexagonally shaped hole geometries. The corners of the hexagons
thereby resemble the position of the previously melted particle connections.

mation of the holes is not found for particles with slightly higher distances from one another.
This indicates that a direct polymer contact during the initial plasma is required to create
the melted bridge structure. While non-circular shaped holes in metals can offer interesting prospects for polarization dependent local plasmonic excitation [119], any connections
between the particles in this fabrication step will result in disconnected metal areas in later
processing steps. This would prohibit the usage of these metal mask as electric conductors
or contacts. Additionally, the propagation of SPPs is frustrated, as the generated excitations
cannot easily travel along the disconnected metal surface.
R EACTIVE I ON E TCHING The etching of PS particle layers using reactive ion etching has
been used and described widely [15, 116, 120–122], here a Plasmalab 100 was utilized, as
described in chapter 3.2. A gas combination of oxygen (O2 ) and fluoroform (CHF3 ) was
chosen in a ratio of 40:10 sccm, details about the etching recipes can be found in chapter
A.2. The CHF3 gas is added as additional highly reactive compound to remove the carboxyl
functionalization of the particles in the beginning of the etching process and to help remove
possible carboxylations on the particle surface, potentially generated during the oxidation
process of the polymer material. The major advantage of a RIE solution is the capability to
cool the etched substrate during the process, which should reduce the effect of local melting
between the particles.
To realize an isotropic etch, a process of high IPC/RF power ratio of 50 W/10 W was
established and tested. Resulting particle films are depicted in Figure 4.5 a) and b) for 2 min
and 6 min etching respectively. While for the 2 min etched sample, small arms can be found
on some particles, there are no direct connections found between the colloids. The substrate
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F IGURE 4.5: High ICP/RF ratio RIE of particle monolayers. a)-c) SEM images of etched 520 nm
particle films. a) The particle film after 2 min of etching shows no clear lattice orientation anymore.
b) After 6 min etching, the individual particles also exhibit a slightly elliptical shape. The shadow
mask after excessive etching in c) exhibits no clear lattice orientation anymore and the individual
holes exhibit a elliptic shapes in diverse orientations. d) Sketch of the mechanism behind the lattice
destruction. The isotropic etching attacks the particles from all sides, leading to a thinning of the
contact point with the substrate. The unstable foot leads to a tumble over of the particles in a
random direction, which exposes the elliptical profile of the particle and leads to a lattice offset off
the center position.

temperature was set to 0◦ C, well below the melting and glass transition temperature of the
PS beads, but the local melting could not be avoided outright. Tests at −20◦ C gave similar
results with no noticeable reduction in the bridging phenomena, so 0◦ C was chosen for all
further etching processes.
The etching process of high ICP/RF reduces the particle size for all samples, but also
diminishes the lattice order of the particle film to a great extent, see Figure 4.5a). Additionally, as depicted in Figure 4.5b) and particularly in the shadow mask in 4.5c), the particles
exhibit a slightly elliptical shape.
The disturbed lattice and elliptical shape are caused by the etching process, since the
relatively isotropic etching can also etch the particles close to their contact points with the
substrate, consequently weakening the stability of the contact. During the course of the
etching, particles can tumble over and thereby expose parts of their profile in the shadow
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F IGURE 4.6: Initial dry etching of 520 nm particles using RIE. a) Shadow mask of 4 min etched
particles, in single grain lattice orientation. The thin bridging metal voids in the close packed
lattice region are removed during further etching, as visible for 6 min etched samples in b). The
thin bridges do not have an influence on the shape of the later holes and the lattice constant of the
holey metal film.

mask [123]. Since a RIE is always a bit anisotropic, the profile of the particles is resembling an
elliptical lens profile with a clenched height axis, as depicted in Figure 4.5d). Consequently,
the ICP component of the etch process was removed, trying to avoid the lattice disturbance,
condoning a more anisotropic etch process.
The results of the pure RF RIE plasma etch for 520 nm particles is depicted in Figure
4.6. Thereby the RF power was reduced to 30 W for a more accurate process control of
the particle diameter. Although for shorter etching times, a local melting at the contact
point occurs (see in Figure 4.6a), a continuation of the etch eliminates the bridges and leads
to perfectly spherical holes in the metal film, as depicted in Figure 4.6b). Additionally,
the lattice constant of the particle films is maintained flawlessly with continued etching,
providing an optimal foundation for particle etches.
To enhance repeatability in the colloidal lithography process, the RIE was employed in
two identical etching steps with an intermediate evacuation step. The first etching step was
carried out for 1 min, removing any surface functionalization from the particles and subsequently pumping these reaction products out of the plasma chamber in a very high vacuum.
The subsequent plasma etching step should then exhibit more homogeneous properties, independent on sample coverage or particle functionalization. Thereby it is of critical importance
to effectively cool the sample in order to reduce melting effects. This in turn requires the
utilization of 4” wafers as assembly substrates, as the indirect cooling of a smaller sample
on top of an unavoidable carrier-wafer in the machine is not sufficiently provided.
With the established plasma etch conditions, samples of 380 nm, 520 nm and 720 nm particles were etched for different durations, resulting in functional holey electrodes as depicted
in Figure 4.7. The assembly on 4” wafers, particularly for SADE assembly, can exhibit large
inhomogeneities in the particle coverage, which does not allow for a reproducible determi75
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F IGURE 4.7: SEM images of shadow masks created by RIE of a)-c) 720 nm, d)-f) 520 nm, g)i) 380 nm particle monolayers. The created holey electrodes exhibit excellent regularity in hole
diameters and lattice constants. The extracted hole arrays exhibit diameters of a) 625(10) nm,
b) 523(10) nm, c) 310(10) nm with 722(10) nm lattice distance, d) 363(10) nm, e) 300(10) nm,
237(10) nm with 523(10) nm lattice distance and g) 303(10) nm, h) 250(10) nm, i) 186(10) nm with
378(10) nm lattice distance. The numbers in brackets represent the standard deviation of the fitted
normal distribution of extracted diameters and lattice constants, but at least 10 nm to account for
SEM resolution and particle polydispersity. Scale bar of 1 µm valid for a)-i).

nation of the etch rate. The employed etch durations for the depicted holey electrodes in
Figure 4.7 are 4 min, 6 min, 10 min in a)-c), 4 min, 5 min, 6 min for d)-f) and 3 min, 4 min,
5 min for g)-i) respectively.
Except for the hole pattern of the long etched 720 nm lattice in Figure 4.7 c), the shape
and lattice constant of all particles are kept remarkably well through the etching process.
For extremely long etching periods, the shape of all tested particles degrades and ultimately
becomes unstable, destroying the lattice ordering of the holey electrodes. This instability
was described before [116, 122], often for particle diameters of approximately half the original
size.
The superb quality of the holey electrodes also enables an easy determination of the lattice
constant and particle diameter using SEM pictures of clearly separated holes. These images
were analyzed with the free software ImageJ, using the particle detection function, extracting
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the area and position of the holes in converted black-white images. The determined distance
between the holes was used as reference for lattice constant of the holey electrodes in further
experiments.
In summary, two separate schemes for particle monolayer assemblies on solid substrates
were developed and tested. The established layers exhibit well-ordered lattices, where the
FASA assembled layers are likely of better lattice quality. The particles layers were then
etched using dry chemical plasma etching in both a plasma furnace and a RIE machine. High
quality holey electrodes of 380 nm, 520 nm and 720 nm lattices with various hole diameters
were produced by a pure RF RIE process.
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4.2 C HARACTERIZATION
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P HOTONIC C RYSTALS

The characterization of monolayers of polystyrene spheres regarding the lattice quality
and the diameter of the particles is inherently difficult. A non-destructive characterization
can be done by AFM or optical microscopy. While AFM is able to resolve the diameter and
short-range ordering of the particles very precisely, typical AFM images are limited to small
scan areas (≤ 50 × 50 µm2 ) and very time consuming. Optical microscopy can give a rough
idea about the macroscopic arrangement of the particles in the monolayer, but particularly
for small particles (≤ 500 nm) no clear differentiation between the particles is possible.
SEM, as employed for the characterization of particle monolayers so far, can offer both
the possibility to investigate the properties of individual particles as well as their long rage
lattice ordering. However, a conductive layer has to be deposited on top of the particle layer
to enable a proper imaging, which prohibits further processing possibilities.
As alternative for the SEM characterization, a facile non-destructive way of characterizing
colloidal monolayers using UV-vis spectroscopy is proposed and will be discussed along the
publication [124]. Thereby the photonic properties of the colloidal layer is employed to
monitor the photonic crystal modes excited by light irradiation. As discussed in chapter 2.6,
the closed packed lattice of dielectric spheres will lead to scattering, reflection, refraction
and interference effects when illuminated by light. The resulting optical modes are thereby
very sensitive regarding changes in lattice ordering or material composition, which makes
them an interesting subject of investigation.
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F IGURE 4.8: Extinction spectra of a PS PC on glass. a) A typical extinction spectrum of 520 nm
particles with a prominent main peak at ca. 630 nm. b) Extinction spectra of the prominent peak
of 380 nm (black), 520 nm (blue) and 720 nm (red) particle monolayers as plot of their reduced
wavelength λ/l. The extinctions are offset for better comparison.

78

4.2. C HAR .

OF

PARTICLE M ONOLAYERS

USING

R ADIATIVE L OSSES

IN

PC S

If measured in transmission geometry, the excited photonic crystal (PC) modes of the
particle monolayer will lead to a deficiency of transmitted light intensity causing an increase
in measured extinction. An exemplary spectrum of a 520 nm bead monolayer of glass is
depicted in Figure 4.8a). The sample spectrum exhibits a distinct peak at around 630 nm,
which seem to be composed of two sharper, superimposed peaks. At shorter wavelengths,
two additional smaller peaks are visible at around 500 nm, and a general and strong increase
in extinction for very low wavelengths. The increase in extinction for shorter wavelengths
can generally be explained by a more efficient Mie scattering of the nanoparticles [125], while
the peak structures are of more complex origin.
As proposed by Lopez-Garcia et al. [44], the experimentally observed peaks are caused
by four lowest energy photonic crystal modes, which are coupling to the dielectric substrate
via radiative losses. These radiative losses of the PC modes are also evident as minima
for reflectance measurements [44, 126]. Here they lead to a reduction of the zeroth order
transmission. The proposed mechanism can be substantiated by the investigation of particle
monolayers with different lattice constants or diameters. Figure 4.8b) illustrates the main
peak of the extinction spectra, with wavelengths λ, normalized by the underlying lattice
constant l of the layer (λ/l) for 380 nm, 520 nm and 720 nm particle films. The consistent
reduced peak position for the different samples indicate the losses of the photonic crystal
(PC) modes to be the cause of the extinction peaks.
As the radiative loss are the result of the coupling of the modes into the dielectric material
of the substrate, extinction spectra of 520 nm beads on different materials (glass and PDMS)
were recorded, as depicted in Figure 4.9a). PDMS exhibits a lower dielectric constant than
glass and PS, while being sufficiently transparent in the UV range to allow for full spectral
range recording. Comparing the peak position of the PDMS and glass samples, a slight shift
to higher wavelengths can be construed. Most strikingly however is the sharpening of the
main peak structure on glass into two distinct peak structures for the PDMS sample. As
discussed in chapter 2.6, a change in the dielectric constant highly influences the coupling
into the dielectric substrate (as sketched in Figure 4.9b), and the shape of the PC loss peaks
in the optical spectrum. This also suggests that the prominent main peak, observed for
colloidal monolayers on glass is indeed a superimposed double-peak structure.
Since the radiative loss and extinction peaks are the direct result of the PC modes created by the particle monolayer, the effect of crystallinity on the extinction spectrum was
investigated. For this, SADE assemblies using suboptimal parameters were realized, to receive sparse coverages of particle monolayers on the substrates. An exemplary extinction
spectrum is depicted in Figure 4.10a), black curve. While the overall spectral properties
are maintained, the height of the main peak is reduced drastically compared to well chosen
spin-coating conditions (blue). Simultaneously, a general decrease of wavelength indepen-
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F IGURE 4.9: a) Extinction plots for 520 nm particle monolayers of glass (black) and PDMS (red)
with a clear peak splitting of the main peak position at around 1.22λ/l for the PDMS substrate. b)
Schematic illustration of the radiative loss of PC modes of the particle monolayers with nPolystyrol
into the substrate material with nSubstrate . The radiative loss is thereby dependent on the dielectric properties of the materials and lattice constant of the PC.

dent extinction was observed for sparse coverages, as the number of scattering particles is
also reduced. If the peak height with respect to the background extinction is plotted against
the coverage of poorly fabricated PC samples, a clear dependency can be found, see Figure 4.10b). The coverage of the PC was thereby determined by the macroscopic coverage
of particles, extracted from microscopy images. With increasing PC coverage, the particle
monolayer is more likely to retain the photonic modes in the crystal, which can lead to the
observed radiative losses. Naturally a certain coverage of ordered particles is required to
enable the generation of PC modes, leading to an offset of the observed linear dependency.
For monolayers created by FASA, a slightly higher peak-height could often be observed (see
white triangle in Figure 4.11b), indicating a superior quality of the created particle lattices,
as evident for SEM investigations.
It is worth mentioning, that the detection of the extinction peaks can be done using a
hand held spectrometer, as described in chapter A.1.4. This enables a simple, non-destructive
on-spot characterization of particle monolayers with high accuracy.
Furthermore, the effect of plasma etching of the particle monolayer on the extinction
spectrum was investigated. Short plasma etching steps were employed and intermediate
optical spectra were recorded for particle monolayers on glass. Three spectra of a 520 nm
lattice are illustrated in Figure 4.11a). Two clear changes set in with increasing etch time.
Firstly, an increase in extinction is found, as it is expected by an increased Mie scattering
for smaller particles. Second and most strikingly however, there is an obvious shift in the
reduced peak positions to higher energies. The main peak structure also does not show a
double-peak structure for all samples, which indicates a loss of symmetry, which is required
for the generation of these PC modes in the particle lattice. Dry etching has been reported
to modify the photonic properties of particle monolayers [126–128], here a direct utilization
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F IGURE 4.10: a) Extinction spectra of good particle monolayers created by FASA (red) and
SADE (blue) compared to a poorly created SADE layer (black). Both the peak heights and overall
extinction are much lower in case of a bad PC coverage. b) Primary peak height plotted against
photonic crystal coverage. A direct linear dependency on the PC coverage is found, with an offset
of a required ≈ 10% coverage, necessary for an adequate generation of the PC modes.

of the wavelength position of the radiative loss peak as indicator for the particle diameter is
proposed. To gain further insight into the peak shifting phenomena, RIE and furnace etched
particle films of 380 nm, 520 nm and 720 nm were investigated regarding the position of the
radiative loss peak. To quantify the peak shift with respect to the particle diameter, SEM
images of the shadow masks created by the particle lattice were investigated. The extracted
diameters were then reduced by the underlying lattice constant and collected, see Figure
4.11b). The peak position was extracted from the extinction spectra using a single/double
Gaussian peak fit if a single/double peak was recognizable.
A compelling conformance for all collected samples is obtained, with a clear shift of the
peak position to higher energies for smaller particle diameters. For small particle diameters,
a linear relationship is observed (blue data points), with a nonlinear kink for higher particle
diameters (red data points).
The peak shift can be attributed to a reduction of the effective refractive index of the
particle layer during the etching process. As the particle diameter is reduced, the filling factor
of the PS particles is decreased simultaneously. This homogeneous reduction in PS volume
leads to a smaller effective refractive index neff , as described in chapter 2.6. Consequently,
induced by the reduction of the PS diameter, the optical path length neff · l of the PC modes
between the particles is shortened. As the energetic position of any PC is determined by
the dielectric properties, a change in the optical path length will result in a shift of the
radiative loss peak. Similar results have been reported for the position of the stop band in
3D photonic crystals [128]. The reduction in optical path length during the etching process
thereby similarly results in a shift of the peak position, like for a smaller lattice constant in
unetched particle films.
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F IGURE 4.11: a) Extinction spectra of 520 nm particle layers etched for 0 min, 2 min and 4 min in
a plasma furnace. A continuous increase in overall extinction efficiency and a distinct peak shift
to lower wavelengths can be found. b) Plot of the determined main peak position vs. the particle
diameter, both normalized by the underlying lattice constant l. With decreasing diameter during
plasma etching, the peak position is shifted to lower wavelengths. Thereby the triangles, circles and
squares represent the peaks of 720 nm, 520 nm and 380 nm particle lattices respectively. The red
color indicates an observed connection between the particles during the initial stages of the etch.
After disconnection (blue color), the peak shift exhibits a linear dependency on the particle size
for all lattice constants. The error bars represent the standard deviation determined by Gaussian
fits of the peak positions.

For a perfect isotropic etching process the effective refractive index is expected to follow
the decrease in diameter with an approximately linear region for big particle diameters, as
outlined in chapter A.1.5. The nonlinear kink for short etch times can be explained by
the polymer bridges between the particles, which have been discussed in chapter 4.1.1 in
more detail. In the beginning of the etching process, the polymer bridges ‘short-cut’ the
PC modes which are propagating between the particles. This leads to a smaller change in
optical path length for the PC modes, than the effective refractive index for a given diameter
reduction would predict. After the disconnection of the particles with longer etch times, the
peak position of the smaller particles follows a relatively linear peak shift, as predicted by a
reduction of the refractive index.
Additionally, for samples of 520 nm lattice constant, an angle dependent measurement was
done. The respective spectra are depicted in Figure 4.12. For that, the PC of the unetched
particle monolayer on glass in (a) and on PDMS (b) were investigated from 0◦ (green) up
to 45◦ (red) degrees, where 0◦ indicates a perpendicular angle of incidence. As the observed
peaks are the direct result of the photonic crystal modes, angle dependent measurements
can emulate a band structure investigation of the photonic crystal to some extent. For a
derivation of a proper photonic crystal band structure, defined light polarization has to be
used and single crystal grain orientation in the investigated spot ought to be present, which
both are not given here.
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F IGURE 4.12: Angle dependent measurements of various 520 nm lattice particle monolayers: a)
Unetched PC on glass, b) unetched PC on PDMS, c) 2 min etched PC on glass and d) 4 min etched
PC on glass from 0◦ (green) to 45◦ (red). All PC exhibit a clear angle dependence, with a very
pronounced red shift of the main peaks for the unetched samples.

Nevertheless, the main radiative loss peak is clearly shifted towards higher wavelengths
with increasing angle and the distinct double peaks for PDMS even hints towards a peak
splitting. After plasma etching the particle monolayer on glass for 2 min and 4 min in Figure
4.12c) and d), the angle dependence is clearly altered, with almost no peak shift observable
in Figure 4.12d). Theoretically, in a more elaborate experimental setup, the band structure
of the photonic crystals could be used to gain further insight into the effects of particle
etching, as proposed by Fujimura et al. [127].
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In summary, using UV-vis spectroscopy the radiative loss peaks of particle monolayers on
dielectric substrates were utilized to characterize both the layer quality and the particle size
in the colloidal film. Thereby the radiative loss peaks could be correlated to the PC modes
created by the particle lattice, and the effect of refractive index and angle was determined.
The proposed measurement scheme offers the possibility to characterize particle monolayers
on-spot and non-destructively with very high precision.
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4.3 C ROSSBAR FABRICATION
4.3.1 H OLEY B OTTOM E LECTRODES
With the goal to realize embedded nano-perforated microwires in a high yield and throughput process for the bottom electrodes, two distinct fabrication flows have been designed and
tested. Both approaches include an embedding of the electrode wires into the dielectric substrate. Thereby the embedding is proposed as improvement to microcontact printed large
area junctions, aiming to reduce the generation of direct metal-metal contacts during the
printing process.

“Bottom-Up”-Approach
The first fabrication flow relies on the idea, to first create the nano-perforated metal layer
and then - going up in scale - to add the larger microstructure, hence “bottom-up”. The
complete process flow is depicted in Figure 4.14, and details can be extracted from chapter
A.2.8. First, a double layer photoresist consisting of LOR3B and nLOF2020 (Microchem
Corp., Westborough, USA) was spin coated on clean, 4” UV grade fused silica wafers (Plan
Optik AG, Elsoff, GER). The resist was then exposed by an Süss MA6 (Süss Microtech AG,
Garching, GER) with 34 mJ/ cm2 UV light of 350 nm and developed in MIF 326 for 35 s.
The resulting resist structure was subsequently transferred into the substrate by reactive
ion etching. The depth of this trench was chosen to be approx. 50 nm, to receive a metal
wire stack of this thickness in a later process step. For this RIE step, a combination of
CHF3 and Ar was used (5 sccm and 40 sccm), etching for 4 min at 120 W RF power in a slow
and anisotropic process. Thereby the etch depth was monitored using a surface profilometer
(Dektak 150, Bruker Corporation, Billerica, USA).
After stripping the resists from the wafer and cleaning the surface, the wafer was used
as colloidal lithography substrate. The cleaned wafer surface yields a pristine substrate for
both SADE and FASA assemblies, including the necessary plasma activation steps before
deposition. The established particle monolayers on the wafer were then etched using RIE for
various time periods. In the subsequent metallization step, a thin metal layer was evaporated
onto the colloidal layer, where a thickness of 5 nm/40 nm Ti/Au metal was chosen to fill the
previously etched trenches. An exemplary picture is depicted in Figure 4.13 a) showing the
particle lattice after etching. Clearly visible, the particle layer organization was not affected
by the trench structure in the substrate, which is indicated by the red dashed lines, with
some particles hanging on the edges. In a lift-off step using adhesive tape, and a following
chemical cleaning, the particle layer was removed.
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This nanoperforated, continuous metal layer on the wafer was then structured using photolithography and a successive RIE sputtering. For this, the positive resist UV 6.06 was spin
coated on the metal layer and illuminated with the same photomask structure overlapping
the first PL structures. After development, this results in a coverage of the trench structure with photoresist, acting as etch mask for an anisotropic RIE step using Ar (120 W RF,
30 sccm Ar, 6min). After the etch, the PR can be stripped and the resulting structures can
be investigated.

b)
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F IGURE 4.13: SEM images of BE Wafers during various stages of the “Bottom-Up” fabrication.
a) The trench structure in borofloat wafer indicated by red dashed lines, decorated with an etched
particle monolayer after metal deposition. The particle lattice is not affected by the 50 nm topography of the trench, although some particles close to the edge tipped over during metallization. b)
Nanoperforated metal wires after microstructuring by PL and RIE. Red dashed lines indicate the
position of the previously established trench structure, the approx. 4 µm wide red shaded regions
indicate the misalignment of the two lithographies. c) A misaligned microwire, as indicated by the
red dashed lines. Although the misalignment is minimal (≤ 500 nm), the metal wire inevitably
exhibits a sharp edge in the shaded regions. d) Theoretical quality achievable by the “BottomUp” approach, if no embedding is required. The large microstructured contact pad exhibits well
organized nanoholes, with large grain sizes ≥ 400 µm2 clearly separated by grain boundaries.
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In Figure 4.13 b) the resulting nanoperforated wires are depicted, with a thin layer of Au,
facilitating the SEM investigation. The combination of nano- and microstructuring works
nicely, the bright 5 µm wires exhibit a SADE typical nanoperforation. Due to the metallic
residue, the hexagonal pattern is also visible between the wire structures with hole diameters
of approx. 250 nm and a lattice constant of 520 nm. In addition to the metal structures,
contrasting features can be identified between the wires, highlighted with red lines in Figure
4.13 a)-c). These contrast rich lines are caused by SEM charge artefacts on the edges of the
etched trench structures, which indicates a misalignment of the second PL. Consequently,
the trenches are only filled partly with metal, while the wire structures are overlapping the
edge of the other side of the trenches. Therefore, the wires exhibit non-embedded parts to
some extent as indicated by the red shaded areas. The misalignment of the masks can be
minimized, as depicted for a wire in Figure 4.13 c), but is technically very challenging. Even
a misalignment of only a few nm will ultimately lead to the generation of a metal ridge,
extruding from the embedded metal structure. Since any topological structure should to be
avoided for large area junctions, the presented fabrication scheme is not feasible.
However, for the fabrication of nanoperforated wires without an additional embedding,
the presented scheme can yield cheap, simple and scalable structures with precise, separate
control over the nano- and microscale characteristics. An example structure is depicted in
Figure 4.13 d), with possible applications for biological and electrochemical sensing [129, 130].
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RIE
F IGURE 4.14: Complete fabrication flow of the “Bottom-Up” BE approach from top to bottom
with schematic side (left) and top-views (right) of each fabrication step. After photolithography,
the red double resist layer is used as etch mask in a RIE step. After resist stripping and particle
deposition (turquoise), a RIE step and Au deposition (yellow), the particle LO creates the holey
metal film. In a second PL step (blue) and subsequent RIE sputter, the final structure is created.
Details for each step can be found in chapter A.2.8.

88

4.3. C ROSSBAR FABRICATION

a)

c)

b)

3 µm

300 nm

200 nm

F IGURE 4.15: SEM images of Cr hard mask after particle lithography. a) The microstructured
Au leads are clearly visible underneath the holey Cr layer. b) Magnified view of the holes in the
Cr layer in a 520 nm hcp lattice on an Au microelectrode. c) High resolution image of the edge of
a Au microelectrode, embedded in the SiO2 wafer and covered by a nanoperforated Cr film. The
trench in the oxide is recognizable by with very small and charged dotted etch residues close to the
Au layer. The Au and Cr layer area clearly distinguishable by their grainy and frizzy composition
respectively.

“Top-Down”-Approach
In this approach, first the desired microstructure is created, and subsequently - going down
in scale - the nanoperforation is added. To realize this, the nanostructure is created by a
RIE etch step using a sacrificial Cr hard mask, as depicted in Figure 4.19.
Similar to the “Bottom-Up” approach, the wafer is first coated with the double layer
photoresist structure of LOR3B and nLOF2020, exposed and developed. The resist is used
as etching mask to generate the trench structure in an anisotropic RIE step, which is directly
filled with a metal layer of 5 nm/40 nm Ti/Au, followed by a lift-off in acetone. This results
in embedded, microstructured wires which are flat within the surrounding isolating oxide
layer. Generally, a successful embedding is only possible with both an anisotropic etching
and metal deposition perpendicular to the wafer surface.
The wafer can then be cleaned and used for the successive colloidal lithography (CL)
steps. After the particle deposition and diameter reduction, a layer of 50 nm Cr is deposited.
After stripping the particles from the wafer, the Cr layer can be used as hard etch mask to
transfer the nanoperforation into the substrate. An example SEM image of the structures
is given in Figure 4.15 a), where the Au wire is visible underneath the Cr mask due to the
high penetration depth of the SEM. In higher magnification images, the Cr etch mask is
depicted on the middle of the microstructured Au wires in Figure 4.15 b). Figure 4.15 c)
also clearly shows the different crystallinities of the metals, with a rather grainy gold and
fuzzy chromium layer.
A physical, anisotropic RIE process using Ar (100 W RF, 30 sccm), sputters the gold wires
in the open areas of the Cr mask and creates the holey electrodes. A RIE etch of Ar is not
chemically selective and will attack the gold wires, borofloat substrate and chromium etch
mask similarly. The sputter yield γ of the respective materials is depending on ion energy,
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a)

b)

300 nm

500 nm

d)

c)

10 µm

1 µm

F IGURE 4.16: SEM images of Cr hard mask during pattern transfer into the substrate. a) Partial
removal of the Au layer on the right, while the oxide surrounding is not affected visually. The
residual Au exhibits a very fine grainy structure, resembling very thin islands of Au crystals. b)
Complete removal of the Au from the nanoholes. The Cr hard mask is still visible in all areas,
indicating a sufficient sputter selectivity. c)/d) Exemplary SEM images of resulting nanostructured
metal contact pad and microwire respectively with extraordinary lattice ordering.

atom numbers and masses [105]. To successfully remove all gold from the nanostructures,
the Cr mask has to be preserved throughout the whole sputtering process. The sputter yield
of Cr is slightly lower than for Au [131], consequently a bit thicker layer of Cr than Au was
used. The etch time was adjusted for each sample, since smaller apertures of the Cr masks
require longer sputter time to remove all Au from the nanohole. Residual gold could clearly
be identified using SEM, as depicted in Figure 4.16 a), and additional sputtering can be
employed to remove the gold completely, as seen in b).
The quality of the resulting structures is depicted in Figure 4.16 c) and d) for a large
contact pad and a microwire respectively. To remove the Cr mask, a selective chemical wet
etch is performed, using a commercially available chromium etchant (Cr etchant standard).
The mixture of diluted perchloric acid HClO4 and ceric ammonium nitrate Ce(NH4 )2 (NO3 )6
oxidizes non-noble metals (Cr, Cu, Al), while having no effect on noble metals as Au and
oxidized surfaces. A selective chromium etch cannot be executed, if Au−Cr alloys were
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formed during the earlier processing. To avoid any alloying, the processing temperature has
be kept below 200◦ C, otherwise interdiffusion caused roughnesses can be created on the gold
surface [132].
The resulting nanoperforated electrodes are depicted in Figure 4.17. The homogeneous
hole pattern in the Au electrode in Figure 4.17 a) shows clean edges with smooth metal
in between. Since the embedding of the electrodes leads to an easy charging during SEM
investigations, an additional Ir sputtering is required, which results in small metal particles
visible in a) and b).

a)

b)

1 µm

c)

1 µm

d)

F IGURE 4.17: a)/b) SEM images of the holey electrodes after selective Cr etching. The embedding
of the electrodes leads to severe charging effects during SEM imaging and requires intensive Ir sputtering for high resolution images. a) 520 nm lattice of holes in gold with Ir particle contamination.
Excellent pattern transfer was achieved during RIE sputtering owing to the Cr hard mask. b)
Overview image of an embedded microwire recorded under 60◦ . Both the excellent lattice ordering
and successful embedding of the 40 nm thick metal layer is visible. As the RIE transfer of the Cr
pattern also attacks the oxides surface, the created etch craters are clearly visible in the images.
c)/d) Photographs of 4” wafers prior and after the final Cr etch step. c) The sunlight transmitted
through the Cr mask exhibits vivid scattering, through which the Au wires are visible as dark lines.
d) The reflected light of a filament lamp is refracted by the nanostructured metal wires on the
wafer. The bright colorful spots are very likely composed of single grain hole lattices.
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In the tilted image in Figure 4.17b) the holes in the embedded metal layer are nicely visible.
An additional hexagonal crater pattern on the surrounding oxide is clearly detectable. The
crater pattern originates from the unselective sputtering transfer of the Cr mask via Ar ions.
This transfer, due to its very low sputter yield in the glass wafer, does not lead to holes in the
oxide layer but rather circular patterns, created by the inefficient RIE process. Naturally,
these crater patterns are highlighted by the Ir sputtering in the tilted SEM image. By naked
eye, the nanostructured wafers resemble vivid colors due to the refraction of light by the
metal lattice, as depicted in Figure 4.17 c)/d). Before the final selective Cr etch in c), the
complete wafer exhibits brisk rainbow-colors, which are still easily visible for the metal wires
after the Cr etch (see Figure 4.17 d). For the particular application in CB electrodes, the
required nanostructured junction area in the final CB is marginally small, compared to the
overall wafer size. However, since the cost of nanostructuring using CL is identical for a
complete wafer, the complete microwires exhibit the nanoperforation.
The finished samples were also investigated regarding the quality of embedding, which
cannot easily be resolved in SEM. For this, AFM images were recorded of the holey electrodes,
with particular focus on the edges of the microstructure. As mentioned above, a anisotropic
and perpendicular RIE and metal deposition step are required to properly create and fill
the trenches in the substrate. If the angle is not kept precisely, the resulting structures
exhibit ridges at the edge structures as evident in Figure 4.18 a) and b). The AFM scans
were executed for both edges of a holey electrode wire, showing a narrow trench on the left
side of the wire and a sharp ridge on the other side. The bright ridge on the right side of
the wire will be a severe risk of shorting the CB junction during printing, consequently any
electrode exhibiting similar ridge structures is omitted for CB printing. Most likely the ridge
was created during metal evaporation, because the wafer-fixture has to be manually tilted to
ensure a perpendicular deposition. To reduce the chance of metal ridges particularly in the
CB area, the wafer can be oriented specifically with the central wires running perpendicular
to the fault prone tilting axis of the wafer fixation.
A successful embedding is depicted in Figure 4.18 c) and d) with no ridges on either
side of the wire. Additionally, there is no height difference detectable between the wire and
substrate, implying an ideal embedding of the approx. 45 nm thick wire in the surrounding
oxide. The hexagonal pattern of the particle monolayer is also clearly visible aside from the
wire, as discussed above.
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F IGURE 4.18: AFM scans of two embedded nanoperforated microwires with indicated substrate
material. The topography average of the black boxes is displayed beneath the AFM image. a)-b)
25 µm2 AFM images of the left and right edge of a poorly embedded wire. The Au wire’s left
edge in a) exhibits a deep groove and inevitably a sharp ridge on the right edge in b). Although
the nanostructuring of the wire is superb, the created ridge during metal evaporation renders the
sample unusable for CB printing. c)-d) 25 µm2 scans of the left and right edge of a well embedded
microwire. Although a small groove is visible in c), there is no ridge created on the other side in
d).
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F IGURE 4.19: Fabrication flow of “Top-Down” BE electrodes. The PL resist (red) is used both
as etch mask in a RIE and Au deposition (yellow) step. After the resist LO and particle deposition
(turquoise), RIE on the particles is followed by the Cr hard mask deposition, which is used for
RIE sputtering of the substrate after the particle LO. As final step, the hard mask is removed by
a selective Cr etch step. Details for each step can be found in chapter A.2.9.
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4.3.2 TOP E LECTRODES
To enable contact printing of crossbar junctions, a soft, elastic polymer stamp with structured metal wires is required. For this, common cleanroom techniques were combined with
chemical surface modification to yield a sufficient adhesion gradient permitting a transfer of
structured metal wires onto a polymer stamp. The process flow was adapted from [18] and
is depicted in figure 4.20. First, the negative resist nLOF 2020 was spin coated on a clean
oxidized 4” Si wafer, subsequently exposed by 34 mJ/ cm2 and developed for 30 s in MIF
326. The developed resist structure was then used as shadow mask for a chemical surface
modification by the perfluoro-silane FOTCS (Trichloro(1H,1H,2H,2H-perfluorooctyl)silane,
Sigma-Aldrich). For this, the wafer was activated in a 80 W oxygen plasma at 1 mbar for
3 min, where the time of activation was shortened compared to the standard activation protocol (see chapter A.2.10). The reduced time limits possible etch effects of the oxygen plasma
on the resist structures, while maintaining a sufficient activation of the exposed oxide surface. Subsequently a layer of FOTCS was deposited via a gas phase deposition at 1 − 5 mbar
for 60 min in a pure Ar atmosphere. Thereby the FOTCS-molecules can bind covalently to
the activated wafer surface, forming a stable, hydrophobic surface. Immediately after the
FOTCS layer deposition, 40 nm of Au was evaporated onto the wafer at a high evaporation
rate and low vacuum conditions. In the following acetone lift-off step the resist layer was
removed and the metal wire structure was formed. The lift-off had to be done carefully,
soaking the resist for several hours in acetone, to avoid any removal of the metal wires,
which are not strongly adhering on the teflon-like FOTCS covered surface.
To transfer the metal structure onto the Affinity R POP stamps (Dow Corning, Midland,
USA), approx 0.5 mm thin pieces of polymer stamps were carefully deposited on the wire
structures, assuring a conformal contact between wafer and stamp, then quickly stripped
from the wafer surface.
The deposition of the metal layer onto the (modified) SiO2 template surface leads to a
direct topographical copy of the Au surface from this ultra smooth template. As discussed
in chapter 2.2.2 a smooth metal surface is of vital importance in order to achieve successful
molecular junctions. Excellent surface roughnesses of 0.62 nm and 1.1 nm for 4 µm2 and
25 µm2 respectively were reported with the utilized template stripping technique [18], which
could be confirmed here (see chapter A.1.3).
A reliable transfer of the metal wires from the wafer to the polymer surface remains
challenging. While big, unstructured areas are often transferred easily, microstructured wires
frequently remain on the structure substrate completely or are only transferred partially.
Microscopically this could be explained by an inhomogeneous adhesion between the polymer
stamp, gold layer and substrate. Assuming a locally bad silanization and therefore stronger
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adhesion of the metal layer to the substrate, the polymer gold adhesion might not be sufficient
for a transfer of the gold layer at this spot. However, if this spot is surrounded by a
closed metal layer, the strong Au-Au bonds are very likely strong enough to separate the
gold layer from the substrate. Consequently, for a structured metal layer, an excellent
silanization and metal-polymer adhesion at each structured metal edge is required for a
perfect transfer. Generally, high deviations in transfer yields could be found from wafer
to wafer and batch to batch, the most crucial influence was found for the metallization
parameters. Best transfer yields were achieved by a high evaporation rate of metal onto
the molecular layer (≥ 0.5 nm/ s) at low vacuum conditions. The high rate is accompanied
by a quick coverage of the FOTCS layer by bigger clusters, rather than individual metal
atoms which might penetrate the molecular layer. A low vacuum during metal evaporation
reduces the chance of physisorbed FOTCS molecules to leave the wafer, leading to a better
hydrophobic protection of the wafer surface before the metal coverage.
Additionally, the underlayer LOR3B used for the BE fabrication was found to impede the
functionality of the transfer of the TE wires on the polymer, whereas the reason is not fully
understood. The adlayer LOR3B requires additional processing steps and chemicals, which
might interact with the FOTCS release layer or Au wires and inhibits a successful transfer
of the metal onto the POP stamp.
For “functional” TE wafers which followed the described optimized processing flow, the
transfer yield of completely transferred wires exceeded an estimated 50%. In order to increase the output of possible TE stamps from a single functional wafer, the 4” substrate was
equipped with a lot of electrode structures (≥ 150) in low distances, as described in chapter
A.1.2. For a successful complete transfer of all electrode wires onto the POP, a very smooth
and clean polymer stamp is required, since any roughness or contamination will diminish
the contact between metal and polymer. Consequently, the preparation of the flat polymer
stamps was done by hot-embossing of the stock POP material between two FOTCS-silanized
wafer pieces. Thereby the flat wafer pieces provide a very smooth surface, while the silanization enables easy removal of the polymer from the wafer without kinks and bends.

In summary, both a bottom and top electrode fabrication scheme was developed, which
allows for a cheap and high throughput fabrication of nanoperforated crossbar electrodes. For
the bottom electrodes, a simultaneous embedding and nanoperforation was realized in two
separate fabrication schemes, one thereof resulting in a facile and reproducible combination
of conventional lithography with colloidal lithography for embedded electrodes. For the top
electrode fabrication, the processing parameters were optimized for a high yield in functional
electrodes which can be used for microcontact printing.
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F IGURE 4.20: Fabrication flow of the TE electrodes. The single layer PL resist (red) is used both
as mask for a chemical vapor deposition of a layer of perfluorated silane molecules (green) and Au
deposition (yellow). After the lift-off step, the structured Au wires are transferred onto a sticky
elastomeric polymer stamp step using the perfluorated silane as low adhesion release layer. Details
for each step can be found in chapter A.2.10.
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4.4 O PTICAL C HARACTERIZATION

OF

D IARYLETHENE T HIN

F ILMS
Prior to the electrical characterization of the photochromic molecules in CB junctions, the
optical properties of the molecular species and substrates are investigated. In the following
chapters, the realization of a C5F-H-SAc molecule thin film is discussed and characterized
regarding its surface and layer properties. The molecular thin film is then optically characterized and the photochromic properties on solid substrates are compared to the switching
in solution.

4.4.1 T HIN F ILM S YSTEM OF C5F-H-SAC
The conclusive goal for large area molecular junctions, is a direct contact of two metal
electrodes with a sandwiched thin layer or monolayer of functional molecular species. Since
for this thesis a novel concept of opto-electronic crossbar junctions is developed, the characterization of a thin film is used to benchmark the yield and performance of the created
junctions.
For realizing thin films of C5F-H-SAc molecules, spin coating was chosen, since homogeneous coverages could be achieved with a low amount of molecular species. Using a concentration of 1 mM, the molecular solution in chloroform was spin coated at 300 rpm for 90s.
During the 90s spin coating the chloroform solvent evaporated, resulting in a homogeneous
film on the sample. Thereby the solution volume was chosen to provide enough molecular
species to cover the whole sample area, i.e. 40 µl for 1.2 × 1.2 cm2 Bottom Electrode chips.
The visually homogeneous films were characterized regarding their surface topography using
AFM. To exclude possible topography influences on the film characteristic of the C5F-H-SAc
layer, cleaned pieces of Si wafers were used as substrate, which exhibit very low roughness
(usually ≤ 0.2 nm).
A big hole in the otherwise planar film was captured in Figure 4.21 a), which enables an
estimation of the layer thickness. The big hole was presumably created during the evaporation of the solvent, with high edges as typically created by “coffee-staining”. By comparing
the height histogram of the layer and the substrate in db, a thickness of 14(2) nm can be
extracted. Thereby the error of 2 nm was estimated as result of the standard deviation of
the fitted Gaussian distributions in b) and the roughness extracted from c) and d). Typical
roughness scans of C5F-H-SAc thin films are depicted in Figure 4.21 for c) 100 µm2 and d)
4 µm2 areas. The film exhibits a very smooth surface with very little topographic artifacts,
which results in very low RMS roughnesses of 0.41 nm and 0.38 nm for c) and d) respectively.
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F IGURE 4.21: AFM characterization of diarylethene thin films. a) AFM image of a large void in
the thin film. The high edges of the void indicate a drying related “coffee-staining”, which enables
a characterization of the layer thickness. b) Extracted height values of image a) as black dots,
fitted by two Gaussian distributions (red). The peak distance of 14 nm is assumed to be the total
layer thickness. c)-d) Scans of the smooth C5F-H-SAc thin film, with low and high magnification
respectively including height profiles resulting from diagonal cross-sections, indicated by the dashed
lines.
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F IGURE 4.22: UV-vis absorbance spectra recorded for thin films of C5F-H-SAc spin-coated in open
(red) and closed (green) state. The respective spectra exhibit clear distinctions in the visible and
UV region, with an isosbestic point at 379 nm. The peak positions of 344 nm and 570 nm and peak
shapes do well correspond to the molecular spectra in solution.

In the scanned area, the variation of the measured topography in the film is below 1 nm
peak to peak, which makes the coated films an excellent candidate for electrical characterization of thin films. However in both images 4.21c) and d) the film shows indentations in
the layer structure. These local indentations are at least 2 − 3 nm deep, and have diameters
of ≈ 100 nm and are presumably caused by the volatile evaporation of the solvent.

4.4.2 O PTICAL C HARACTERIZATION
Diarylethene molecules are known to perform repeatable photochromic switching in solution [13], in singly crystalline state [29] and embedded in liquid crystal matrices [96]. Here
it is to be investigated, if the created molecular thin films resemble similar photochromic
properties, when assembled randomly without carrier matrix on solid substrates.
For this, the molecular solution of C5F-H-SAc was switched to its respective open and
closed state using the solar simulator filter setup described in chapter 3.6.2. Thereby the open
molecular solution is completely transparent, while the closed solution exhibits a strong dark
blue color. Spin coating was performed on cleaned glass slides of 1.4 × 2.5 cm2 dimensions
using the completely switched solutions. Thereby the closed molecules result in a faint
dark film on the glass, the open molecules do not stain the glass. The coated slides were
immediately investigated in transmission geometry using the UV-vis spectrometer. Scans
from 800 nm − 275 nm in 1 nm steps reveal the optical absorbance of the molecular thin
film, depicted in Figure 4.22. The spectra of the solid films exhibit the typical photochromic
characteristics of C5F-H-SAc described in chapter 2.4.1. The open molecular film (red curve)
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exhibits a strong UV absorbance and negligible absorbance in the visible range and the closed
film (green curve) a strong visible and lower UV absorbance. The peak positions of C5F-HSAc in solution are reported to be at 313 nm and 556 nm in chloroform [13] and at ca 330 nm
and 560 nm in acetonitril [28]. Here the maxima are determined at 344 nm and 570 nm,
with slightly higher wavelengths. The isosbestic point of the molecular species at 379 nm
is similarly found at higher wavelengths. The peaks’ shape and width in the solid film
spectrum is very similar to the solution spectrum, indicating that the film formation does
not lead to a quenching of the molecular excitation levels. The recorded absorption spectra
of the open and closed film therefore presumably represent the spectral characteristics of
the attenuation factors σo and σc , as discussed in chapter 2.4.2. Analogously, the measured
absolute absorbance can be correlated with the film thickness, since a higher film thickness
P
P
d leads to absorbance according to A = i σi Ni = i σi ni d assuming a homogeneous, one
dimensional number density ni of the thin film.
Additionally, by altering the spin coating speeds or the employed volume of the molecular
solution, the strength in absorbance/film thickness can be modified, see chapter A.1.6 for
more information. Here the condition for the thinnest molecular film was chosen, which still
results in a homogeneous coverage of the samples, in order to benchmark the CB electrode
performance for applications in molecular electronics.
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Opening Spectrokinetics
The question remains, if the molecular thin film can be switched between its photochromic
states by illuminating it after the assembly process. For this, a glass slide with a completely
closed molecular film was scanned in the spectrometer and sequentially illuminated with
visible light of defined light doses. To achieve a reproducible illumination, the glass slide
was positioned at a fixed distance from the liquid light guide (LLG), with the molecular
thin film facing the light source. Using a manual shutter at the LLG focus apparatus, the
filtered light was guided onto the thin film for defined time periods. By measuring the solar
simulators constant optical irradiance at the position of the sample, the applied light dose
was determined. The optical spectra of the film during the switching process is depicted
in Figure 4.23a). Starting from a completely closed film (green), the absorbance peak in
the visible range decreases, with a simultaneous increase in UV absorbance. The isosbestic
point is again well reproduced and not shifting throughout the switching process, indicating
a successful transfer of the photochromic species. By following the peak heights of the
visible peak at 570 nm (solid line) and the UV peak at 344 nm (dotted line), the change in
absorbance upon illumination can be extracted, see Figure 4.23 b). As the absorbance of the
thin film is the sum of all closed and open molecules, the illumination leads to a continuous
transformation of the closed molecular species to the open state. From a rather macroscopic
point of view the molecular thin film will be separated into two phases of closed and open
molecules, which are separated by a transition zone of mixed molecules. During the opening
process, a thin initial layer of open molecules will be generated facing the light source, which
is then sequentially spreading throughout the film thickness.
The relative change in absorbance is plotted against the overall applied dose of visible light
for the peak in the visible (upper set) and UV range (lower set) in Figure 4.23b). As described
in chapter 2.4.2, the opening of a photochromic thin film follows a limited exponential growth,
which is indicated by the dotted and solid line in Figure 4.23 b) according to the wavelengths
indicated in a). The exponent of the used fits are derived to be 9.1 · 10−3 and 6.4 · 10−3 for
the UV and visible absorbance changes and can be used to as indicator for the switching
kinetics for a given light intensity.
The spectrokinetic plot also reveals the overall consumed light energy by the thin film for
a complete switching. The exponential growth approaches the saturation limit at approx.
1000 mJ/ cm2 , which can be used as reference energy for a complete opening of a film with
14 nm thickness.
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F IGURE 4.23: a) UV-vis absorbance spectra of C5F-H-SAc thin film in various transition states
between closed (green) an open (red) configuration. Each spectra was recorded after a short
illumination with visible light, leading to a successive switching of the thin film towards the open
state. Extracting the absorbance along the vertical lines at 344 nm and 570 nm, the change in
absorbance was derived. b) Spectrokinetics of the film opening. Relative change in absorbance for
the UV (upper set) and visible peak (lower set) vs. applied dose of visible light. The determined
values were fitted with an exponential limited growth, indicated by the dotted (344 nm) and solid
(570 nm) line with excellence agreement between fit and data. The extracted exponential constant
are 9.1 · 10−3 and 6.4 · 10−3 for the upper and lower set respectively.
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F IGURE 4.24: a) UV-vis absorbance spectra of C5F-H-SAc thin film during the opening process.
The closed film (green) is successively transferred into the open (red) state, with the characteristic
increase/decrease in the UV/visible range. b) Spectrokinetic closing of the molecular thin film.
Extracted relative changes in absorbance at 344 nm (lower set) and 570 nm (upper set) versus the
applied dose of UV light. The double exponential fits, separated by the vertical line yield a very
good agreement between data and theory. The fitted exponential coefficients are 0.32 and 0.023
for the solid and 0.30 and 0.033 for the dotted line.
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Closing Spectrokinetics
The closing spectrokinetic is investigated similarly to the opening, with successive illumination doses of the open film with UV light between 300 nm and 370 nm. The spectra of the
thin film during the closing process are depicted in Figure 4.24a), with the relative change
in absorbance in b). Starting from the open thin film (red), a continuous shift towards the
closed state (green) is found. The isosbestic point at 379 nm is stable and no degradation
can be found in the successive scans. As discussed in chapter 2.4.2, the closing spectrokinetic
equation cannot simply be approximated by a single exponential model. As the initial layer
of molecules is switched, they do not become transparent for the switching wavelength and
consequently, reduce the light intensity which reaches the molecules deeper in the film. As
discussed, this unwanted absorbance can lead to a photo-degradation of the film for long
illumination periods.
To compensate for the reduced light intensity deeper in the film, a double exponential fit
was done, reproducing the successive reduction in light intensity of the switching wavelength.
The separation between the fits was done at approx. 1−(1/e) maximum change in absorbance
and results in a good agreement of the fitted curves and the data. The extracted exponential
coefficients are 0.32 and 0.023 for the solid lines and 0.30 and 0.033 for the dotted lines in
Figure 4.24 a). Due to the approximation, the first exponential coefficient is an overestimate
and the second coefficient an underestimate of a singular “real” coefficient, which would
describe the complete switching.
Compared to the opening spectrokinetic, the closing kinetic requires much less energy,
only 150 mJ/ cm2 for a complete switching procedure. This is also evident in the larger
exponential coefficients compared to the opening procedure.
Photochromic Cycling
Utilizing the gained information about the kinetics and required doses for switching the
photochromic thin films, a repeated switching was done. Instead of a gradual switching,
the complete dosages of 1000 mJ/ cm2 of visible and 150 mJ/ cm2 of UV light was used to
completely switch the diarylethene molecules in one step. After each switching process, a
spectrum was recorded and the absorbance was investigated. The spectra are depicted in
Figure 4.25a).
With increasing number of switches, the absorbance of the molecular thin film is continuously decreasing. By extracting the absorbances at 570 nm, the photochromic functionality
of the molecular thin film can be estimated, see Figure 4.25b).
A clear decrease in absorbance of the closed state for progressing switching cycles is found.
This is very likely due to photo induced degradation of the thin film, particularly during the
closing processes. In solution, the C5F-H-SAc species has been reported to be extraordinarily
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F IGURE 4.25: Cycling of C5F-H-SAc thin film on glass. After each complete switching, a spectrum
of the open (red) and closed (green) film was recorded. a) With advancing switching cycle, the
thin film absorbance is generally decreasing. b) By comparing the absorbance values at 570 nm for
the open and closed film, a clear decrease in absorbance is observable. Remarkably, even after 20
switches the film maintains both the spectra characteristics and switching capabilities.

stable, with almost no photo-degradation during cycling (less than 2% for 15 cycles) [28].
As the solid thin film does not exhibit any translational or rotational degrees of freedom,
any absorbed energy, which is not used for a chemical conversion, can lead to a rupture of
the molecular structure. Thereby a destroyed molecule does not contribute to the spectral
changes during switching any more, which in turn reduces the overall detected absorbance
values.
Although a high number of switching cycles is not viable with the molecular thin film,
few switches of the film after deposition can easily be done without destroying the spectral
properties or photochromic functionality of the C5F-H-SAc molecules.
Generalization of Photochromic Spectra
For the further characterization of the photochromic films, the spectrokinetic representation
of the molecular species is exchanged with a more general approach. Instead of investigating
the absolute spectra during the switching procedure, the relative change compared to the
initial state is plotted. By doing so, the opening and closing curves are reduced to the photochromic changes happening during the switching, as depicted in Figure 4.26. During the
opening process in Figure 4.26a) the initial closed state (green) is changed by the characteristic decrease in visible absorbance and an increase in UV absorbance. In this representation
of the data, the isosbestic point is easily visible with no change in absorbance whatsoever.
The closing in b) shows the according increase in visible absorbance and decrease in UV
absorbance as expected. While maintaining the distinct photochromic characteristics of the
molecular species, the relative representation of the photochromic switching allows for a sub105
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F IGURE 4.26: Relative changes in absorbance for the a) opening and b) closing reaction depicted
in Figures 4.24 and 4.23. In this representation, the change in absorbance of open (red) and closed
(green) thin film leads to clearly distinguishable peaks in the spectra independent of background
absorbance and possible influences of the substrates.

strate independent characterization of the spectral changes and allows for easier comparison
of various substrate types, which will be discussed in later chapters.

In summary, smooth thin films of C5F-H-SAc were successfully assembled on solid substrates, while maintaining the spectral features and photochromic properties of the individual
molecular species but reducing the number of achievable switching cycles.
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Before diving into the characterization and discussion of the optical properties of metalmolecule hybrid systems, the holey electrode substrates are investigated. For this, holey
electrodes of 380 nm, 520 nm and 702 nm lattice constant were fabricated on Borofloat glass
wafers, and etched by a RIE system. After the evaporation of 5 nm/40 nm Ti/Au and a
subsequent particle lift off, the samples were cut into 1.4 × 2.8 cm2 pieces. The metal layer
allows for precise determination of the hole diameter for each wafer after lift-off using SEM.
The scanned and cleaned samples are then inserted in the UV-vis spectrometer’s solid sample
fixture, which ensures a 90◦ angle of incidence.
To gain basic insights in the transmission of a holey electrode, a single spectrum of a
380 nm lattice sample is depicted in Figure 4.27a). The transmission characteristic of the
holey metal film is the result of a very complex interplay of factors. Thereby the electric and
optical properties of the metal substrate, the metal layer thickness, the lattice constant and
the hole diameter have distinct influences on the transmission spectra, as will be discussed
in the following paragraphs.
Figure 4.27a) displays the transmission characteristics of a 40 nm holey gold film with
258 nm diameter holes in 380 nm distance (black) compared to an unstructured 40 nm gold
film (red). Comparing both curves, the holey electrode exhibits a generally much higher
transmission across the spectrum, as expected for less metal coverage in a description by
simple geometric optics. Both curves exhibit a peak at 500 nm, which is characteristic for
thin gold films and is often referred to as self-luminescence of gold. A direct band-gap allows
for luminescence at this wavelength, which in turn leads to a higher “transparency” [133].
Besides the self-luminescence peak, the holey electrode exhibits two additional features in
its spectra. The peak at approx. 760 nm and shoulder at approx. 350 nm exhibit an increase
in transmission, which is likely correlated with the excitation of a Surface Plasmon Polariton
(SPP). As derived in chapter 2.7.3, excitation of a SPP is given for a wavelength λSPP , if
λSPP = q
4
3

l
(i2 + ij + j 2 )

s

1 2
1 + 2

(4.1)

is true. Here, the dielectric properties of the interfacing materials 1 and 2 and primarily the
lattice constant l of the holey grid (380 nm) determines the resonance wavelength. In case of
the used holey electrodes, two metal-insulator interfaces have to be considered - the wafermetal and metal-air interface. Both interfaces will generate a SPP, with distinct resonance
wavelengths shifted according to their dielectric constants . Using dielectric constants of
air, Au and Borofloat wafer at 600 nm (air = 1, metal = 9.788 [134] and Wafer = 2.137
[135]) a SPP resonance wavelengths of 313 nm and 435 nm for an i, j = 1, 0 excitation is
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F IGURE 4.27: a) Optical transmission spectra of nanoperforated (black) and closed metal film
(red) of 5 nm/40 nm Ti/Au. Both spectra exhibit the gold self-luminescence peak at 500 nm, with
a generally much higher transparency of the perforated metal film. The holey electrode spectrum
exhibits two additional features, a peak at approx. 750 nm and a shoulder at 350 nm. b) Optical
transmission spectra of holey electrodes with 380 nm lattice constants and different metal thickness.
With an decrease in metal thickness, the major peak is shifted to a higher wavelength. The sample
transmission was offset to allow for better discrimination between the curves. Errorbars represent
the standard deviation of the spectra, if at least three distinct spectra could be recorded.

predicted. The big discrepancy between the theoretical prediction of the SPP resonance
wavelength and the main transmission peak is troubling at first. In closer considerations
however, the measured transmission peak values can be justified if the theoretical model is
evaluated. In the description of the SPP resonance, the model does include no geometrical
information about the materials, but the underlying lattice constant and geometry of the
interface. Generally, an Fano induced spectral shift, as discussed in chapter 2.7.4, cannot
be ruled out since a minima before the SPP resonance is present. However additionally in
case of the fabricated holey electrodes, the metal thickness has to be considered particularly.
As discussed in chapter 2.7.4, thin metal layers can lead to an overlap of the SPPs on the
two metal interfaces. This overlap will lead to a hybridization of the energy levels and
cause a shift of the resonance wavelengths. To test this phenomenon, samples of different
metal thicknesses have been fabricated with constant hole diameter and are depicted in
Figure 4.27b). With a decrease in layer thickness from 50 nm to 20 nm Au, the primary
transmission peak shifts from approx. 700 nm to 900 nm with an accompanied broadening
of the resonance. This clearly shows that the thin metal layer thicknesses, which can be
realized by colloidal lithography lift-off process, will result in a red shift of the predicted
SPP peak wavelength.
To further clarify the effects of lattice constant and hole diameter on the optical transmission, spectra of holey electrodes with lattice constants of 380 nm, 520 nm and 720 nm
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and various diameters are collected in Figure 4.28 a)-c). Compared to the transmission of
a closed gold film (black), the responses of the holey electrodes with a) 720 nm, b) 520 nm
and c) 380 nm lattice constants all exhibit additional peak structures and generally higher
transmissions. The color coding of the transmission plots indicates the hole size, from small
holes (red) to bigger holes (yellow).
The mean transmission of the 720 nm lattices exhibit two additional maxima in transmission, one smaller maximum at approx. 750 nm and a larger one at approx. 1200 nm. With
an increase in hole size, the peak position seems to be stationary, however the peak width
increases and makes a detailed interpretation very difficult.
For the 520 nm lattices in Figure 4.28b), a peak in the mean transmission can be identified at approx. 900 nm and an additional shoulder at around 600 nm, close to the selfluminescence of gold at 500 nm. The exact peak position and shape varies clearly from
sample to sample, as indicated by the error bars. The observed variations of the transmission spectra are very likely the result of differences in quality of the fabricated CL samples.
As the spectrometer scans a large area on the sample (1 cm × 0.2 cm), variations in lattice
quality can heavily influence the plasmonic properties. Additionally the sample transmission
was found to be very sensitive regarding the exact positioning in the sample holder in the
spectrometer, particularly for the angle of incidence. In the context of the determined error,
no change in resonance wavelength was found for different hole sizes in the 520 nm lattices,
but a general widening of the resonance peak for bigger hole diameters. This in turn also
shifts the minima in transmission, which is found between the main peak and shoulder in
transmission towards lower wavelengths.
The dotted lines indicate the theoretical transmission limit, which would result from
the pure geometric shadowing of the metal film. As for the used fabrication scheme the
particle layers rather exhibit uncovered areas than double layers, the real shadowed area is
expected to be even lower than the theoretical value. For some transmission curves, the main
maximum is getting close or even exceeding the theoretical transmission limit, indicating an
Extra Ordinary Transmission (EOT) of light, caused by the SPP excitation in the electrodes.
The residual transmission of a closed gold film (compare black curve) is well below 2% for
the near infrared and can be neglected for this rudimentary discussion.
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F IGURE 4.28: Transmission spectra of holey electrode films (colored) and a solid Au film
(black). The color indicates the hole size, from small holes in red to large holes in yellow. a)
Transmission spectra of electrodes with 720 nm lattice constant and 626(10) nm, 582(10) nm and
528(38) nm diameters. b) Transmission spectra of electrodes with 520 nm lattice constant and
362(10) nm, 356(10) nm, 314(10) nm, 300(10) nm, 239(11) nm, 214(14) nm and 153(10) nm diameters. c) Transmission spectra of electrodes with 380 nm lattice constant and 305(10) nm, 252(10) nm
and 189(10) nm diameters. The errors in brackets represent the mean of the determined standard
deviations obtained by the SEM image analysis, but at least 10 nm to account for SEM resolution
and polydispersity. The dotted horizontal lines in b) and c) depict the expected geometric transmission values of an ideal hcp hole lattice with diameters indicated by the respective color. All
spectra exhibit the gold self-luminescence peak and two additional features, which can be found at
different wavelengths for a)-c) respectively (see text). Error bars indicate the standard deviation
of the mean values, if at least three distinct spectra could be recorded. d) Transmission plot versus
reduced wavelength of three exemplary holey electrodes with different lattice constants.

110

4.5. O PTICAL C HARACTERIZATION

OF

H OLEY E LECTRODES

For 380 nm lattice constant samples in Figure 4.28c), analogously to the 520 nm sample,
a main peak and a shoulder are found at approx. 750 nm and 350 nm respectively. Also
a broadening of the main peak for bigger hole sizes is distinguishable. The primary peak
position also is not shifted in its wavelength position decisively. In all measured cases, the
sample spectra exceed the theoretical transmission limit indicated by the dashed horizontal
lines. The achieved level of EOT for these samples also clearly shows, that the quality of
FASA assembled particle layer decisively surpasses the quality of the SADE assembly used
for the 520 nm and 720 nm lattices.
If an exemplary transmission curve of all lattice constants l is plotted by using the reduced
wavelength λ/l in Figure 4.28d), the two additional SPP features exhibit a sound conformity
regarding their wavelength position. Naturally, the self-luminescence peak of gold is shifted
according the lattice constant of the samples, but the primary peak at approx. 1.6 − 1.8
and the smaller excitation at ca 1.1 exhibit very similar positions. Therefore the shoulders
found in Figure 4.28 b) and c) are assumed to be the result of a SPP excitation, which is
superimposed by the near gold self-luminescence peak.
To gain further information of the transmission spectra, exemplary samples of the higher
quality 520 nm and 380 nm lattices were inserted in the spectrometer and scanned with an
defined tilt with respect to a perpendicular angle of incidence. The change in angle of incident
will theoretically lead to a wavelength independent increase in reflection off the optical axis,
and therefore generally reduce the measured transmission. Since the SPP resonances position
are depending on the angle of incident, as described in 2.7.3, the SPP generated features
in the spectrum are expected to shift their respective wavelength position. The recorded
spectra are depicted in Figure 4.29, where the denoted angles indicate the orientation off
90◦ angle of incidence. Comparing the plots for the 380 nm and 520 nm lattices in a)/b) and
c)/d) respectively, the gold self-luminescence peak remains stationary, while the SPP peak
structures show a high dependency on the angle of incidence.
With increasing angle, the primary peak structure is shifted to higher wavelengths, as
predicted by Equation 2.19. This effect is much more distinguishable for the spectra in c)
and d), as the wavelength position of the SPP resonance is linearly dependent on the higher
underlying lattice constant. Besides the primary peak, also the shoulders in c)-d) are subject
to alterations in shape and wavelength position. While this effect is not very pronounced
for 380 nm samples in a) and b), the larger relative offsets created the 520 nm lattice yield a
manifold of small bumps and peaks particularly for higher angles. These additional features
could be the result of the generalized angle dependent SPP Equation 2.19 which allows for
additional SPP modes, with positive and negative offsets compared to the standard SPP
excitation. The angle dependence of the observed peaks substantiates the assumption of the
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F IGURE 4.29: Angle dependent transmission spectra of holey electrodes with a)/b) 380 nm and
c)/d) 520 nm lattice constants l with different hole diameters d. The angle was changed in steps
of 4◦ with respect to the optical axis, from 0◦ to 32◦ (red to yellow). The legend in a) applies for
all plots, the curves are offset for visual clarity. For all samples, the main peak is shifted towards
higher wavelengths for higher angles. Also the transmission features are degenerated, resulting in
vivid undulating spectra.

plasmonic nature of the resonances in the spectra, and theoretically offers the possibility to
precisely tune the energetic position of the SPP excitation on a holey electrode.
In summary, the transmission characteristics of the holey electrode samples were found
to greatly enhance the transmittance and are highly affected by SPP excitation. Thereby
particularly the EOT of the holey electrodes created by the funnel assisted self-assembly
technique offers great potential for optoelectronic applications.
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Since now each the optical characteristics of the molecular thin film and the holey metal
substrate is understood, next the combined system is investigated. In the CB application,
the molecular thin film is switched through the metal film of the Bottom Electrode. Although a 40 nm thick layer of Au exhibits residual transparency as discussed in the previous
chapter, the holey electrodes exhibit a considerable increased light transmission. Additionally, the electrodes exhibit plasmon induced excitations, which could also be beneficial for
the switching of the molecular thin film.

4.6.1 O PTICAL S WITCHING T HROUGH S OLID AU
As reference for the holey metal electrodes, a metal thickness of 5 nm/40 nm Ti/Au was
chosen similar to those of the fabricated holey bottom electrodes. Preceding investigations of
1.4 cm × 2.5 cm gold samples reveal inhomogeneous transmission characteristics from sample
to sample, which requires self-referencing of the gold films. For this, the samples were fixed at
predetermined positions in the spectrometer, subsequently coated with the molecular thin
film and re-inserted at the same position. By comparing the spectra of the same sample
before and after coating, an optical determination of the molecular thin film through the
closed metal film is possible.
The change in transmission/extinction of the molecular thin film is very low when measured through a closed film, so in order to avoid measurement artifacts caused by variations
in the sample position, the switching procedure was performed inside the spectrometer. For
this, the sample stage described in chapter 3.6.3 was used to direct the light from a fixed
position on the samples without inflicting the positioning of the sample. Thereby the light
was passed through the metal film, to simulate a typical CB application.
The switching was performed by illuminating the sample with defined doses of light and
intermediate UV-vis scans as described before. Thereby the light intensity was measured
before passing through the sample and the solid metal film. As the metal layer can also lead
to scattering effects, the measured quantity of the metal-molecule system is the sample’s
extinction. The relative change of extinction was plotted as introduced in chapter 4.4.2,
which removes constant substrate caused artifacts and results in the spectra plotted in
Figure 4.30. Compared with the opening spectrum of the molecular species on glass, the
change in extinction during the opening in Figure 4.30a) is much smaller, close to the noise
level of the spectrometer.
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F IGURE 4.30: Change in extinction during the opening a)/b) and closing c)/d) of a C5F-H-SAc
thin film through a solid metal film. The characteristic peaks of the opening and closing curves
are found at 330 nm (dotted line) and 520 nm (solid line), the detectable change is small due to the
low transmittance of the metal substrate. An additional spectra feature can be found in a) and c)
at 650 nm, which is not present on the dielectric substrates. Absolute changes of the extinction are
depicted in chapter A.1.8. The spectrokinetic opening b) and closing d) are very slow, with fitted
exponential factors of 4.30 · 10−4 /4.39 · 10−4 for b) and 1.26 · 10−2 /1.25 · 10−2 for the solid/dashed
lines.

The spectra exhibit similar peak shapes as the glass substrate, although a slight blue-shift
in peak wavelengths to 330 nm and 520 nm is found. The spectrokinetic fit for the opening
(see Figure 4.30b) is extremely slow, with an exponential fitted factor of 4.30 · 10−4 and
4.39 · 10−4 for the UV and visible peaks respectively. Additionally, after 2000 mJ of applied
optical energy, the film has not reached a saturation level, indicating an incomplete switching
of the film.
The closing curves in Figure 4.30c) also exhibit a low signal-to-noise ratio, with similar
peak position as for the opening process. The spectrokinetics shows a clear limited exponential growth, the exponential factor was determined as 1.26 · 10−2 and 1.25 · 10−2 for the UV
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and visible peaks respectively. A double exponential fit did not yield considerable increase
in fitting accuracy and was not realized for these curves.
In addition to the previously recorded spectral changes, both plots in Figure 4.30a) and
c) exhibit an additional feature at approx. 650 nm, which exhibits reverse in-/decrease for
the opening/closing similar to the UV peak. The properties of this feature remains to
be investigated in detail, but should correspond to a phenomenon established by the metalmolecule hybrid system. Quenching of molecular energy states in vicinity to metal electrodes
is often reported, here indications of an additional feature generated by the interaction of
the metal molecule system is found. This feature could be the result of an interaction of the
plasmonic property of the metal electrode and the molecules.
In summary, the optical switching of the molecular thin film is possible through a metal
film, but the required energy for a switching through a solid metal film is naturally much
higher than for a transparent substrate, which impedes a controlled optoelectronic application of solid metal electrodes.

4.6.2 O PTICAL S WITCHING T HROUGH H OLEY E LECTRODES
To enable a precise characterization of the optical spectra of the C5F-H-SAc thin film on
the fabricated holey electrodes, the sample transmission before and after coating was investigated. Thereby great attention has to be put onto the exact and repeatable positioning,
as the plasmonic electrodes are extremely sensitive regarding angle and lateral offsets.
An exemplary spectrum of an uncoated and coated holey electrode is depicted in Figure
4.31. The optical spectrum of the coated holey electrode is highly influenced and altered by
the C5F-H-SAC thin film. The sharp edge in both spectra at 860 nm is caused by an indispensable monochromator change in the spectrometer. Generally, two distinct mechanism
have to be discussed: the absorptive and plasmonic changes.
The spin coated film was measured in the completely open state, i.e. the absorptive
influences of the molecular species are limited to the UV range. The corresponding decrease
in transmission in the UV range for the coated sample is clearly visible, even reproducing
the typical peak shape of the C5F-H-SAc molecule.
As predicted by Equation 2.20, the resonance position of the SPP excitation is shifted to
higher wavelength, since the metal film was coated with a dielectric material of  ≥ 1. The
shift in peak position is found to be approx. 100 nm, although a precise determination is
not possible due to the measurement artifact. Simultaneously to the peak shift, the slope
in the visible range experiences a similar red shift, which heavily alters the transmission
characteristics of the combined system. In addition to the SPP peak shift, the transmission
at the resonance is increased significantly for the covered sample. As discussed in chapter
2.7.4, this can be explained by the so called Absorption Induced Transparency.
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F IGURE 4.31: Transmission spectrum of a holey electrode with 380 nm lattice constant before
(black) and after coating (red) with a C5F-H-SAc molecular thin film. Multiple changes in the
spectrum can be observed during coating. The UV absorbance peak of the molecular thin film
leads to a reduction in transmission in the UV range, and the SPP resonance peak is shifted to
higher wavelengths as expected. Additionally to the peak shift, the transmission of the coated holey
electrodes is higher than without the molecular species, indicating absorption induced transparency.
Both the peak shift and height change lead to a great discrepancy of the coated and uncoated sample
in the visible region from 500 nm to 800 nm.

Thereby, in a combination of plasmonic and waveguiding effects, the deposition of an
absorbing species can increase the transmittance of a plasmonic sample. Since the molecular
film is very thin, the SPP will penetrate the film completely and the change in SPP resonance
is greatly pronounced. Furthermore, in a proof of principle investigation, also a monolayer
deposition of the C5F-H-SAc thin film could be detected using the holey electrodes in transmission geometry, which is discussed in chapter A.1.7.
For the investigation of the molecular thin film, the discussion of the optical spectra will be
limited onto the relative changes in the molecular extinction during the spectrokinetic opening/closing. This removes all optical background effects created by the plasmonic/molecule
system, if the sample position is not altered. Consequently, the samples were illuminated
through the metal film, while remaining fixed in the optical spectrometer. By this, the optical switching characteristics of the molecular thin film on holey electrodes with 380 nm and
520 nm lattices were recorded, with two different hole diameters for each lattice constant.
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Starting with an opening spectrokinetic on 380 nm lattice samples, the change in extinction
of two hole diameters is depicted in Figure 4.32. While both the characteristic in-/decrease
in extinction is found for the UV/visible range, a big deviation in peak shape and position is
observed for the different hole sizes, if the undisturbed measurements on glass are referred.
While the UV peak exhibits a very similar shape and position as the spectrum on glass, the
peak in the visible range is modified to more extent.
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F IGURE 4.32: Change in extinction during the opening a)/c) of a C5F-H-SAc thin film through
a holey electrode with 380 nm lattice constant and 253(10) nm/189(10) nm hole diameters respectively. The spectra exhibit both the characteristic in-/decrease in the UV/visible range
(dashed/solid line), although the peak shape and position in the visible region is altered distinctively compared to the glass sample, with additional shoulders indicated by vertical lines. The
peak positions for a) and c) are determined as 343 nm/628 nm and 340 nm/644 nm respectively.
Absolute changes of the extinction are depicted in chapter A.1.8. The spectrokinetics b) and d)
of the samples show sound agreement with the limited exponential growth model with exponential
factors of 3.81 · 10−3 and 3.99 · 10−3 for the dashed and solid line in d). The slightly smaller holes
of the investigated sample in c) exhibits exponential coefficients of 3.10 · 10−3 and 3.39 · 10−3 .
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F IGURE 4.33: Change in extinction during the closing a)/c) of a C5F-H-SAc thin film through a holey electrode with 380 nm lattice constant and 253(10) nm/189(10) nm hole diameters respectively.
The spectra exhibit both the characteristic de-/increase in the UV/visible range (dashed/solid
line), with identical peak shifts and additional features as detected for the closing process. Absolute changes of the extinction are depicted in chapter A.1.8. The spectrokinetics b) and d) of the
samples show sound agreement with the double fitted limited exponential growth model. For b)
exponential factors of 0.299 and 4.61 · 10−2 for the solid line and 0.260 and 2.20 · 10−2 for the dotted
are extracted. For d) exponential factors of 0.182 and 2.84 · 10−2 for the solid line and 0.276 and
2.20 · 10−2 for the dotted are extracted.

The change in extinction in the visible wavelengths seems to exhibit multiple components,
as indicated by the vertical lines above the spectra. Additionally, the prominent main peak
exhibits a ≥ 50 nm redshift compared to the glass reference. Interestingly the peak position
of the molecular species is different for the two distinct hole sizes at 628 nm for 253 nm holes
and at 644 nm for 189 nm holes. A shoulder at approx 475 nm can be found in Figure 4.32
a) and c), which similar to the main peak seems shifted to higher wavelengths for smaller
hole diameters. Additionally for the smaller hole size, a novel peak component between the
shoulder and main peak is observable. As the molecular species on both samples is identical,
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the shift in resonance wavelength is likely to be caused by the interaction of the molecular
species and the plasmonic excitation on the holey electrodes.
The spectrokinetics of the opening exhibits an expected exponential limited growth with
extracted exponential factors of 3.81 · 10−3 /3.99 · 10−3 for the in-/decrease in Figure 4.32b)
and 3.10 · 10−3 /3.39 · 10−3 in d), which is in the same order of magnitude as for the switching
through glass. Consequently, the switching also requires a similar amount of energy (approx. 1000 mJ), although the light had to pass through the holey electrodes to achieve any
switching effect on the supernatant molecular film.
If the closing process of an open thin film is done with the same samples, the individual
spectra exhibit the expected opposite sign and identical peak position, as for the opening,
depicted in Figure 4.33.
Similar as for the opening spectrokinetic, the UV peak of the smaller hole diameter is only
shifted slightly to lower wavelengths (344 nm → 337 nm), while the visible peak is shifted
to higher wavelengths (630 nm → 645 nm). In addition to the shift of the visible peak, the
spectra also feature additional shoulders at approx. 475 nm for both hole sizes and a shoulder
at around 550 nm for the smaller hole diameter in Figure 4.33c). The spectrokinetic of the
closing can nicely be fitted by two separate exponential fits, as for the thin film on glass. The
exponential coefficients are given by 0.30 and 0.046 for the increase and 0.26 and 0.022 for
the decrease in Figure 4.33b), the coefficients in d) are determined as 0.18 and 0.028 for the
increase and 0.28 and 0.022 for the decrease. The exponential coefficients are in the same
order of magnitude as for the bare glass sample, similarly as for the opening process. The
overall applied light dose for the closing also shows similar, or in case b) even lower values
as for the transparent glass sample.
C5F-H-SAc on 520 nm Lattices
For holey electrodes with 520 nm lattice constants, spectrokinetic openings were done for two
different hole sizes. The switching of the C5F-H-SAc thin film through the nanoperforated
Au film with 356 nm and 314 nm holes is depicted in Figure 4.34.
The opening spectra of the molecular thin film is clearly very different from all measured
spectra before. While the characteristic increase in UV extinction is clearly reproduced in
both peak shape and position, the visible peak is split into two. The bigger of the two peaks
at 585 nm for Figure 4.34 a) and 597 nm for c) is shifted to lower wavelengths compared
to the 380 nm lattice opening. The second smaller negative peak is found at 730 nm for a)
and at 757 nm for c) and thereby at higher wavelengths as for the smaller lattice sample.
While the UV peak position is stable for both hole sizes, a red shift for smaller hole sizes
is obtained for the visible peaks. This is a strong indication for an interaction of the SPP,
excited by the holey electrodes with the molecular thin film.
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F IGURE 4.34: Change in extinction during the opening a)/c) of a C5F-H-SAc thin film through
a holey electrode with 520 nm lattice constant and 356(10) nm/314(10) nm hole diameters respectively. Both spectra exhibit the characteristic peak in the UV range at 335 nm (dashed line), but
the visible peak is heavily altered. In the visible/near infrared range there are two negative peaks
visible, at 585 nm (solid line) and 730 nm (vertical tick mark) for a) and 597 nm (solid line) and
757 nm (vertical tick mark) for c). The spectrokinetics b) and d) of the samples show sound agreement with the fitted limited exponential growth. For b) exponential factors of 5.05 · 10−3 for the
dashed line and 5.00 · 10−3 for the solid are extracted. For d) exponential factors of 4.68 · 10−3 for
the dashed line and 4.43 · 10−3 for the solid are extracted.

The spectrokinetic opening is again well described by an exponential limited growth, with
exponential coefficients of 5.05·10−3 /5.00·10−3 and 4.68·10−3 /4.43·10−3 for the in-/decrease
in Figure 4.34b) and d) respectively. Again, the factors are well comparable to those of the
opening of the thin film on glass and on the holey electrodes of 380 nm lattice, as well as the
overall applied dose to switch the thin film completely.
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Effect of SPPs on Thin Film Optics
As presented in the preceding paragraphs, the optical properties of the photochromic switches
is altered heavily on the 380 nm and 520 nm lattices. Both the characteristic molecular peak
position and shape is distinctively modified, and additionally a clear effect of the hole size
on the transmission characteristics could be found. While the energetic position of the
molecular thin film absorbance or excitation is believed not to be altered by the geometry
of the metal substrate, the SPP excitations on the holey electrodes are extremely sensitive
to the exact lattice properties (as discussed in chapter 4.5). Since the energetic positions of
the SPP excitation and the molecular absorbance are very close, a coupling of the SPP and
the molecular excitation is easily possible.
As discussed in chapter 2.7.4, a coupling of the energetic modes of the SPP and the
molecule film will render a separate description of the respective excitations impossible. In
the limit of a strong coupling between plasmon and molecule, both a shift in resonance energies and even a peak splitting of the combined modes is possible.
As described by Equation
q
2.21, a strong coupling is given for high molecular densities N/V . As the molecular thin
film is formed by direct evaporation of solvent without any carrier polymer matrix, a high
molecular density can be presumed to be given.
So following along the assumption of a strong coupling between the molecular thin film
and SPP, the experimental results can be evaluated. Assuming an undisturbed molecular
energy level at 570 nm as found for the thin film on glass, the introduction of a 380 nm lattice
produces a shift of the visible peak towards higher wavelengths, with the introduction of a
small shoulder in the spectra for lower wavelengths. For a lattice constant of 520 nm for
the metal substrate, two distinct peaks can be found, with one clearly red shifted peak and
one peak close to the original energy position of the molecular thin film on glass. In case of
strong coupling, the two lattice constants of the holey electrodes will result in four resonance
positions along the SPP dispersion curve, as depicted in Figure 4.35. The peaks are thereby
surrounding the energetic reference position of the molecular species (blue horizontal dashed
line) with a splitting close to the resonance position. Compared to the theoretical model in
chapter 2.7.4, the observed resonances do well coincide with the model of a strong coupling
phenomenon. Thereby the high energy mode of the 380 nm lattice, observed as shoulder
at 480 nm, is the least likely to appear, as this mode would require a long lifetime of the
SPP excitation. For the clearly distinguishable peak splitting on 520 nm samples, a peak
separation of approx. 150 nm or 440 meV is observed.
As discussed in chapter 4.5, a reduction in the hole sizes for both 380 nm and 520 nm
samples, leads to a sharper SPP resonance in the transmission. This reduced width of
the SPP resonance also affects the Rabi splitting, as observed in a slight peak shift and
sharpening in Figures 4.32 and 4.34 for the lower spectra respectively. As the linewidth
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F IGURE 4.35: Schematic representation
of the observed peak splitting, assuming
strong coupling. Thereby the molecular energy level (blue horizontal line) and
the SPP dispersion (black diagonal line)
are creating hybrid Rabi split modes (red
lines). The vertical lines indicate the energetic position of the SPP wavevectors for
the 380 nm and 520 nm lattice and intersect the Rabi modes at the energetic positions of the molecular excitation peaks.
The shoulder, observed for the 380 nm lattice is indicated by a smaller point, as no
distinct peak was observed in the spectrokinetic investigation.

480 nm
Energy [h c nm-1]

4. R ESULTS

580 nm
650 nm
720 nm
380 nm
lattice
520 nm
lattice

Wavevector [nm-1]

of the SPP is reduced, the Rabi splitting becomes more obvious as predicted by Equation
2.21. This is also evident in the appearance of the additional shoulder features in the
spectrokinetic plots for the smaller hole sizes on the 380 nm lattice samples. The sharper
SPP resonance enables the differentiation of finer features, generated by the hybridized
molecule plasmon system. Due to clarity of presentation, the shoulder features of the small
hole samples are neglected in Figure 4.35. Molecule-plasmon coupling has been demonstrated
for photochromic spiropyran molecules before [97, 98], however these molecules only exhibit
strong coupling in one molecular state. This enables an optical control of the strong moleculeplasmon coupling of the spiropyran molecules, however this species has to be stabilized
in a polymer (polymethylmethacrylate) matrix and requires thermal back conversion after
the optical switching. To the best of the authors knowledge, no strong coupling has been
reported for diarylethene molecules yet. In contrast to spiropyran molecules, the C5F-H-SAc
species exhibit strong coupling in both open and closed state and enable a complete optical
control of the switching states. Furthermore, the developed thin film system eliminates the
requirements of a polymer carrier matrix, which facilitates the optical analysis of the system
[98].
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Estimation of Switching Quantum Yield on Holey Electrodes

As discussed in the fundamentals in chapter 2.4.2, the opening and closing spectrokinetic
can be described by an exponential limited growth, which was used for fitting all recorded
spectral changes of the respective extinction peaks. The formula for the switching was
derived as
Ni = N {1 − exp [Φj→i (λ)σj (λ)I(λ) · t]}

(4.2)

with i/j representing the indices for the open (o) and closed (c) characteristics of the thin
film. For the opening kinetic i = o, j = c the latter equation can be directly be employed for
the fits. For the closing spectrokinetic the equation also holds true, if a constant, full light
intensity for the initial switching process is given. This full light intensity was assumed for
the first layer in the separated model, which is described by the first exponential fit. As the
P
absorbance A = i=o,c Ni σi was recorded, the determined exponential fit coefficients should
represent kj→i in the theoretical model exponents for Ni . The indices j → i indicate the
direction of switching, i.e. kc→o for the opening and ko→c for the closing spectrokinetic. The
applied dose of light I(λ) · t in the experiment reduces the exponentially fitted values to
k := kj→i = Φj→i σj (λj→i )
where λj→i denotes the wavelengths and Φ the quantum yield of the respective switching
procedure. The unit of the determined exponential factors is consequently ( mW/ cm2 )−1 .
The empirical value kj→i can be used to quantify how fast/easily the thin film system is
switched using the respective illumination setup and filter set. The fitted exponential coefficients of all evaluated spectrokinetic switching are collected in table 4.1. Only the kinetic
coefficients determined from the peaks in the visible wavelengths were selected, since higher
overall changes in extinction were observed. Additionally, the ratio of the quantum yields
between the opening and closing Φ can be estimated, according to
ko→c · N
kc→o · N
Φo→c
=
·
Φ=
Φc→o
Ao (λo→c )
Ac (λc→o )

!−1

=

ko→c · Ac (λc→o )
kc→o · Ao (λo→c )

where the absorbances Aj of the open/close molecular species in the completely switched
state (Nj = N ) was used to estimate the molecular attenuation factor according to
σj→i (λj→i ) =

Aj (λj→i )
N
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with i, j = o, c ∧ c, o. As simplification, thereby the peak absorbance of the molecule on glass
was employed, i.e. the maximum absorbance in the UV/visible range for the open/closed
molecule respectively:
Ac (λc→o ) = Ac (570 nm) and Ao (λo→c ) = Ao (345 nm).

Glass
Solid Au
l = 380 nm
d = 253 nm
l = 380 nm
d = 189 nm
l = 520 nm
d = 356 nm
l = 520 nm
d = 314 nm

k
h o→c
i k
h c→o
i Φ
cm2
−1 cm2
10 mW 10−3 mW

Open
Area [%]

3.16
0.125

6.38
0.439

10.4
6.0

100
0

2.99

3.99

15.8

40

1.82

3.40

11.3

30

-

5.00

-

43

-

4.43

-

33

(4.3)

TABLE 4.1: Exponential coefficients kj→i determined by the spectrokinetic investigation of C5FH-SAC thin films illuminated through various substrates extracted from the visible peak changes.
The holey electrodes are denoted by their lattice constant l and hole sizes d respectively. The ratio
of quantum yields Φ show some modulation for the holey electrodes. The geometrically open area
(holes in the metal film) indicates how well the switching through the metal layer was possible from
a geometric optics point of view.

In the case of the reference system, the molecular thin film on glass, the kinetic coefficients
for the closing spectrokinetic is found to be larger than for the opening. The estimated ratio
in quantum yield of 10.4 is in very good agreement with the reported ratio for the C5F-H-SAc
in solution of 7.5 [13].
The switching through solid Au exhibits very low kinetic coefficients, as expected for a
low transmission through the metal film. Particularly the slow opening could be correlated
with the additional feature observed in the switching spectra, which seems to be caused by
some plasmonic excitation of the metal film. The origin of this phenomenon remains to be
resolved.
Investigating the switching through the holey metal films, the kinetic coefficients are in
the same order of magnitude as the switching through the transparent substrates. When
plasmonic effects are ignored, the classical geometric transmittance of the holey electrodes
are given by the weighted transmission of the opened area (see Equation 3.1) and the residual
transmittance found for the solid Au films. Thereby the transmittance for the closed Au
film at the opening and closing wavelengths are determined as 2.5% and 5.5% respectively.
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F IGURE 4.36: Plots of the determined closing (a) and opening (b) coefficients vs. the classical
transmittance. The reference systems of the glass (green) and solid Au (purple) substrates are
depicted, including a diagonal “guide for the eye” which indicates the approximated expected
transmittance in a classical transmission geometry. For all of the 380 nm and 520 nm lattice samples,
the holey electrodes exhibit larger kinetic coefficients for the opening and closing than predicted
by the transmittance via classical optics. The indicated error bars represent the 95% confidence
interval of the fitted coefficients. The legends in b) holds true for both plots.

The determined kinetic coefficients for the opening and closing spectrokinetics are plotted
vs classical transmittance in Figure 4.36.
Comparing the kinetics of the switching of the molecular thin film against conventional
solid Au reference electrodes, a tremendous improvement is found. Additionally a likely
improvement of the switching due to plasmonic effects is indicated. The diagonal lines in
Figure a) and b) represent the linear extrapolation of a classical transmittance, which is
exceeded by all holey electrodes. This is particularly true, since the transmission values of
the perforated electrodes are likely to be overestimated due to the fabrication scheme of the
holes. During the particle deposition, vacancies in the particle film were accepted in order
to prohibit any double layer formation. These vacancies result in closed areas of gold in
the final sample, which in turn reduces the mean transmittance. The closing coefficients in
Figure 4.36a) exhibit clearly enhanced values, almost comparable to the kinetics of the thin
film on a completely transparent substrate.
The examination of the molecular thin film switching through the holey electrodes calls
for repetitive measurements and for statistically valid conclusions. The depicted errors in
Figure 4.36 represent the 95% confidence interval of the fitted exponential coefficients. Particularly the determination of the closing kinetic coefficient has to be repeated, since the
approximation of the double exponential fit limits the available number of data points for
the fit. However, even within the framework of the used approximation, the determined kinetic coefficients exceed the predictions of classic transmission. All of the gathered six data
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points for both opening and closing hint towards a plasmonic enhancement of the switching
process.
To summarize, the combination of the plasmonic holey electrodes with the photochromic
thin film of C5F-H-SAc molecules generates a complex and coupled optical system. Both an
additive absorbance effect of molecule and metal in the UV range and a shift in plasmonic
resonance energies is found. The shift in SPP resonance energy is assumed to be caused by a
strong coupling of the molecular resonance in the visible range and the SPP excitation. For
different lattice constants of the holey electrodes, heavily diverging changes in the optical
spectra are found. Thereby the two lattices of the holey electrodes permit a crude and
preliminary estimation of the dispersion of the coupled energy levels.
Generally, photochromic switching of the molecular thin film through a solid gold film is
possible, but the low signal to noise level and the slow kinetics impedes investigations with
repeated switching cycles and prohibits potential applications. The holey electrodes can
offer great improvements for both the switching kinetics and the recorded signal strength by
an increased light transmission. Furthermore, the kinetics for the photochromic switching
indicates a plasmonic induced improvement for the opening and closing process. A potential
plasmon enhanced switching mechanism opens entirely new perspectives for opto-electronic
applications of holey electrode substrates. To test and verify these effects, rigorous repetition
of the switching through various holey electrodes have to be performed.
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As final puzzle piece for the investigation of the diarylethene thin films on holey electrodes,
the electrical characterization in crossbar (CB) junctions was conducted. Thereby two things
were tested - firstly, the new holey CB arrays were evaluated as potential measurement device
for optoelectronic characterizations of molecular species. Secondly, the C5F-H-SAc thin film
is investigated regarding its electric properties and switching behavior.
The CBs realized in the course of this thesis exhibit two distinct innovative features,
which to the best of the author’s knowledge have not been reported in literature. While the
embedding of the BE wires is intended to increase the yield of functional CB junctions
after printing, the nanoperforation ought to allow for easier and more versatile optical
control of functional molecular species (as described in chapter 4.6) in the CB’s sandwich
structure.
Prior the spin coating and printing, the molecular solution was switched to either the
completely open or closed state, to insure a controlled initial state of the thin film. This
should result in a molecular film of 14(2) nm thickness with defined molecular switching state,
additionally the printing was then executed with minimal environmental light, to reduce
random switching of the molecules. A CB after the two-step printing process is depicted in
Figure 4.37. The central CB area exhibits a conformal contact between the TE stamp and BE
chip, while the upper right corner exhibits no contact. Since unconformal contact could alter
the electrical transport through the molecular junctions, only CB junctions with conformal
contact in both the CB area and contact pads are chosen for electric characterization.
For the measurement, the CBs are positioned on the illumination stage in the Probestation, positioning the central CB area over the circular opening of the sample table as seen in
Figure 3.8. For each printed CB, all of the well contacted, potential 100 crossbar junctions
are electrically probed. For this, a small potential of 10 mV is applied between the probe
needles, which are contacting the large contact pads on the outside of the chip. Short circuited (SC) and non-contacted (NC) junctions can easily be identified, and are neglected for
analysis. Thereby a SC junction was defined to exhibit ≤ 1000Ω resistance, similar to the
resistance of CB junctions without molecular species. For any junction with conductances in
between the SC and NC case, current-voltage (I-V) sweeps are executed. The linear voltage
sweeps are designed to ramp up the voltage, while starting at 0V applied potential, to avoid
voltage induced shorts in the very beginning from the measurement. Sweeps to maximum of
250 mV, 500 mV and 1000 mV are done and the current response is recorded. After successful sweeps, the feedline resistance across the BE and TE wires was tested to rule out any
influences of disconnected wires or bad contacts.
An exemplary I-V sweep is shown in Figure 4.38a). The current response of the C5F-
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a)

b)

500µm

50µm

F IGURE 4.37: Micrograph of printed CB junction, composed of 2 µm BE wires (horizontal) and
4 µm TE wires (vertical). a) The dotted black line separates the areas of conformal contact in
the central CB area and no contact in the upper right corner. The nanostructuring of the BE
is not visible in this magnification, but can be conceded from the slightly darker color of the BE
wires, compared with the solid Au wires of the TE. The cloudy blue background is caused by the
microscopes steel sample stage, visible through the borofloat glass wafer. b) High magnification
image of central CB region with horizontal BE and vertical TE wires, blurred by the polymer stamp
on top of the chip.

H-SAc thin film in both open and closed state exhibit fairly linear shape. Only for high
potentials ≥ 500 mV in some cases a slight S-shape was observed, which however was always
accompanied with a higher level of noise. The resistance of the molecular layer was found
to be quite low, in the orders of 106 Ω for most cases. Some junctions were shorted during
a potential scan, which was accompanied by a drastic increase of measured currents. But
most junctions remained stable for multiple sweeps, even up to 1V .
Naturally, the molecular junctions were investigated regarding their electric switching
behavior, as soon as a stable junction was found. For this, a constant potential of usually 100 mV was applied, while measuring the current and illuminating the CB through the
backside using the correct filter sets. An exemplary chronoamperometric measurement is depicted in Figure 4.38b) for an initially completely closed film. No effect of the illumination
was found on the electric transport of the molecular thin film. The visible and UV illumination periods are indicated by the red and blue overlays, however no change in conductance
is found. The high current fluctuations in Figure 4.38b) are correlated to environmental
vibrations which were affecting the sample.
The combined results of 13 individual CB junctions with molecular responses are depicted
in a current density plot in Figure 4.39a). The current density plot accounts for the area of
the individual junctions, normalizing the current across the measured samples. The current
traces of the junctions exhibit a spread of approximately one order of magnitude, which is
a very typical result for large area junctions. Responses of open and closed molecular thin
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F IGURE 4.38: a) I-V sweep of a CB junction with closed C5F-H-SAc film with a fairly linear shape
and high conductance. Only for high potentials (≥ 0.5V ) some S-shape can be identified, which is
also accompanied by a higher level of fluctuation noise. b) Chronoamperometry of a junction at
100 mV with initial closed C5F-H-SAc thin film. Illumination with visible and UV light during the
measurement is indicated by the red and blue overlay respectively. While the illumination has no
influence on the current level, big fluctuations are measured, which were correlated with vibrations
of the measurement setup.

films are coded red and green respectively. No difference in the current traces of open and
closed molecular thin films is distinguishable. This finding supports the chronoamperometric
measurements, which did not show a change in conductance upon illumination.
The observed currents of all junctions vs. the underlying junction area (see Figure 4.39b)
shows a clear increase of the mean conductance with increasing junction area. Thereby
again, the switching state of the molecular thin film shows no influence on the conductance
values. The conductances of the junction areas 16 µm2 , 24 µm2 and 100 µm2 originate from
three independent CB printings, with multiple measured junctions for each CB. An influence
of the feedline resistance on the scaling is very unlikely, as typical resistances of shorted
junctions (≤ 1000Ω) would result in currents which are approx. two orders of magnitude
higher. Although more data points are certainly required to quantify a scaling effect of the
junction area, the observed increase in junction conductance with junction area has seldom
been reported in ME [77] and attests for the quality and reproducibility of the fabricated
CB structures for large area molecular junctions.
The preliminary yield of functional CB chips after printing was fairly high. In approximately half of the printed CB chips, molecular junctions could be recorded. During the
electrical characterization, often the complete array of CB junctions was shorted at some
point of the measurements. Thereby also junctions were shorted which were not actively
measured, which naturally impedes an evaluation of a functional junction yield.
129

4. R ESULTS

D ISCUSSION

10.00

b)

1.00

Current@100mV [A]

Current Density [A/cm²]

a)

AND

0.10

Molecular State

1e−06

Molecular State
closed

closed
0.01

1.0

Junction Area [cm²]

1.0e−05

0.5

2.4e−06

0.0

Voltage [V]

1.6e−06

−0.5

0.0e+00

−1.0

open

1e−07

open

F IGURE 4.39: a) Current Density plot of 13 crossbar junctions, gathered from three crossbars with
both open (red dots) and closed (green dots) molecular films. A spread of the current density of
one order of magnitude is found, typical for large area molecular junctions. b) Current values of
all recorded I-V traces extracted at 100 mV plotted against the junction areas. Red and green dots
indicate the current responses of the open and closed molecular state respectively, the black dots
and error bars represent the mean values and standard deviations. A tendency to higher current
values for higher junction areas is clearly visible.

The CB printing was carried out by both a senior and novice operator, which indicates
a good reproducibility of the CB printing procedure and emphasizes the potential of the
established embedded CB junctions for molecular electronics.
In summary, the fabricated CB chips were successfully employed for the electrical characterization of molecular thin films of approx. 14 nm thickness with a high yield of the assembly
technique. Both the low spread of conductance trances and the observed scaling in junction
area, indicates great potential use for embedded CB junctions in Molecular Electronics. The
lack of an electric switching of the molecular species could be caused by ensemble effects in
the thin film, since interaction effects of the molecules can heavily influence the transport
through a molecular monolayer [136]. Metal induced quenching by the Au electrodes also
cannot be ruled out [95], although a thin film should exhibit conduction contributions of
non-affected molecular species further away from the electrodes. For graphene based single
molecule contacts, reversible switching of diarylethene molecules was observed with on/off
ratios of 107(56) [95]. For Au base junctions on the other hand, the reported difference
in conductance for similar diarylethene switches is approximately one order of magnitude,
for both single molecule junctions [14] and for monolayers [26, 27]. As the spread of the
generated crossbar data is of similar magnitude, a high number of crossbar junctions is required, in order to statistically differentiate between ex-situ switched open and closed films.
Consequently, a direct “live” switching would be favored as proof of a molecular functionality.
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Within the scope of this thesis, a novel platform for opto-electrical characterization of
molecular species was developed. The presented crossbar based electrode approach allows
for the combined investigation of optical, plasmonic and electric properties of molecular
species in a direct metal-metal contact.
Combining conventional CMOS structuring and innovative colloidal lithography (CL),
a cost efficient and high throughput fabrication method of nanostructured microelectrodes
was achieved. Two approaches for particle monolayer deposition were investigated regarding
the quality of the resulting lattices and the applicability of the process in conventional
lithography structuring. An improvement on existing interfacial assembly techniques was
proposed, using compression forces generated during the particle deposition in a polyethylene
funnel. Dry chemical etching of particle monolayers was carried out in a plasma furnace
and reactive ion etching system, which was further optimized for the generation of holey
electrodes. Additionally, a novel method for the characterization of particle monolayers was
proposed, which allows the determination of the particle monolayer quality and a precise
analysis of the individual particle size at the same time. This quick and non-destructive
method utilizes radiative losses of the photonic crystal created by the particle monolayer,
which can be obtained using UV-vis spectroscopy.
Two distinct fabrication flows for nanoperforated microstructures were developed and
employed, in order to apply the developed CL structuring processes in conventional CMOS
approaches. Both fabrication flows are capable of generating nanostructured microelectrodes
in a cheap and high throughput process and one flow successfully combines nanostructuring
and embedding of the electrode wires in a reliable and reproducible fashion.
As molecular system for the opto-electronic crossbars, a photochromic diarylethene molecule
was investigated. A thin film system (≤ 15 nm) of the molecular species was realized using
spin-coating. Thereby the thin film maintained the photochromic properties of the individual molecules and creates smooth and homogeneous layers on solid substrates. The used
photochromic molecule has been reported to exhibit a conduction difference between the
two states, which makes the diarylethene species a great candidate for further investigations. The kinetics of the optical switching were recorded and evaluated using a thin film
model of diarylethene molecules.
The optical properties of the holey electrodes was investigated prior and after the deposition of a diarylethene thin film. The nanostructured holey electrodes exhibit clear plasmonic
excitations in the optical spectrum, with striking features such as Extra Ordinary Transmission (EOT) and Absorption Induced Transparency (AIT). Combining the plasmonic holey
electrodes with the molecular thin film, novel hybrid optical properties were generated. Us-
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ing the model of strong coupling, a potential description of the observed hybrid resonances
was found. The spectrokinetic properties of the hybrid system were investigated and an indication for an improved switching kinetic was found, induced by the plasmonic substrates.
Finally, the electric characterization of the molecular thin film in the developed embedded
and nanoperforated crossbar junctions was done. Thereby the focus was put on the assessment of the novel crossbar platform for applications in molecular electronics. The molecular
thin film did not show any dependency of the conductivity on its photochromic state, simultaneously a “live” switching of the photochromic molecules in a direct metal-metal contact
could not be shown. However, the crossbar chips exhibit great electric properties and a high
yield (approx. 50%), with typical deviations in junction conductivities of approximately one
order of magnitude. Additionally, an indication of scaling between the junction conductivity
and junction area was found, emphasizing the quality of the created crossbar structures.

O UTLOOK
Nanoperforated and embedded microelectrodes show great potential for optoelectronic
applications, but the presented fabrication flows require precise process control in order to
achieve reproducibility. To further simplify the generation of holey electrodes, a more compact and reproducible scheme is proposed. This new flow exhibits a single metallization/liftoff step to generate both the nano- and microstructure of the embedded electrodes. In short,
a photoresist is developed and used as etch mask, similar to the discussed “Top-Down” and
“Bottom-Up” approaches in this thesis. By employing particle deposition and etching on
this developed photoresist structure, a single metal deposition/lift-off can generate embedded, holey electrodes in a greatly simplified process. The flow is discussed in more detail in
Chapter A.1.9, in first proof of concept investigations, excellent results could be achieved,
as depicted in Figure 5.1. To realize this, an interfacial assembly technique for CL has
to be employed. As most photoresist are soluble in polar solvents like ethanol/methanol,
a direct deposition of the particle dispersions onto the resist would inevitably destroy the
microstructures. During interfacial assemblies like FASA the resist is immersed in MilliQ
and not affected by the solvents required for the particle monolayer formation. For the size
reduction of the particles a gentle dry etching is advised in order to reduce the effects of
the plasma on the resist, but since the particle film acts as “protection” layer, the expected
effects should not influence the resist structures decisively. Additionally, the proposed fabrication flow eliminates the crater structures on the oxide surrounding as evident in Figure
5.1a), since no aggressive Ar sputtering on the wafer is required.
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a)

b)

1 µm

250 nm

F IGURE 5.1: SEM images of structures created by the simplified fabrication flow. a) Nanoperforated and embedded microwire, with a well-ordered hole lattice. With a considerable reduction in
processing steps, a reliable high throughput fabrication of holey electrodes is possible. b) Magnified
view of a holey electrode with outstanding lattice quality, created in a single metal lift-off step.

To gain further insight in the hybrid system of the coupled plasmonic holey electrodes
and molecular species, more data is needed. To achieve this, new holey electrodes with
varying lattice constants should be evaluated, when coated with the molecular thin film. As
preliminary investigation, the angle dependence of the SPP resonance was utilized to shift
the plasmon resonance slightly, which was capable of shifting the hybrid energy levels as well.
This in turn can also be used to further investigate the vivid spectral features of samples
with small hole sizes in more detail.
In order to improve the junction yield of printed CBs and to facilitate the electric readout,
the manual positioning of the probe needles on the chip should be avoided, as the induced
vibrations and potentials can easily affect the junctions. For that, a larger 1 inch chip layout is devised, which allows for a direct electric readout using push-pin connectors and an
automatized determination of functional molecular junctions.
In combination with the simplified fabrication scheme, both a high throughput fabrication
and characterization of the crossbar junctions can be achieved. With these perquisites, the
characterization of monolayers in large area molecular junctions can be tackled. With the
standalone capability of defined optical control of molecular species and additional plasmonic
enhancement of optical effects in the junction, the embedded, nano-perforated crossbar platform offers stunning new investigation possibilities for Molecular Electronics.
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A.1 A DDITIONAL I NFORMATION
A.1.1 WAFER -L AYOUT OF B OTTOM E LECTRODES
For both positive and negative tone recipes used during this thesis, the following bottom
electrode layout on a 4” wafer basis was used.

1 µm
Chip

Gradient
Structure

F IGURE A.1: Full 4” wafer scale layout (black circle), used for the bottom electrode fabrication.
The 34 blue bottom electrode chips exhibit a size of approx 1.2 × 1.2 cm2 , a control field on the
right side of the depicted wafer facilitates the process characterization and tuning. The individual
wires in the middle of the BE chip exhibit a distance of 10 µm. Chips with a single constant wire
width and a mixed chip were used. The zoomed excerpts show a constant width 1 µm chip and a
mixed gradient (“Grad”) chip.
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A.1.2 WAFER -L AYOUT OF TOP E LECTRODES
For both positive and negative tone recipes used during this thesis, the following top
electrode layout on a 4” wafer basis was used.

Gradient
Electrodes

4µm
Electrodes
F IGURE A.2: Full 4” wafer scale layout (black circle), used for the TE electrode fabrication. The
≥ 150 red top electrode structures exhibit a size of approx. 1 × 1 mm2 , a control field on the right
and left side of the depicted wafer facilitates the process characterization and tuning. A similar
wire layout as for the BE was chosen. The letters on the top and bottom of the wafer indicate the
wire width for all structures in this respective row. The high number of structures on each wafers
yields a potential high number of printed CB structures for each functional TE wafer.

141

A. A PPENDIX

A.1.3 R OUGHNESS OF T EMPLATE S TRIPPED TOP E LECTRODES
A smooth electrode surface is of vital importance for the realization of stable molecular
junctions. Here the quality of the Top Electrodes, created by template stripping is investigated using AFM. RMS roughnesses of 0.47 nm for 4 µm2 and 0.53 nm for 25 µm2 were
measured,

a)

b)

rms=0.47nm

rms=0.53nm

F IGURE A.3: 4 µm2 AFM scans of template stripped Au surfaces of TE structures. Although
the images exhibit deviations between the scan lines, the smooth topography is evident, with
determined rms roughnesses of 0.47 nm for a) and 0.53 nm for b).
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A.1.4 M OBILE S PECTROMETER
The utilization of a mobile handheld spectrometer (Thorlabs CCS200) was tested and
compared to a stationary high precision spectrophotometer (Perkin Elmer Lambda 900).

Extinction [a.u.]

Spectrometer Setup
0.4

High Precision

0.3

Mobile, Low Cost

0.2
0.1
0.0

1.1

1.2

1.3

1.4
/l

F IGURE A.4: Extinction spectra of a PS particle monolayer on glass, recorded by a stationary,
high precision (black) and hand-held, mobile spectrometer (red). While the mobile spectrometer
exhibits a higher noise level and additional artifacts (e.g. sub-zero extinction), the peak of the
main radiative loss is clearly reproduced. This enables a potential on-spot characterization of the
quality of particle monolayers and the particle sizes e.g. in industrial in-line sensing devices.

A.1.5 E FFECTIVE R EFRACTIVE I NDEX
Calculation of the theoretical effective refractive index, created by a perfect hcp lattice of
spherical particles.

a)

b)
d
VS
Effective Refractive Index

1.3

VT

1.2

1.1

l
1.00

0.75

0.50
Reduced Particle Size d/l

0.25

0.00

F IGURE A.5: a) 2-dimensional sketch of the filling factor of a hcp particle monolayer. The triangular
prism unit cell (grey) is filled by three sphere sections (blue), with radius 1/2 · d. The filled volume
πd2
fraction fV is therefore given by fV = 3√
, where l denotes the lattice constant of the hcp lattice.
3l2
The resulting effective refractive index of a layer mixed with spherical PS spheres and air is plotted
in b). For a reduced particle size between approx. 1 to 0.5, an approximately linear dependency is
found.
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A.1.6 S PIN C OATING OF C5F-H-SAC T HIN F ILMS
The tunability of the thin film characteristic by changing the spin-coating conditions was
tested, utilizing the absorbance value as quantitative indication of the film thickness, as
discussed in Chapter 2.4.2.

a)

b)
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0.6

300rpm

0.6

200rpm
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0.4
100rpm
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300

400

500

600

0

700
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300

Spin Coating Speed [rpm]

Wavelength [nm]

c)

d)
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F IGURE A.6: Effect of different spin-coating conditions on the optical absorbance spectra of C5FH-SAc thin films. a) Effect of spin-coating speed, from 300 rpm to 0 rpm. With increasing spincoating speed the absorbance is decreasing, as expected for a thinner absorbing film. c) Effect of
solution volume on the absorbance spectra. Clearly for higher solution volumes, the absorbance is
decreasing. This can be explained by the centrifugal forces, which are removing large droplets of
the solvent more easily off the substrate. b) and d) The absorbance values at the UV and visible
peak in blue and red respectively, extracted from the spectra in a) and c) show a clear reduction
in absorbance.
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A.1.7 M ONOLAYER D ETECTION ON H OLEY E LECTRODES
To examine the spectrum of a C5F-H-SAc monolayer on the holey electrodes, the cleaned
holey electrode was incubated in 1 mM solution of C5F-H-SAc for 24 h. After rinsing with
chloroform and MilliQ, the sample was scanned in the spectrometer. Compared to the
predeposition spectrum in Figure A.7, a clear red shift of the SPP resonances was found.
After a cleaning of the sample using oxygen plasma and chemical rinsing, the spectrum
returns to the original, predeposition characteristics. It is to be noted, that the depicted
wavelength range does not focus the main SPP resonance at 750 nm, as the biggest difference
in the spectra was found at the maximum slope at slightly lower wavelengths than the SPP
resonance peak (similar as for classical SPR measurements). No optical switching effect of
the monolayer on the holey electrodes could be observed during illumination.
However, these measurements also emphasize the quality of the created holey electrodes
as plasmonic sensors, since a monolayer deposition can even be detected in a simple, direct
light transmission geometry.

380nm Lattice, 255nm Holes
0.50

Predeposition
C5F−H−SAc Monolayer

Extinction

0.45
Cleaned
0.40

0.35

0.30

500

600

700

800

Wavelength [nm]

F IGURE A.7: Extinction spectra of a holey electrode with 380 nm lattice constant and 255 nm
hole size. After the deposition of a C5F-H-SAc monolayer from chloroform using the thiol end
group (red) the spectrum of the pristine holey electrode (black) is shifted to higher wavelengths.
A subsequent cleaning, including oxygen plasma (see chapter A.2.1) the cleaned spectrum (blue)
is shifted to its original position again.
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A.1.8 A BSOLUTE SPECTRA OF C5F-H-SAC T HIN F ILMS ON H OLEY E LEC TRODES AND

S OLID AU

The relative changes in extinction for the molecular thin film are depicted in the results
of this thesis. Here the unmodified sectra of solid Au (Figure A.8), 380 nm lattice (Figure
A.10) and 520 nm lattice (Figure A.9) substrates are depicted and combine the effects of e.g.
SPP resonance shift, molecular absorbance and AIT.

a)

Opening b)
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F IGURE A.8: Extinction spectra created by the C5F-H-SAc thin film on solid Au, for the a) opening
and b) closing spectrokinetic. While the change in extinction is clearly visibly in both images, the
spectra exhibit strong artefacts caused by the self-referencing measurement (e.g. neg. extinction).
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F IGURE A.9: Extinction spectra created by the C5F-H-SAc thin film on holey electrodes with
520 nm lattice, and a) 356 nm holes b) 314 nm holes for the opening spectrokinetic. The change in
extinction is clearly visible, with additional peak structures independent on the molecular state at
approx. 550 nm and 750 nm.
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F IGURE A.10: Extinction spectra created by the C5F-H-SAc thin film on holey electrodes with
380 nm lattice, and a)/b) 253 nm holes and c)/d) 189 nm holes. The left column shows the opening,
the right column the closing spectrokinetic of the thin film. The molecular switching is clearly
visible, but again a strong peak at 650 nm independent on the molecular state is complicating the
analysis.
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A.1.9 A DVANCED B OTTOM E LECTRODE FABRICATION S CHEME
Thanks to the development of the funnel assisted self-assembly of particles, an additional
fabrication scheme could be developed and a proof of concept was done. The fabrication
relies on the assembly of PS particles on the developed resist structure, which prohibits the
use of solvents, e.g. ethanol. The fabrication scheme is depicted in Figure A.11. Since for

Photolithography

RIE

Particle
Deposition
RIE

Au
Deposition

Lift-Off
F IGURE A.11: Advanced, simplified fabrication scheme. Thereby the red double layer resist is used
as etch mask during a RIE step and not affected by the FASA assembly (turquoise). The subsequent
gentle RIE etch of the particles leaves the resist mostly intact, so that after the metallization (yellow)
a single lift-off step defines both the nano- and microstructures on the wafer.

the FASA assembly, the wafer is only in contact with ultra pure MilliQ water, the particle
assembly can be done after the resist development and RIE etching step, prior to the metal
evaporation. This allows for a simultaneous definition of the micro- and nanostructures
in a single metal lift-off step. The lift-off thereby has to be carried out carefully, with a
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sufficiently long soaking in acetone to remove the bulk Au before using ultrasound to remove
the covered particles completely.
Compared to the established “Top-Down” Bottom Electrode fabrication, this scheme
eliminates the need of an additional Cr hard mask and the inevitable wet chemical Cr
etch. Additionally, the nano-crater artifacts on the hole wafer surface is avoided, as the
nanostructuring only affects the opened resist areas of the microwires.
As proof on concept a wafer was fabrication using the scheme and shows great potential
for future fabrication, see Figure 5.1.
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A.2 P ROTOCOLS
If not stated otherwise, all chemicals were purchased from Sigma-Aldrich (Sigma-Aldrich
Chemie GmbH, Munich, GER) and used without further modification.

A.2.1 S TANDARD C LEANING
• Acetone 10 min in Ultrasound
• Isopropanol 10 min in Ultrasound
• Rinse with MilliQ water extensively
• Oxygen plasma cleaning, 200 W, 300 s at 0.7bar
• (For Au substrates) Chemical reduction of Au2 O3 in ethanol ≥ 5 min
• (For Au substrates) Rinse with MilliQ water extensively

A.2.2 S TANDARD ACTIVATION
• Precleaned surface
• Oxygen plasma activation of surfaces with 80 W power, for 300 s at 1mbar.

A.2.3 S PIN -C OATING A SSISTED D IRECT E VAPORATION (SADE)
• Warm and shake stock solution of PS particles with high carboxyl functionalization
purchased from Polyscience with 10% solids content (Polyscience Europe, Hirschberg,
GER)
• Centrifuge ≈ 1 mL dispersion of 520 nm (720 nm) particles at 7400rpm (6000rpm) for
420s (300 s)
• Remove 750 µl supernatant, add 750 µl of ethanol, with added 0.2% Triton X-100
• Mix thoroughly
• Centrifuge dispersion at 5900rpm (4500rpm) for 300 s (240 s)
• Remove approx. 300 µl of supernatant to adjust the precise particle concentration
• Mix thoroughly
• Check particle concentration during monolayer assemblies
• Dilute dispersion if multilayers occur (white lines on the sample) with ethanol-Triton
solution.
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A.2.4 F UNNEL AS SISTED I NTERFACE A SSEMBLY (FASA)
• Preclean assembly glass beaker, PE funnel and glass slide from contaminations and
surfactants
• Warm and shake stock solution of PS particles (approx 10% solids) with low surface
functionalization purchased from Banglabs (Polyscience Europe, Hirschberg, GER)
and dilute with MilliQ water in 1:1 ratio
• Mix particle dispersion with Ethanol (with added 0.02% Triton X-100) in 1:1 ratio
• Fill glass beaker and PE funnel with MilliQ water
• Activate substrate/wafer and immerse in MilliQ water inside the PE funnel
• Activate glass slide with MilliQ and immerse partially in the MilliQ water at approx
30◦
• Wet glass slide and add PS dispersion drop wise onto the glass slide
• Check monolayer assembly using flashlight and add particles until a complete coverage
of the water interface with particles is achieved
• Extract deposition glass slide and slightly tilt the beaker, to achieve a slight angle of
the water surface with respect to the sample/wafer
• Slowly drain water level in the beaker, until the sample completely emerges from the
water bath
• Slowly dry sample in slightly angled position

A.2.5 PARTICLE E TCH IN P LASMA F URNACE
•
•
•
•

Preclean plasma furnace ≥ 20 min
Insert samples into plasma chamber
Purge chamber three times with pure O2 to remove any humidity and N2
Etch particles at a pressure of 0.16 mbar and a plasma power of 50 W

A.2.6 PARTICLE E TCH IN RIE SOLUTION WITH ICP
• Preclean RIE chamber ≥ 1 h
• Condition chamber with process plasma condition for ≥ 20 min: 40/10 sccm O2 /CHF3 ,
0.026 mbar, 0◦ C and 10 W/50 W RF/ICP power
• Insert samples, while monitoring He leakage and self-bias

A.2.7 PARTICLE E TCH IN RIE SOLUTION WITHOUT ICP
• Preclean RIE chamber ≥ 1 h
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• Condition chamber with process plasma condition for ≥ 20 min: 40/10 sccm O2 /CHF3 ,
0.026 mbar, 0◦ C and 30 W RF power.
• Insert samples, etch for 1 min
• Pump out chamber
• Continuous etch while monitoring He leakage and self-bias.

A.2.8 “B OTTOM -U P ” B OTTOM E LECTRODES
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
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Cleaned 4” Borofloat Wafer
Dehydrate Wafer ≥ 160◦ C, ≥ 20 min
Spin-Coat Lor3B @3krpm
Soft-Bake @ 160◦ C for 5 min
Spin-Coat nLof2020 @3krpm
Soft-Bake @ 110◦ C for 2 min
Illuminate with 34 mJ/ cm2 (g-line)
Post-Exposure Bake @ 110◦ C for 1 min
Develop in MIF 326 for 35 s.
Rinse in purified water, dry in N2 stream
Preclean RIE chamber ≥ 30 min
RIE Chamber Conditioning ≥ 20 min, 5sccm/30sccm CHF3 /Ar, 0.02 mbar, 0◦ C, 120 W
RF
Etch wafer 4 min, resulting in approx. 45 nm − 50 nm trenches
Strip Resist stack in Acetone/Iospropanol/MIF326, rinse in purified water
Particle monolayer assembly by SADE/FASA
Particle RIE etch (see A.2.7)
Metal deposition 5 nm/40 nm Ti/Au
Particle Lift-Off (LO) by scotch tape,
Clean wafer with Acetone, Isopropanol and a purified water rinse
Spin Coat UV6.06 @ 3krpm
Soft-Bake 130◦ C for 1 min
Illuminate with approx. 40 mJ/ cm2 (g-line)
Post-Exposure-Bake @ 140◦ C for 90 s
Develop in MIF 24 A for 45 s
Preclean RIE chamber ≥ 30 min
RIE Chamber Conditioning ≥ 20 min, 30sccm Ar, 0.03 mbar, 20◦ C, 120 W RF
Etch Metal layer on Wafer for approx. 6 min
Strip resist in Acetone, Isopropanol and purified water

A.2. P ROTOCOLS

A.2.9 “TOP -D OWN ” B OTTOM E LECTRODES
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•

Cleaned 4” Borofloat Wafer
Dehydrate Wafer ≥ 160◦ C, ≥ 20 min
Spin-Coat Lor3B @3krpm
Soft-Bake @ 160◦ C for 5 min
Spin-Coat nLof2020 @3krpm
Soft-Bake @ 110◦ C for 2 min
Illuminate with 34 mJ/ cm2 (g-line)
Post-Exposure Bake @ 110◦ C for 1 min
Develop in MIF 326 for 35 s.
Rinse in purified water, dry in N2 stream
Preclean RIE chamber ≥ 30 min
RIE Chamber Conditioning ≥ 20 min, 5sccm/30sccm CHF3 /Ar, 0.02 mbar, 0◦ C, 120 W
RF
Etch wafer 4 min, resulting in approx. 45 nm − 50 nm trenches
Metal deposition 5 nm/40 nm Ti/Au
Metal LO in Acetone, Isopropanol and a purified water rinse
Particle monolayer assembly by SADE/FASA
Particle RIE etch (see A.2.7)
Metal deposition 50 nm Cr
Particle Lift-Off (LO) by scotch tape,
Clean wafer with Acetone, Isopropanol and a purified water rinse
Preclean RIE chamber ≥ 30 min
RIE Chamber Conditioning ≥ 20 min, 30sccm Ar, 0.03 mbar, 20◦ C, 120 W RF
Etch Metal layer on Wafer for approx. 6 min, until Au is removed completely
Selective Cr wet etch in Cr etchant standard

A.2.10 TOP E LECTRODES
•
•
•
•
•
•
•
•

Cleaned 4” Silicon wafer with grown oxide layer (≥ 50 nm)
Spin-Coat nLof2020 @3krpm
Soft-Bake @ 110◦ C for 2 min
Illuminate with 34 mJ/ cm2 (g-line)
Post-Exposure Bake @ 110◦ C for 1 min
Develop in MIF 326 for 30 s.
Rinse in purified water (≥ 12 M Ω), dry in N2 stream
Activate wafer in plasma furnace, 3 min, 1 mbar, 80 W
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• Trichloro(1H,1H,2H,2H-perfluorooctyl)silane (FOTCS) silanization @1−5 mbar for 1 h
• Metal deposition of 40 nm Au instantly after the silanization with a high evaporation
rate (≥ 0.5 nm/ s) at low vacuum values
• Carefully strip resist in Acetone, Isopropanol and purified water, without ultrasound
treatment
• Flatten polyoleyfin plastomer (POP) stamps to approx. 0.5 mm
• Place POP on metal structures, potential promote conformal contact with soft pressure
using a tweezer
• Quickly strip POP stamp of the wafer. By stripping the stamp perpendicular to the
wire orientation, the number of wrinkles in the metal can be reduced
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