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Abstract

In recent years, nanotechnology emerged as a new research field that has the goal to get control
over matter at the nanoscale. Hence, basic research aims to understand and tailor the properties
of the nanoscale building blocks such as single molecules or nanoparticles. The potential applica-
tions of such nanosystems comprise surface science, microfabrication, medicine and many more.

The present thesis examines this aspect for individual molecules that are adsorbed on surfaces.
Thereby the surface gets functionalized with the molecular properties. The porphyrin-titania
interfaces, which were studied in particular, become able to absorb light in the visible region.
They are therefore suitable for application in organic-inorganic photovoltaics or photocatalysis.
In order to enhance the performance of these interfaces it is important to investigate the molecular
adsorption on the nanoscale. In this thesis, this task was first accomplished using a combined
experimental approach with scanning probe microscopy (SPM) and photoelectron spectroscopy
(PES) as well as density functional theory (DFT) calculations. The capability of atomic force
microscopy (AFM) was further expanded during the thesis by the use of a recently developed
measurement scheme. Applying this new method, it was demonstrated that the adsorption con-
figurations of a single molecule at room temperature can be characterized by AFM alone. Hence,
this thesis successfully pursued two main goals: the improvement of a well-known experimental
technique and its use for high-resolution investigation of single molecules in application relevant

organic-inorganic interfaces.






Contents

Introduction

I. Theory and Methods

1. Molecules on Surfaces

1.1.

1.2.
1.3.
1.4.

Interaction of Isolated Molecules with Surfaces . . . . ... .. ... ... ... ..
1.1.1. Covalent Bonds . . . . . . . . . .. . ...
1.1.2. Ton-Ion Interaction . . . . . . . . . . . . . ...
1.1.3. Hydrogen Bonds . . . . . . . . . . ..o
1.1.4. Electrostatic Interactions Involving Dipoles . . . . . . ... ... ... ...
1.1.5. Charge Transfer and Hybridization . . . . . .. ... ... ... ... ...
1.1.6. Van der Waals Forces . . . . . . . . . . . .. .. . . ... ..
Surface Diffusion . . . . . . . . . . . e
Intermolecular Interactions . . . . . . . . . ...

SUMMATY . . . . o o oo e

2. Theory of Experimental Techniques

2.1.
2.2.
2.3.

2.4.
2.5.

Scanning Probe Microscopy . . . . . . ... Lo
Scanning Tunneling Microscopy . . . . . . . . . . ..o
Atomic Force Microscopy . . . . . . . . ..
2.3.1. Tip-Sample Forces . . . . . . . . . .. L
2.3.2. Cantilevers as Force Sensor . . . . . . . . .. .. o
2.3.3. Sample Topography and Tip Effects . . . . . .. ... ... ... ... ...
2.3.4. Higher Resonances and Multimodal AFM . . . .. .. ... ... ......
2.3.5. Multipass AFM . . . . . . L
Kelvin Probe Force Microscopy . . . . . . . . . . . . .
Photoelectron Spectroscopy . . . . . . . . o . Lo e
2.5.1. X-ray Photoelectron Spectroscopy . . . . . . . . ... L.
2.5.2. PES and Chemical Analysis . . . . . . . .. .. ... ... ... ... ..
2.5.3. PES for Molecular Adsorbates . . . . . . . . . .. ... L.

10
11
12
13
14
15
16
18
19

21
21
22
24
24
26
30
32
33
35
37
37
39
39

111



v

2.6.

Contents

Summary ...

Materials and Methods

3.1.

3.2.
3.3.

3.4.
3.5.
3.6.

The TiO, Substrate . . . . . ... ... ... ...
3.1.1. The Rutile TiO, (110) Surface . . . ... ... ... ... ... ......
3.1.2. The Anatase TiO, (101) Surface . . .. ... .. ... .. ... ... ....
Metallo-Carboxyphenylporphyrins as Molecular Sensitizers . . . . . . . . ... ...
Non-Contact Atomic Force Microscopy in UHV . . .. . .. .. .. ... ... ...
3.3.1. The Microscope . . . . . . .« . e
3.3.2. Preparation of TiO, Single Crystals . . . . ... ... ... ... ... ...
3.3.3. Deposition of Molecules by Evaporation . . . . . ... ... ... .. ....
3.3.4. Preparation of Cantilevers . . . . . . .. . .. ... oL
3.3.5. Measurement Control . . . . . . ... ... Lo
Density Functional Theory Calculations . . . . . . . . . .. .. ... ... ... ..
The PEARL Beamline . . . . . . .. . ... ... .

Summary . ... e

Results and Discussion

CuTCPP and ZnCPPs on Rutile TiO, (110)

4.1.
4.2.

4.3.

44.

4.5.
4.6.

The Rutile TiO, (110) Surface . . . . ... ... ... ... .. . ... ... .
CuTCPP on Rutile TiO, (110) . . . . ... ... .o . o o
4.2.1. Adsorption Geometries of CaTCPP . . . . . . . . .. ... ... ... ...,
4.2.2. Stability of Geometries . . . . . . . ..o Lo
4.2.3. KPFM Measurements . . . . . . . . . . ... o
4.24. DFT Calculations . . . . . . . . .. .. .
4.2.5. Conclusion . . . ... L
Anchoring of tr-ZnDCPP on Rutile TiO, (110) . . . .. .. .. ... ... .. ...
4.3.1. Immobilization of Porphyrins by Annealing . . . . .. ... ... ... ...
4.3.2. STM Investigation of Adsorption Modes . . . . . . ... ... ... .. ...
4.3.3. XPS Investigation . . . . . . . .. ...
4.3.4. Conclusion . . . . . . ..
ZnCPPs on Rutile: Influence of the Carboxylic Anchor . . . . . .. ... ... ...
4.4.1. Preparation of igh Coverage Films . . . . . ... ... ... .. ... ...
4.4.2. Molecular Islands of Zn'TPP . . . . . . . .. . ... ... ...
4.4.3. Conclusion . . . . . . .
The Quest for High Molecular Resolution . . . . . ... ... ... ... ... ...

Conclusion . . . . . . .

41
42
43
44
46
47
47
49
52
52
53
55
56
57

59



5.

Contents

ZnCPPs on Anatase TiO, (101)

5.1. The Anatase TiO, (101) Surface . . . . . ... ... ... .. ... ... ..

5.2. ZnCPPs on Anatase TiO, (101) . . . . . . . .. ... oo oL
5.2.1. ZnTCPP on Anatase TiO, (101) . . . . ... ... ... ... .. ......
5.2.2. Cis-ZnDCPP on Anatase TiO, (101) . . . .. .. ... ... ... ... ...
5.2.3. Role of the Anchoring Group (ZnMCPP vs. ZnTPP) . . . . .. .. ... ..
5.2.4. Self-Assemblies of Zn'TPP . . . . . .. . ... oL
5.2.5. Covalent Anchoring of ZnMCPP . . . . . ... ... oo
5.2.6. Conclusion . . . . . . ...

5.3. High Resolution Dual-Pass AFM of ZnCPPs . . . . . . ... ... ... ... ....

5.4. Conclusion . . . . . . . o

Conclusion

6.1. Advanced nc-AFM Methods . . . . . . .. . .. ... ..
6.2. Porphyrin Functionalized TiO, . . . . .. ... ... .. 00 0L
6.3. Outlook . . . . . . . e

Acknowledgments

Appendix

. Remarks on Contrast Inversion

. XPS of the TiO, Substrates

B.1. Rutile TiO, (110) . . . . . . .
B.2. Anatase TiO, (101) . . . . . . .. . L

. Dye-Sensitized Solar Cells

C.1. Theoretical Description . . . . . . . . . . .. L
C.1.1. Working Principle . . . . . ... oo
C.1.2. Recombination Processes . . . . . . . . . .. . ...
C.1.3. Charge Transport . . . . . . . . . . . .

C.2. Zn-carboxyphenylporphyrins as Sensitizers . . . . . . . . .. .. ... ... ...

C.3. Methods . . . . . o o
C.3.1. Cell Assembly . . . . . . . . . e
C.3.2. IV-Characterization . . . . . . . . . . . .. e
C.3.3. External Quantum Efficiency . . . .. .. ... ... ... ... ... ...
C.3.4. Electrochemical Impedance Spectroscopy . . . . . . . .. .. .. ... ...
C.3.5. Simulation using Matlab . . . . . . ... ... o o o

87
87
92
93
93
95
96
97
99
100
104

105
105
106
107

109

111

113

115
115
116

119
119
119
121
121
122
122
122
123
124
124
125



Contents

C.4. Results and Discussion . . . . . . . . . . e 128
C.4.1. IV-Characterization . . . . . . . . . . . i 128

C.4.2. Electrochemical Impedance Spectroscopy . . . . . . . . .. .. .. ... .. 129

C.4.3. Simulation of DSCs with Matlab . . . . . . . . . . . . .. .. ... .. ... 130

C.h. Summary . . . . ... 133
Bibliography 135
List of Figures 161
List of Tables 163
Abbreviations 165
List of Publications and Presentations 167
Curriculum Vitae 171

VI



Introduction

The human dream to design materials with predefined properties is a main goal in today’s ma-
terials research. For a long time, most of the used materials were characterized by their bulk
properties. With the emergence of nanotechnology, materials research was promoted to the next
level. It offers the possibility to assemble complex structures out of smaller building blocks like
with Lego. These prospects were already considered in the famous talk entitled "There is plenty
of room at the bottom" by R. Feynman, who was one of the fathers of nanotechnology.! He
already considered the manipulation of individual atoms as a new synthetic way to build up
nanostructures. However, it took time until his vision was realized by the invention of scanning
probe microscopy techniques in the 1980s.>3 These experimental methods use extremely sharp
tips that are scanned over the surface in order to sense the sample topography. This allows
imaging clean or adsorbate covered surfaces on the nanoscale and manipulating single atoms or
molecules with the tip into predefined structures.* " Besides controlled manipulation, it became
apparent that large and well-defined molecular structures can also be built up by self-assembly.
As a simple example, it was found that molecules can arrange in ordered 2D architectures at in-
terfaces or surfaces.®> 1% More complicated three-dimensional self-assemblies are also possible.:
In the ideal case, different building blocks are assembled into larger superstructures with new
functionality such as the nanomachines in biological cells.'®'" Somehow, it is generally an intri-
cate task to assemble 3D nanoarchitectures. It is thus the aim of nanosciences to understand the
interaction between the different components and to tune them systematically in order to allow
the assembly of larger superstructures. To achieve this goal, nanosciences have become a highly
interdisciplinary field of research. Molecular building blocks are often inspired by the structure of
biomolecules. Synthesis or customization is done by chemistry. Computational simulations and
methods from experimental physics, such as scanning probe methods, are applied to study the

peculiarities of an assembled system.

The miniaturization offers the possibilities to design or tune materials in order to yield customized
functionality. A widely applied approach is called surface functionalization, where the surface is
covered with a molecule layer. In the simplest case, the molecular properties are transferred to
the substrate as e.g. for hydrophobic coatings. In more complex systems, the molecule interacts

with the substrate and forms a functional interface that exhibits new functionality. Examples for
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Figure 1.: Influences of the molecular adsorption mode on the performance of a surface that is function-
alized with a light absorbing molecule: (left) no light absorption due to undesired interaction of molecular
orbitals with the surface, (middle) functional dye that absorbs light and is able to inject an electron (e™)
into the substrate and (right) configuration with good light absorption properties but low electron injection
efficiency.

applications are hybrid organic-inorganic interfaces for photovoltaics, catalysis, sensors, molecu-
lar switches and molecular electronics in general.'®?° This also emphasizes the importance of
nanotechnology for sustainable, environmental or renewable energy applications.

This work studies porphyrin sensitized titanium dioxide, that find application in dye-sensitized
solar cells.?® The key working principle of these devices is as follows. The adsorbed molecules, also
known as the sensitizers, absorb the incoming photons. Thereby electrons are excited to higher
energy levels and are injected into the conduction band of the TiO, substrate. The injected
electrons can then be collected in form of an electron current. The efficiency of such an interface
is found to rely on the adsorption configuration of the molecule on the surface. Some illustrative
cases are shown in Fig. 1. This issue has been studied to a great extent for different sensitizers.26-30
However, many investigations were mainly done by fabrication of devices with different dyes
followed by rationalizing their photon to current conversion efficiency using potential models of the
adsorption mode. It has to be stressed that this approach does not directly give information about
the individual molecule nor does it allows studying the working mechanism in situ. Therefore,
an atomic probe is needed. Scanning tunneling microscopy (STM), has thus been used to a
wide extend to study the adsorption of individual molecules on metals.'31733 Unfortunately,
it is limited to conductive samples and cannot be used on poorly conducting substrates such as
insulators. As an alternative, atomic force microscopy (AFM) was used for nonconducting samples
and high-resolution of planar molecules was obtained at low temperatures that even revealed the
molecular structure.>* 3% Despite these spectacular results, there were only few investigations on
larger adsorbates or at room temperature, where the molecules generally wiggle around and might

even diffuse on the sample surface.?>49 Therefore, this work aimed to resolve and characterize



Introduction

the adsorption mode of single molecules at room temperature using non-contact (nc) atomic force
microscopy. Knowing the properties of individual adsorbates is supposed to further elucidate
interface processes that might hinder device performance such as electronic coupling of molecular
orbitals with the surface or recombination of charge carriers. In summary the aim of this thesis
was two-fold: first to enhance the capability of nc-AFM at the submolecular length scale and
second to use it for the study of an application relevant system. The disposition of the thesis is

separated in two parts that are theory and experimental methods as well as results and discussion.

The first chapter reviews the theory of molecules on surfaces. It explains the different types
of molecule-surface and intermolecular interactions that determine the adsorption behavior of
a molecule. Thereby the role of functional groups that are used to immobilize molecules on
the surface, e.g. by means of covalent bonds, is emphasized. Furthermore, the influence of the
substrate on the molecular properties, which could potentially affect the performance of a hybrid

interface, is discussed.

The second chapter covers the theory of the applied experimental techniques. The main focus is
on high-resolution non-contact atomic force microscopy in ultra-high vacuum. Possible methods
to overcome the resolution of standard nc-AFM such as bimodal or multipass AFM are explained
in detail. Besides this, Kelvin probe force microscopy (KPFM), which is an extension of nc-AFM,
and scanning tunneling microscopy are introduced. Photoelectron spectroscopy (PES), which was

used for chemical analysis of the samples, will be explained briefly at the end of the chapter.

The third chapter is about materials and methods. It starts with an introduction to titanium
dioxide and its different polymorphs, which is followed by a detailed discussion of the rutile TiO,
(110) and anatase TiO, (101) surfaces. The idea behind surface functionalization of titania and the
details about metallo-carboxyphenylporphyrins (MCPP) as sensitizers are further outlined. This
is then followed by an explanation of the ultra-high vacuum (UHV) room temperature nc-AFM
setup, comprising the preparation of the measuring tip and the functionalized titania surfaces.
The chapter ends with specifications on the measurement control for nc-AFM and information
about complementary methods such as density functional theory (DFT) calculations and the

photoelectron spectroscopy setup at the Paul Scherrer Institute.

The fourth chapter covers the experimental results on the rutile TiO, (110) surface. It starts
with the study of the bare surface and its defects. This is followed by a combined study of
copper-tetracarboxyphenylporphyrin (CuTCPP) on rutile TiO, with nc-AFM and KPFM. In
this study, nc-AFM on the second resonance was used to reveal the adsorption configurations
of individual molecules. The experimental results were further assessed and corroborated by
DFT calculations. The study suggested that MCPPs might get anchored covalently by annealing
after deposition. This anchoring process was investigated and observed for trans zinc-di(carboxy-
phenyl)-diphenylporphyrin (tr-ZnDCPP) using scanning tunneling microscopy and photoelectron

spectroscopy at the Paul Scherrer Institute. The chapter further shows results from other zinc-



carboxyphenylporphyrins (ZnCPPs) that highlight the importance of the carboxylic anchor for
molecular immobilization on rutile TiO, (110). It closes with submolecular imaging using bimodal
and dual-pass nc-AFM at room temperature.

The fifth chapter treats the results from nc-AFM investigation on anatase TiO, (101). This
substrate is much less known in literature. First, the bare substrate is studied and possible topo-
graphy contrasts are explained by the tip termination. The adsorption behavior of ZnCPPs with
a different number of carboxylic anchors on anatase, which is significantly different to rutile TiO,,
(110), is discussed afterwards. The last part covers detection of adsorption configurations by
high-resolution dual-pass bimodal nc-AFM. It is shown that submolecular resolution on single
molecules comprising detailed structural information of the substrate is possible using nc-AFM
at room temperature. Furthermore, it gave evidence that nc-AFM is potentially able to detect
the functional anchor groups.

The last chapter gives a conclusive summary of the whole dissertation that covers the key findings

of this work and gives an outlook to future research topics in the field.



Part I.

Theory and Methods






1.

Molecules on Surfaces

The aim of this chapter is to introduce the reader to the theoretical background of molecule-surface
interactions and to apply it to relatively large molecules. Substantially, this contains the review of
basic concepts from chemistry, such as different interaction forces and interface processes. Large
molecules consist of different building blocks and functional groups. Hence their adhesion to the
surface as well as their mutual interaction are rather complex. Furthermore, the behavior of the
molecules is strongly influenced by the temperature and the surrounding medium, e.g. by solvents.
Thus a lot of interesting chemistry takes place at the interface and it is challenging to make a
concise summary. Because the main part of this thesis considers samples where the molecules
have been deposited by evaporation in ultra-high vacuum (UHV), it is convenient to describe the
molecule-surface interface from this point of view. In order to keep the introduction as clear and
instructive as possible the treatment will be limited to low coverage, i.e. below one mono-layer.
In such cases the molecule-substrate interaction is dominant over the intermolecular forces.

The review will firstly focus on the interplay between a single molecule and the surface. The
various types of interaction and their relevance on different substrates like metals, semiconductors
and insulators will be discussed. Afterwards our attention is turned to weakly bound molecules, i.e.
mobile species, where diffusion and interaction with defects or step edges become important. The
influence of the surface structure on the diffusion, which is responsible for anisotropic diffusion,
will be highlighted. Diffusion also allows the molecules to interact with each other, which can
lead to the formation of self-assemblies, which is the last topic of this review. For brevity, the
chapter will be limited to small self-assemblies and their growth processes with emphasis on the
specific intermolecular interactions that are usually applied for tuning the growth and shape of

the self-assemblies.

1.1. Interaction of Isolated Molecules with Surfaces

In order to understand the interaction of single molecules it is instructive to consider the adsorp-
tion process in more detail. Molecules that are evaporated to the surface have been thermally
excited. Their kinetic energy is rather low. Hence it is observed that they survive the arrival

without damage. After landing, the molecule will dissipate its excess thermal energy to the sur-
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Figure 1.1.: Example of a potential energy surface with two degrees of freedom (DOF). The molecule
lands at position P1 and has an initial configuration that relaxes first to a local minimum LM1. Excitation
of the molecule, by e.g. heating allows to overcome potential barriers and to discover other minima with
lower energy, like e.g. LM2. Landing at a different position or in another configuration, e.g. P2, might

cause the molecule to end up in another local minimum LM3.

face, a process also known as thermalization and the new constraints imposed by the geometry
and composition of the surface will force the molecule to adapt its configuration. This process
is rather complex, because larger molecules cover a certain surface area and constitute of indi-
vidual chemical building blocks, which generally interact in a characteristic manner. Due to the
inherent degrees of freedom, the molecule will explore the most suitable adsorption configuration.
This adaptation process can be described as the search for the absolute minimum on a multi-
dimensional potential energy surface that has various local minima (see Fig. 1.1). Even though,
the strength of the different interactions will determine the way to the final adsorption configu-
ration, it is clear that the molecule might not end up in the most stable adsorption mode. The
starting point, i.e. the initial configuration of the molecule and the location on the surface, might
influence the final configuration. This quest for the ideal adsorption configuration is tempera-
ture dependent. The more energy a molecule has the more potential barriers it might overcome,

enabling it to find deeper minima and allowing for more stable configurations. In summary, the
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Table 1.1.: Basic characteristics of the relevant forces for molecule-molecule and molecule-surface inter-
action as well as adsorption and diffusion. Based on values from reference [13].

Interaction Strength [eV] Distance® [pm] Peculiarity
Covalent bonding 1-8 100-200 selective, directional
Metal-ligand (coordination) 0.5-2 150-250 selective directional
Hybridization ~1 100-200 selective
Hydrogen bonding 0.05-1.7 150-350 selective, directional
Ion-ion 0.1-2.5 200-400 nonselective
Ion-dipole & dipole-dipole 0.05-0.5 200-300 nounselective
Dispersion (van der Waals) 0.01-0.1 300-500 nonselective

* Values represent typical equilibrium distances. The actual range can be much longer.

adsorption process is minimizing the energy of the total system and leads to an energy gain, the
so-called adsorption energy F,q4. It is calculated by subtracting the sum of the energies represent-

ing the free molecule Ep) free and substrate Fg,p, from the final energy of the combined system

Ernolasub-
Ead - Emol@sub - (EmoLfree + Esub) (1'1)

For stable configurations at room temperature, meaning low desorption rates, |Faq| should be
bigger than 1eV.!? The substrate will also try to adapt to the molecule albeit it is less flexible. The
displacements of the surface atoms are thus often relatively small. However, for some substrates
it has been observed that adsorbates can change the position of surface atoms and might even
induce or lift surface reconstructions.*-44

In order to make an educated guess of the expected adsorption configurations it is helpful to
consider the diverse interaction types and their corresponding strength. Generally, all these
interactions are either chemical, i.e. quantum mechanical origin, or electrostatic in nature. For
practical and also historical reasons they are further subdivided. Covalent bonds and hybridization
effects are considered as chemical interactions. Ion-dipole and dipole-dipole interactions as well
as van der Waals forces have an electrostatic origin. Other type of interactions, such as hydrogen
bonds and charge transfer phenomena exist as well but it is hard to assign them to one of the
two classes. Nevertheless, the dominant type of interaction is often used to classify them as
chemisorbed or physisorbed. As these two terms are somewhat ill-defined they will be avoided
in this work. Many of these interactions, especially the strong ones, are surface site dependent
and are commonly used for specific anchoring of molecules. These functional anchor groups often
represent the molecular parts that bind the strongest and thus steer the molecular orientation
and configuration on the surface. The following review of the interaction types is thus arranged
in order of decreasing strength. An overview of the interaction types with their characteristic

strengths and bond lengths is given in Tab. 1.1.
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1.1.1. Covalent Bonds

Covalent bonds are the strongest interaction between single atoms. The binding is often termed
as chemical. As implied by the word covalent these bonds develop if atomic orbitals of two
atoms overlap and share their valence electrons in order to achieve a state of filled electron shell.
The attraction of the atoms is caused by the exchange interaction which is a pure quantum
mechanical effect and arises from the indistinguishability of the electrons in the bond. The state
of filled valence electron shell is very stable and thus generally desired. Certain elements are able
to share more than one electron resulting in multiple bonds. The strength of covalent bonds is in
the range of 1-8¢eV.

The atoms in molecules or surfaces are often already in the state of filled electron shells. Hence,
the formation of new chemical bonds involves the breaking of existing bonds before new ones can
be formed. The reactivity is thereby highly increased for atoms exhibiting electron lone pairs or
atoms that take part in polarized bonds, i.e. bonds where the electrons are not shared equivalently
between the two partners. Many functional groups as well as substrates fulfill this prerequisite.
Substrates that meet this condition are often covalent crystals such as metal oxides. Their covalent
bonds are highly polarized and undercoordinated surface oxygen atoms present their electron lone
pairs. Other substrates like elemental semiconductors such as silicon or germanium are also highly
reactive due to the polarization of the topmost atoms induced by surface reconstruction.*® In
addition some valence orbitals of the surface atoms might not be saturated (dangling bonds). As
a result the surface is accessible by a wealth of chemical reactions known from organic chemistry,
which facilitates the immobilization of molecules via the formation of covalent bonds.*?>46

Many anchor groups have been developed, depending on the specific composition and structure
of the surface. A huge amount of work has been done on anchors for application relevant metal
oxides like TiO,. Common functional groups that have been employed are e.g. carboxylates,
phosphonates or silanes.*”**® Other anchors, have been selected and successfully tested on silicon

19,50

and gallium arsenide. For metals, especially gold, thiol groups have been the anchor of

5L In this case it has been observed that the formation of the covalent bond, i.e. the

choice.
dissociation of the S—H and formation of the S—Au bond, might need some time.?? This seems
to be characteristic for other substrates too. An anchor group that is made for covalent bonding
does not have to bind covalently, because the formation of a chemical bond is often a thermally
activated process. In some cases the bonding even needs another reactant. This approach is
sometimes used on metals for the formation of M—C bonds.”®

To further complicate the matter, certain anchoring groups can adopt various adsorption modes.
This is exemplified in Fig. 1.2 for the commonly used carboxylic acid, which also plays an im-
portant role in the present work. Fven though the binding strength varies between the modes,
implying a preferable configuration for the anchor, the prevailing mode is influenced by the ge-
ometry of the rest of the molecule. Another consequence is that binding to the same surface site

with different anchors might not result in the same configuration.

10
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Figure 1.2.: Possible covalent binding modes of carboxylic acids on a metal oxide.?* The carboxyl proton
is transferred to a surface oxygen to enable the bond formation.

Especially under ultra-high vacuum conditions, covalent bonds are nearly irreversible, because
the required reaction partner is missing. This fact gives them their outstanding importance for
the immobilization of adsorbed molecules. The chemical binding is the only interaction where
the binding energy of a single bond is already enough to bond an adsorbate on the surface at
room temperature. Despite the usefulness of reactive substrates for molecule immobilization one
also has to keep in mind that the chemical interaction might lead to unwanted chemical side
reactions that cause modification or decomposition of the adsorbate. This is especially important
for catalytic substrates like titanium dioxide.1%46

Apart from the classic covalent bonds, where each atom gives electrons, there also exist so-called
dative or coordination bonds where the bond electrons originate only from one of the atoms.
This interaction is of outstanding importance in the field of coordination chemistry. The electron
donors are typically atoms with lone pairs such as oxygen or nitrogen, but can also be delocalized

53,5556 The acceptors are often Lewis acidic metal atoms such as

m-systems such as benzenes.
gold. Apart from the importance for binding organic molecules on metals, coordination bonds
might also occur on covalent crystals if the adsorbate is metallo-organic like e.g. phthalocyanines

or porphyrins.

1.1.2. lon-lon Interaction

In order to achieve a filled valence electron shell, atoms form chemical bonds with other atoms and
these bonds can be polarized because these electrons are not equally shared. In the extreme case,
atoms even give off or take up electrons and get ionized. Atoms with a low electronegativity ¥, i.e.
atoms from the group I and II of the periodic system, become positively charged, whereas atoms
with high x, from the VI and VII group, get negatively charged. If such a bond is split the charge
will remain on the atoms. An ionic bond with another ion can be readily made and does not need
the splitting of bonds. The attraction in an ionic bond is mainly electrostatic and has strength of
about 0.1-2.5¢eV. Its typical length is about 200400 pm. However, the real interaction distance

is long-range and decreases as r—'.

In contrast to chemical bonds, the electrostatic interaction
can be repulsive, i.e. in the case of similarly charged ions.

Ionic interactions are common in inorganic salts but are not limited to ionized atoms. Since
molecules or functional groups, e.g. acidic groups, can get ionized as well, they play a role in

organic chemistry too. By definition ionic bonds between molecules and substrate are only possible
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Chapter 1. Molecules on Surfaces

if the substrate is an ionic crystal. Due to the technological relevance of insulators in molecular
electronics these bonds are becoming more and more important. Since ionic substrates are inert
and thus prevent the formation of covalent bonds, they often require that the ionic counterpart
is formed before the adsorption, which is challenging under UHV conditions. Hence, so far,
there exist only few publications that consider ionic anchoring groups.?”>58 Interestingly, it was
found that carboxylate groups are suitable anchors for salts as well.’”-® This finding is explained
by the high acidity of the carboxylic proton, which enables the deprotonation at relatively low
temperatures. Because most of the potential binding groups are acidic it is suitable to use salt

substrates that are proton acceptors, like e.g. calcite.5”

1.1.3. Hydrogen Bonds

Covalent bonds can be strongly polar resulting in partial charging of the atoms. Because the
hydrogen atom has a low electronegativity x it often carries a positive partial charge. Conse-
quently, it likes to interact with electron lone pairs from molecules or the surface (see Fig. 1.3).
The interaction is particularly strong for hydrogen atoms that are bound to oxygen or nitrogen
atoms. This coupling is generally termed as hydrogen bond (H-bond). The H-bond is highly
specific with respect to the interaction site and shows a strong directionality due to the orienta-
tion of the participating electron lone pair. H-bonds have typical interaction strength of about
0.05-1.70eV. Strong interactions are observed for binding partners with high x. Most common
bonds are H--- O, H--- N and H- - - F. Bonding of less polarized hydrogen atoms or with lone pairs
of other elements, e.g. sulfur, are possible but generally weaker. Hence these interactions are less
suitable for anchoring groups. Single functional groups, like hydroxyl or carboxyl groups, often
act as acceptor and donor for lone pairs and can build more than one H-bond. The formation
of H-bonds to surfaces is limited to substrates that offer the desired binding partners like metal

oxides or nitrides (see Fig. 1.3b). Considering molecular anchoring, one has to bear in mind
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Figure 1.3.: Hydrogen bonds and their binding modes. (a) Example of a hydrogen bond between a
partially charged hydrogen and a negatively polarized nitrogen atom. The H-bond is indicated with a
gray dashed line. (b) Examples of H-bonds between a hydroxy group and a metal oxide. Their surfaces
are often covered with hydrogen adatoms and can thus accept and donate electron lone pairs.
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1.1. Interaction of Isolated Molecules with Surfaces

that a single H-bond to the surface is, in most cases, not sufficient for immobilization at room
temperature. Since H-bonds cannot be used for anchoring to metals or salts, they are useful to

tune the intermolecular coupling on these substrates.'

1.1.4. Electrostatic Interactions Involving Dipoles

Like ionic bonds, interactions of polarized groups with other dipoles or ions are described by
basic electrostatics. The coupling strength between an ion and a dipole is in the range of few
hundred meV. The interaction can also become repulsive if the dipole is misaligned. The dipole-
ion interaction is especially important for the anchoring of adsorbates on salts. Hence, molecules
have been substituted with strongly polarized groups, comprising e.g. cyano groups or halides, in
order to immobilize them on the surface.459-64

In contrast, pure dipole-dipole interactions are relatively weak and are therefore less important
for the molecular geometry of single adsorbates. Nevertheless, they can have a great impact on
the formation of self-assemblies. Besides their use as anchors, which is based on site specific
interactions, dipoles are known to influence the electronic structure of the surface by shifting the
work function (see Fig. 1.4).557% In this case the overall dipole of the molecule is relevant. For a

covered surfaces the shift of the work function A®, can be calculated as

AD, — qO'Pmol,L

E0Er
where o is the surface density of molecules, Py, | is their dipole moment perpendicular to the
surface and ege; is the permittivity.56:6%70 The A® is especially important for applications like
dye-sensitized solar cells, where it has direct influence on the maximum open circuit voltage.?”
Another not site specific effect is the formation of interface dipoles due to adsorbate induced

mirror charges on metals, which results in attractive binding too.”
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Figure 1.4.: Influence of surface dipoles on the work function. (a) Bare substrate and (b,c) after
adsorption of molecules with a dipole moment pointing away and towards the surface, respectively. @
and @, are the corresponding work functions and A®; is the potential change at the surface induced by
the molecules.
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Figure 1.5.: Simplified picture of interfacial charge transfer for an electron donating molecule (weak
interaction). (a) Before contact, the Fermi energy Ep of the substrate and the chemical potential p,, of
the molecule are different (i.e. pum > Ex). (b) After contact, the energy levels are equal (um = Er). The
leveling is achieved by charge transfer from the molecule to the substrate. The resulting surface dipole
causes a shift of the work function A®.

1.1.5. Charge Transfer and Hybridization

So far, classical interaction types that have direct influence on the atomic configuration of the
molecule and the surface were discussed. The mutual interplay between the surface and the
molecule does however affect the electronic structure as well. In order to get a first idea one often
considers the band structure of the substrate as well as the highest occupied and lowest unoccupied
molecular orbitals (HOMOs and LUMOs) of the adsorbate. These properties are well defined for
isolated or free compounds and the corresponding Fermi level Er and chemical potential iy,
both representing the energies up to which electronic states are filled, can be assigned. As a first
approximation, one can assume that the pn, of an adsorbate is in the middle of the HOMO-LUMO
gap. Er and gy are normally not aligned. During contact formation these levels will equalize,
whereby charge is transferred between the molecule and the surface (see Fig. 1.5). The molecular
orbitals will be shifted in energy. The direction of the transfer depends on the position of uy with
respect to the Fermi level. Thus if pn, > Ep before contact, one expects electron transfer from
the molecule to the surface and vice versa for uy, < Er. One can therefore separate molecules
into electron donors and acceptors. The charge transfer causes an interface dipole, which alters
the work function (see Fig. 1.5b). This simple model allows one to make a first estimate of the
amount and direction of the expected charge transfer. However, the description implies that the
electronic structures of the molecule and the substrate remain unchanged and is thus only valid for
weakly interacting systems like e.g. halogenated copper-phthalocyanines on gold” or graphite’

or copper-octaethylporphyrin on noble metals.”

For many systems the molecular orbitals are altered when the molecule is brought to the surface.
Under these circumstances one can no longer talk of a weak interaction and the made approxi-

mation fails to determine the direction of the charge transfer. A more rigorous description that
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1.1. Interaction of Isolated Molecules with Surfaces

includes the direct interaction of molecular orbitals with the substrate is needed. Especially from
studies on metals, it is known that molecular orbitals may hybridize with surface states.?3:5% 7579
In this interaction empty states on one side are mixed with filled states on the other side to
form a so-called interface state. Evidently, the hybridization is therefore also associated with an
interfacial charge transfer. The energy of this new state is below the energy levels of the unmixed
states.

The hybridization is especially important for metals because they have delocalized electrons and
often a Fermi level close to the molecular orbitals. Coupling of LUMOs with electronic states

23,25,71,78  Ag a simple rule of thumb one

from metals has thus been reported several times.
can expect that conjugated molecules exhibit stronger hybridization than saturated molecules.*’
Furthermore, unfilled or virtual molecular orbitals show a stronger tendency for hybridization
than filled ones, because they are more diffuse and protrude farther from the adsorbate.?? Since
the hybridization depends also on the overlap of the orbitals it is distance dependent. For example
anthradithiophene on Cu (111) could be switched by STM from a hybridized state to a hardly
interacting state, which was accompanied by change of adsorption height.2> Molecules were
further reported to be decoupled if a thin insulating layer was in between the substrate and
the adsorbate.”® Despite all these examples, hybridization is not limited to metals. The only
prerequisite is the presence of suitable states on both sides of the interface. Interesting examples
are catechol on anatase TiO, or aromatic adsorbates on silicon.**8! In the latter, hybridization
involves the HOMO of the adsorbate.

In summary, there are two main charge transfer phenomena. One includes hybridization of molec-
ular orbitals and the other does not. Because the hybrid states are at the interface they are likely

.81 For large molecules both channels might be

to influence charge transfer processes across i
present as for example suggested for metallo-phthalocyanines on Au (111).7 The total charge
transfer is then balanced between the two channels. The hybridization also has a strong influence
on the electronic properties of the adsorbate and the interface, most importantly on the optical
absorption due to the alteration of the HOMO-LUMO gap. It has to be highlighted that hy-
bridization needs empty orbitals in either molecule or substrate. The interaction of filled orbitals
would lead to repulsion. For instance, on metals it has been observed that non-reactive adsor-
bates, such as noble gases, are able to push back the electron gas into the substrate due to Pauli

55,82

repulsion. This effect also causes an interfacial dipole but should not be confused with the

surface dipole originating from interfacial charge transfer.

1.1.6. Van der Waals Forces

The only interactions present for all molecule substrate systems are London-dispersion interac-
tions, often called van der Waals (vdW) forces. They are hardly specific and are caused by fluc-
tuations in the electron density of atoms which represent spontaneous dipoles. These temporary

dipoles induce other dipoles in nearby atoms, resulting in an attractive dipole-dipole interaction.
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Chapter 1. Molecules on Surfaces

Typical interaction energies are 0.01-0.1eV. Their strength is influenced by the polarizability of
the atoms and the individual electron densities. If one considers different types of substrates, i.e.
metals, insulators and semiconductors it is found that they are strongest on metals but only weak
on insulators.”® For insulators it is expected that the strength of van der Waals forces decreases
with increasing band gap, because of decreasing polarizability.

For strongly interacting systems vdW forces are not that relevant for the molecular binding
configuration. Nevertheless, they can contribute significantly to the total adsorption energy.
Especially for large molecules, vdW forces are already strong enough to prevent re-evaporation.
However, the potential energy surface is rather flat if only vdW forces are present, which results

in low diffusion barriers and thus migration of the molecules at sufficiently high temperatures.®

Under these conditions, it is observed that molecules are only immobilized at steps or in pits.83786

1.2. Surface Diffusion

This section investigates the behavior of weakly bound molecules. They are suggested to have
adsorption energies lower than 1-1.5eV. These values constitute barriers that can be overcome

13,59 However, the stability of a molecule on the surface is usually not

at room temperature.
determined by the energy barrier for desorption as described by F,q. The diffusion barrier, which
is the barrier that an adsorbate has to overcome in order to move to the next adsorption site, is
more important. For immobilized molecules this barrier has to be higher than 1-1.5eV as well.
It is important to keep in mind that the barrier height is significantly influenced by the type of
molecule-surface interaction. For example molecules adsorbed only by van der Waals interactions
typically show lower diffusion barriers than covalently anchored adsorbates.

Typically, one defines weak binding by a diffusion barrier lower than 1eV. It is crucial to note
that the molecules themselves do not possess enough energy to diffuse around. They still have
preferred states and adsorption sites, which can be represented as local minima on a potential
energy surface. But the molecules may have enough energy to wiggle around or maybe even to
rotate at their adsorption site.®” The hopping between neighboring adsorption sites is however
driven by the surface, which provides thermal energy through vibrations of surface atoms, thereby

acting as a heat bath. For simple cases, the jump rate I can be written in Arrhenius form
N
r=r —
0 €Xp < kBT) )

where Fy is the activation energy for the transition.'®®® In summary, weakly bound molecules are
normally in a local potential minimum until they eventually get enough energy from the substrate
to be excited to a state where they can actually overcome the diffusion barrier.

For flat and elementary surfaces, as e.g. most metals, the hopping is often isotropic. The hoping
rate to the next neighbor sites does not depend on the direction. An example of a potential

energy surface for this case is depicted in Fig. 1.6a. For covalent crystals the surface is often

16



1.2. Surface Diffusion

Figure 1.6.: Sketches of potential energy surfaces for surface diffusion of a small adsorbate. (a) Isotropic
diffusion for the example of a (100) surface of a body centered cubic metal and (b) anisotropic diffusion
as observed for the case of rutile TiO, (110).

more complicated due to reconstructions or surface structure. Hopping to next neighbor sites
thus becomes anisotropic. In such a case the potential energy surface could look like depicted
in Fig. 1.6b. Anisotropic diffusion behavior has e.g. been observed for rutile TiO, (110), where
the surface forms a row pattern of alternating oxygen and titanium rows along which molecular

diffusion takes place.??:%0

Diffusing molecules will eventually meet defect states or step edges. Literally spoken defects
are everything that does not belong to the perfect crystal structure of the substrate. Examples
are small adsorbates, surface atom vacancies or even subsurface defects. For these defects the
considerations about the different molecule-surface interactions made in Sec. 1.1 are still valid,
the defect only offers additional interaction possibilities. Especially vacancies are often highly
reactive and can promote anchoring. Interaction with subsurface sites could be imagined as a new
type of interaction that might facilitate binding as well.’? The fact that defects or adsorbates
constitute additional binding possibilities has also been used on purpose e.g. by evaporation of
metal adatoms on insulators where they permit the formation of coordination bonds.”!

If the molecule does not find a defect it will eventually move to a step edge. For flat and ho-
mogeneous substrates, as e.g. metals, these steps are often described by the concept of the
Ehrlich-Schwobel barrier.%2:93 Within the theoretical description it is assumed that small adsor-
bates, like single atoms, have less binding partners at a descending step and are reflected back
to the terrace. If however, they reach a rising step they have more binding possibilities and are
thus more likely to stick. The potential energy of a step is shown in Fig. 1.7. For inhomogeneous
surfaces or large adsorbates this is no longer true.?® The step edge might present some underco-
ordinated and reactive atoms that increase the number of binding sites no matter from which side
the adsorbate is approaching. Furthermore, for covalent crystals there are various step edges that

expose different microfacets. Fach of these facets shows a different chemistry and it is therefore
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Ehrlich—Schwogbel Barrier

Epot

Figure 1.7.: Schematic illustration of the Ehrlich-Schwobel barrier at a step edge. Adsorbates that
approach a descending edge are typically reflected, whereas adsorbates that encounter an ascending step

are likely to be trapped.

difficult to predict their influence on molecule diffusion and binding. New effects like diffusion
along the step edges might emerge as well.5" Because step edges are probably the last possibility
of the molecule to get bound it is not astonishing that step edges or pits have also been created

on purpose for the immobilization of molecules.33-86

1.3. Intermolecular Interactions

For higher coverage it is probable that diffusing molecules meet and interact. The arrangement
of the molecules is then determined by the interplay between molecule-surface and intermolecular
interactions. Some of the latter were already mentioned in Sec. 1.1. Important are H-bonds and
electrostatic forces. However, thanks to the wealth of functional groups and molecular binding
blocks, additional interactions become possible. They are relatively weak, but this does not lower
their importance. One of them is similar to hydrogen bonds. Namely, it is found that halogen
atoms themselves have regions with different polarization, which allow directed interaction with
other polarized species. Halogen-halogen bonding, where an electrophilic cap on a halogen atom
attracts a nucleophilic site of another halogen atom on an adjacent molecule, has also been re-
ported and shown to be relevant for self-assemblies.3” Another electrostatic interaction arises
from the quadrupole moments of phenyl rings.?> For benzene the ring is positively charged due to
the delocalized 7- electron systems above and below the molecular plane. This charge distribution
causes attraction between adjacent phenyl groups and governs their relative orientation. Preferen-
tial arrangements are sandwich, T-shape and parallel displaced configurations.’® For halogenated
phenyl groups the charging is inverted. Thus the molecular organization can be tuned by changing

9 These examples are

the quadrupole moment of the building block with suitable substituents.
only two representative for the complexity of the molecule-molecule interaction.

When molecules bind to each other, this is coupled to an increase in the diffusion barrier, be-
cause they would like to diffuse together. Hence the cooperative effect of molecule-surface and

intermolecular interaction can cause immobilization and has been used to assemble well defined
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Figure 1.8.: Examples of porphyrin self-assemblies whose structure is governed by the interaction and
position of carboxyl groups. (a) Dimer formed by porphyrins with one functional group, (b) tetramer
of porphyrins with two COOH in cis-configuration and (c¢) molecular chain consisting of porphyrins with

two COOH in trans-position.

oligomers.! Depending on the arrangement of the functional groups these oligomers have been
used as starting point for the growth of molecular wires or complex 2D structures (Fig. 1.8).
In some case these oligomers might diffuse around as well before they become too big or get
trapped. The growth of larger assemblies therefore often starts at a defect or at step edges. If the
molecule-surface binding is significantly weaker than the intermolecular attraction one observes
the so-called dewetting of the surface meaning that the molecules start to interact in 3D and
form multilayered islands or clusters. Small clusters might even diffuse or can be displaced via

manipulation with a SPM tip.%”

1.4. Summary

This chapter reviewed the basic interactions between molecules and surfaces. Besides the well-
known interactions from chemistry other effects, such as formation of interface states due to
hybridization, as well as charge transfer were considered. The sum of all present molecule-surface

interactions determines how the molecule will adapt and bind to the surface. Therefore, careful
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analysis of the molecule and surface structure allows making an educated guess for the adsorption
mode and energy (see Tab. 1.1). Chemical bonds are strong and of crucial importance since they
allow stable immobilization of the molecule, which is often required for the applications of these
interfaces. Even though the chemistry of covalent linking seems to be well-known, one should keep
in mind that these anchors might be able to interact in different ways (prime example COOH)
and that chemical bonds often need activation energy. Furthermore, one has to consider that the
molecules are generally confined to the surface, even before formation of the bonds. Hence, addi-
tional structural limitations may apply that prevent chemical reaction with the surface. Chemical
anchoring is suitable for covalent crystals and metals but hardly achievable on insulators. On
salts it is generally hard to anchor molecules to the surface. Other interactions like hydrogen
bonds or electrostatic interactions might work on these substrates. Because they are often not
strong enough to immobilize a molecule by themselves one should consider using more than one
anchoring group. This increases the binding strength and allows one to steer the orientation of
the molecule on the surface.’® The generally weak interaction with the salt surfaces is however
also a benefit. Coupling of molecular orbitals to surface states is not present and the electronic
properties of the free molecule are mainly preserved. This is often not the case for metals or semi-
conductors. For tightly bound adsorbates the intermolecular interactions can be neglected for low
coverage (< 1 monolayer). With decreasing adsorption energy the molecules start to diffuse and
the balance between molecule-surface and intermolecular interaction determines the adsorption
behavior. For example, the contribution of the substrate might induce anisotropic diffusion, which
might play a role for a single molecule but no longer for a dimer because it is immobilized. For
weak molecule-surface coupling, the wealth of intermolecular interactions enables the assembly of
well-defined nanostructures. For very faint interaction with the substrate the molecules tend to

aggregate and form clusters.
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2.

Theory of Experimental Techniques

This chapter describes the experimental methods from a theoretical perspective. After a short
introduction to scanning probe methods in general, scanning tunneling microscopy (STM) and
its application to molecule covered surfaces will be described. The main experimental work pre-
sented in this thesis was done with non-contact atomic force microscopy (nc-AFM), which will
be presented in the following. The different measurement modes and their limitations will be
explained with emphasis on high resolution imaging at room temperature and in ultra-high vac-
uum. Further Kelvin probe force microscopy (KPFM), which is an expansion of nc-AFM and was
used for probing the work function of adsorbate covered samples, is introduced. Complementary
to scanning probe techniques, there was the opportunity to use the photoelectron spectroscopy
(PES) setup at the PEARL beamline of the Swiss Light Source at the Paul Scherrer Institute.
The theory of PES will thus be reviewed briefly at the end of this chapter.

2.1. Scanning Probe Microscopy

Ever since, humans believe in the things they can see. Imaging techniques, especially microscopy,
have thus been of paramount importance in science. For long, the resolution in microscopy was
limited by the wavelength A of the probing light. This optical limitation is called Abbe limit and
states that two points can only be resolved if they are separated by a distance d > A\/2. Meaning
the resolution is maximum a few hundred nanometers for visual light. With the development
of scanning electron microscopy, this boundary was further pushed by using short wavelength
electrons. But even with this technique atomic structures can hardly be resolved. This limitation
was overcome by the concept of scanning probe microscopy. In 1982 Binnig and Rohrer invented
the scanning tunneling microscope.>?® Few years later, in 1986, the atomic force microscope
was developed by Binnig, Quate and Gerber.? In both methods the surface topography is sensed
using sharp tips that are scanned over the surface. In STM the tip and sample build a tunnel
junction and the tunneling current serves as a measure of the tip-sample distance. In AFM the
force Fig between tip and sample is used. For this the tip is mounted to a micro-fabricated

cantilever spring. In both cases, the tips probe a distance dependent measurement signal. In
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Chapter 2. Theory of Experimental Techniques

order to acquire the sample topography this signal is kept constant, which is done by adjusting
the vertical position of either tip or sample using a feedback loop. The recorded positions represent
the sample topography.

Besides topography measurements, scanning probe methods are used for investigation of electronic
properties of the sample. One of these methods is KPFM and was invented in 1991.9%100 It is an
extension of AFM, that allows measuring the work function of the sample. All three techniques,
STM, AFM and KPFM, can reach atomic resolution.!"15 They give complementary information
and are ideally suited to study the adsorption behavior of individual molecules. All three methods
were used in this thesis and are introduced in more detail in the following sections. Emphasis will
be made on the presentation of the nc-AFM working mode, since it was the main technique used

in this work.

2.2. Scanning Tunneling Microscopy

A scanning tunneling microscope uses the tunneling current between tip and sample as measure-
ment signal. This current is due to the quantum mechanical tunnel effect, which arises from the
wave nature of electrons. Due to the extension of the electron wave-function they are delocalized
and the probability of the electron to be found in a classical forbidden area is no longer zero. For

example the electron wave at a metal surface is reaching into the vacuum. Hence the conduction
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Figure 2.1.: Operation of the STM. (a) Energy diagram of the tunneling contact between tip and sample
under positive sample bias. (b) Example of tunneling current as function of the tip-sample distance.
(c¢) Schematics of a STM setup.
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Figure 2.2.: Illustration of bias dependent tunneling paths for STM on an adsorbate covered metal
surface. (a) Energy diagram for direct tunneling from tip to substrate states. (b,c) Indirect tunneling
through the LUMO or the HOMO of the adsorbate.

through a small vacuum gap between two conductors gets possible. There will be a net current if

a bias V; is applied in between (see Fig. 2.1), which has the following approximate form?
4
1(2) = Io(Vy) exp {—”\/zm@*z} : (2.1)

where Io(Vg) is the bias dependent current in the limit of contact, m is the electron mass and
O* = (Ps+Py)/2 is the average work function of the two conductors (see Fig. 2.1a). The tunneling
current is strongly distance dependent as depicted in Fig. 2.1b. Just to illustrate this, the tunneling
current is expected to change over 3 orders of magnitude if the tip position is changed by some
hundred picometers, which corresponds to typical heights of atomic steps.? Hence the tunneling
current is ideally suited as feedback signal to control the distance between the measuring tip
and the sample. A schematic representation of the STM setup is shown in Fig. 2.1c. The steep
monotonic behavior of I;(z) is the basis for stable scan conditions. High or even atomic resolution
can be obtained readily because only the topmost atoms of the apex contribute significantly to

the current.

As already implied by Eq. (2.1) the tunneling current depends on the sample material. Because the
current arises from the overlap of the electron wave functions of the tip and the surface it reflects
the local density of states of the sample. The states involved in tunneling change depending on the
applied voltage V;, rendering the image bias dependent. Consequently, the measured z-position
corresponds to an electronic topography that gives information about the electronic structure of
the surface. This fact is useful for the investigation of molecular orbitals that are close to the
Fermi level. Carefully adjusting the gap voltage to the energies of the molecular orbitals allows
one to map the HOMO and LUMO.™ In this case the tunneling is mediated by the molecular
orbitals as depicted in Fig. 2.2. If the gap voltage is in between these molecular orbitals, the

molecule is hardly visible, because its orbitals are not involved in the tunneling process.
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2.3. Atomic Force Microscopy

Besides the fact that STM measures an electronic topography, its operation is limited to con-
ducting samples. A solution to overcome these problems is AFM.'%7198 The measurement signal
does not need a conductive substrate because it is deduced from the forces that act between the
tip and the sample. Before going to the experimental implementation of AFM, it is essential to
understand these forces and their peculiarities such as their distance dependence. Thus a sum-
mary of all the relevant forces will be given first. Then the basic physical principles of the force
detection using micro-fabricated cantilevers are discussed, which is followed by a description of

different AFM modes as well as their limitations.

2.3.1. Tip-Sample Forces

The total force Fis acting between the tip and the sample is the sum of different force components
such as electrostatic, van der Waals and chemical forces. It has to be noted that this list is not
exhaustive, but it covers all the forces relevant for the present work. Fig. 2.3 shows exemplary

potential versus distance curves of the mentioned interactions. From there it is evident that these
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Figure 2.3.: Composition of tip-sample interactions. The graphs show potential energy vs. distance
curves for the most common forces present under UHV conditions. For close tip-sample distances one
observes a negative slope. This is where the tip is repelled from the sample (also called contact regime).
The slope of the potential energy gets positive for large distances. In this case, the tip is attracted to the

surface.
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forces differ in their distance dependence and strength. Some of the forces can be reduced during
measurement, whereas others are given by tip-sample geometry and cannot be changed. The
knowledge of these peculiarities is important because they directly affect the imaging process.

When focusing on single molecules adsorbed on surfaces, one has to get information at the atomic
scale. Forces that give atomic contrast have a short-range nature. A prominent example is
chemical forces. They are especially important for reactive surfaces and tips as for the case of
silicon. They are called chemical because the top most atoms of the tip interact with the surface
leading to the temporary formation of covalent bonds (see Sec. 1.1.1).199-110 The potential energy

of this interaction can be described by a Morse potential.
UMorse = —Ebond <2e_H(Z_U) - QG_QH(Z_U)) (2.2)

Even though, the description reproduces the correct interaction strength and distance dependence,
for proper choice of the equilibrium distance o and the decay length x, it does not include the
orbital and thus directional dependence. Thus the Morse potential is strictly speaking only valid
along the direction of the bond. Short-range electrostatic forces can also yield atomic contrast as
observed on salt substrates, where the typical long-range behavior is screened by the alternating
polarity of the ions on the surface.''!»!12 Other short-range electrostatic forces e.g. arising from
dipoles on the tip or due to the polarizability of atoms are also beneficial for high resolution.

Long-range forces are less desired for high resolution but contribute to a background interaction
that enables stable measurement control. In UV, long-range forces are composed of two distinct
forces namely van der Waals and electrostatic ones (see also Fig. 2.3). Interestingly, macroscopic
vdW forces originate from the short-range London dispersion interaction between single atoms.
The interaction potential is often described by the empiric Lennard-Jones potential where the
vdW forces are included with the short-range =6 term. The 2z7'2 describes the Pauli repulsion,

which dominates in close contact.
6 12
o o
ULJ — *Ebond (226 - Zl2> (23)

Summing up vdW forces over macroscopic bodies results in a long-range behavior as shown by

Hamaker.!'3 For the interaction of a spherical tip with an infinite plane surface the potential is

given by'!4

AnR
6z

where Ap is the Hamaker constant, R is the radius of the tip apex and z is the distance between

Ugaw = — (2.4)

the plane and the center of the closest tip atom. From this formula it is evident that vdW
forces are determined by the tip-sample geometry. Reduction of this force component can only

be achieved by using sharp cantilever, i.e. small tip radius R.
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Other long-range forces, which also origin from the macroscopic dimension of the tip-sample
system, are electrostatic in origin. The force can be calculated by considering that the sample
and tip form a capacitor.!?: 116
10C
Fy=-—(V—Vepp)?
el 2 02 ( CPD)
Here Vepp is the contact potential difference (CPD). The electrostatic force depends on the
square of the potential difference V' between tip and sample. For the geometry of a spherical tip
interacting with a plane surface the electrostatic force is given by!7
™ EQR

Fy = — 10
el z2(z+ R)

(V — Vern)?. (2.5)
As is evident from this equation, the electrostatic long-range forces can be minimized by applying

a suitable DC voltage. This will be explained in more detail in Sec. 2.4.

The different forces constitute the total interaction (see Fig. 2.3). It is interesting to note that
these components can be extracted again from experimental force-distance curves as measured by
AFM.!8 The force-distance curve is a function of the position on the sample, which is in essence
due to the mentioned short-range forces. As will be explained later, this has severe implications

for the evaluation of high resolution AFM topography images.

2.3.2. Cantilevers as Force Sensor

As known from classical mechanics forces can be measured using springs. For the measurement
of normal forces the stiffness of the spring should be soft in the normal direction and rigid in
the lateral ones. This requirement is fulfilled for micro-fabricated cantilevers.''? Their spring

constant is determined by the geometry of the lever. For a rectangular cantilever it is given by!2’

- Y wt?

k: — W, (2.6)

where Y is the Young’s modulus of the material, w the width of the beam, ¢ its thickness and
L the length (see Fig. 2.4a). In order to sense microscopic forces the cantilevers are equipped
with sharp tips as shown in Figs. 2.4a,b. The tip-sample force can then be calculated from the
deflection of the beam. The bending is e.g. measured with a laser that is deflected on the back
of the cantilever as depicted in Fig. 2.4c. However, the force does not have to be known for the
measurement itself. The information from the deflection signal is sufficient to control an AFM
scan. In the simplest case, the static or so-called contact AFM, the deflection is directly used
as the imaging signal. Even though, this mode is capable of giving atomic resolution, it is only

applicable in limited cases.!'®:121:122° Therefore, non-contact measurement schemes have been
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Figure 2.4.: Components of an AFM setup. (a) Schematic representation of the cantilever beam with
integrated tip. (b) Scanning electron microscopy images of a microfabricated silicon tip (SuperSharpSilicon

probe, Image modified with permission from Nanosensors). (c¢) Schematics of an AFM setup.

developed where the cantilever is oscillated at its fundamental resonance frequency f;, which can

also be expressed by the material parameters and dimensions of the cantilever.!?°

t Y

Here p is the density of the cantilever material. The AFM modes that use oscillating cantilevers
are often called dynamic AFM modes. The application of oscillating cantilevers improves the
sensitivity significantly.'?>!?* The control of the tip-sample distance is made by using the fact
that the tip-sample forces Fis alters the resonance frequency of the cantilever. In order to justify
this measurement principle one considers the oscillation of a driven, damped oscillator as described

by its differential equation
mwi

i+ k2= F(b), (2.8)

mzZ +
1

where wy = 27 fi is the angular resonance frequency, @1 is the Q-factor that describes the damping
of the oscillation, k; = mw? is the spring constant and F(t) the driving force. For a periodic
excitation F(t) = F} cos(wqt) with a driving frequency wgq, the static solution of Eq. (2.8) is given
by

z(t) = Aj cos(wqt + 61) Ai(wq) = — = (2.9)
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Figure 2.5.: Frequency shift of an oscillating cantilever. (a) Interpretation of the frequency shift as the
convolution of a semispherical weight function with the tip-sample force gradient ky.''® The radius of the
weight function corresponds to the cantilever oscillation amplitude. (b) Corresponding frequency shift
curves for different cantilever oscillation amplitudes. The z-axis corresponds to the tip-sample distance at

the lower turning point.

where A; is the amplitude of the oscillation. The phase lag 61 of the oscillation is given by

wWiwd
01(wq) = arctan <) . (2.10)
Q1(wf — wj)
The resonance frequency is determined by the cantilever properties and given by fi = 3 =

%W The amplitude of the oscillation is maximum if the cantilever is oscillated at its
resonance frequency. Since the excitation is compensating the damping of the cantilever one
can calculate the phase lag to be §; = —m/2. The differential equation is then simplified to
mZ + k1z = 0. If the tip is approached to the surface it senses an additional force. For didactic
reasons one often considers the case of small amplitudes that allow making a linear approximation

of this force Fis = az. The differential equation is then modified to

mZ+kiz=az (2.11)

and the static solution can be expressed with an effective spring constant keg = k1 — % = k1 + kis.

The resonance frequency is changed accordingly. For small force gradients it is given by

SN YRR A
fi 2\ 1 T =f1i+Afi. (2.12)

The force gradient is positive in the attractive region and thus the Af; becomes negative. In

1

summary, the tip-sample interaction slows down the cantilever oscillation. This is also the case
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Figure 2.6.: Spectra of the oscillation amplitude for the case without and with tip-sample interaction.
The shift of the spectrum is used to control the tip-sample distance by either tracking the changes in

amplitude A(z) (AM-mode) at a constant excitation frequency or by monitoring the shift of the cantilever
resonance frequency Af(z) (FM-mode).

for larger amplitudes, where the effective spring constant is distance dependent. In this case the

frequency shift can be calculated using canonical perturbation theory.!??
9 1/f1
Af) = _kﬁz / Fis(d+ Ay + Aj cos(2m fit)) Ay cos(27 f1t)dt = —%(Ftsfh cos(2m fit)) (2.13)
1
0

As shown by Giessibl, this can be interpreted as a convolution of the tip-sample force gradient
kys with a semi-circle weight function (see Fig. 2.5).126

There are two common possibilities how this resonance shift can be used for AFM measurements.
The first one is the so-called amplitude modulation (AM) mode, where the cantilever is oscillated
at its free resonance frequency with constant excitation.'?®> The amplitude decreases if the tip
is approached to the sample, because the resonance shifts to lower frequencies as illustrated in
Fig. 2.6. The amplitude A, (z) of the cantilever thus represents the distance dependence of the
tip-sample interaction, which is used to feed the z-control loop. To ensure that the A,(2) is a
monotonic signal the cantilever is generally excited slightly above its resonance. In the AM mode
one measures thus at a constant amplitude. In the frequency modulation (FM) mode the frequency
shift itself is used as the feedback signal. For this the excitation frequency is continuously adjusted
to the actual cantilever resonance. This is typically implemented using a phase-looked loop (PLL)

that tracks the resonance frequency by adjusting the excitation frequency so that the phase lag
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is 1 = —m/2. Topography measurements are then done at a certain frequency shift setpoint.
Comparing the two measurement modes one sees from Eq. (2.9) that the AM mode measures
topography where the force is constant. For the FM mode the surface with a constant force
gradient is measured as is indicated by Eq. (2.12). Because the adaption of the amplitude in the
AM mode occurs with a delay time 7am = 2Q1/ f1, it is not suited for measurements in UHV,
where the Q-factors typically reach several 10k.'?* The delay time of the frequency adaption in
the FM mode is mpy = 1/ f1 and thus much faster, making it the ideal choice for measurements
in UHV.'?* Thanks to this benefit, FM-AFM has been used throughout this work and will now
be discussed in more detail.

Compared to STM and AM-AFM, FM-AFM has a few drawbacks that complicate the control
of the measurement.''? The Af is a non-monotonic function of the tip-sample distance (see
Fig. 2.5b). This limits the minimum tip-sample distance and with it the maximum achievable
resolution. Further it can cause scanning artifacts if the tip accidentally gets too close. In order
to obtain high resolution one has to probe short-range interactions that origin from the individual
atoms itself. They become more important for small amplitudes and tip-sample distances because
the weight of the short-range forces is increased then (see also Fig. 2.5). Unfortunately, less
energy is stored in the cantilever oscillation in this case, making it prone to crash into the surface.
Therefore, the amplitude should fulfill the criterion kA > Fmax 119

2.3.3. Sample Topography and Tip Effects

The FM-AFM topography represents surfaces of constant Af. It has to be stressed that this
surface will only correspond to the sample topography if the Af(z) curve does not depend on
the sample position, which is a case that might only be given for low resolution or large scale
scans on homogeneous surfaces. In these cases it is sufficient to scan the tip quite far from the
surface where it senses mainly long-range forces. Only electrostatic forces might give rise to a
position dependent Fis then. Since they can be compensated, as will be explained latter, the
real sample topography can be measured.'?” For high-resolution measurements the tip has to
be scanned closer to the surface in order to sense the short-range forces. Under these conditions
the Af(z)-curve is position dependent and the measured topography does not agree with the
expected topography. To elucidate this issue it is helpful to define the atomic topography of
FM-AFM using the minimum of the frequency shift curve. The value A fyin of the minimum
depends on the tip-sample interactions and on the position on the sample. Because FM-AFM
measurements are not made at the minimum frequency but at a certain setpoint A feet > A fmin
it becomes evident that the experimental topography will not agree with our defined one. This
is illustrated in the following three examples, which are depicted in Fig. 2.7. In the first one, the
two sample sites have the same height but differ in interaction strength as possibly expected for
an ionic crystal with positive and negative ions (see Fig. 2.7a). The total interaction as well as

the experimental topography is modulated, causing the overestimation of the height of the site
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Figure 2.7.: Influence of site specific interactions and the corresponding A f-curves on the experimental
topography. The expected topography as defined in the text is given by the position of A and B and is
also illustrated in the insets. The experimental topography is represented by z4 and zp and visualized
by tip traces in the inset. (a) Height overestimation of one species as well as (b) contrast inversion, both
caused by varying interaction strength. (c) Case where the qualitative contrast depends on the tip-sample
distance (frequency shift setpoint A fge). (d) Changing contrasts on a rutile TiO, (110) surface due to
an unstable tip apex. Scan lines with tip changes are indicated with arrows.

with stronger interaction. For a sample with corrugation as shown in example two, one might
observe an inverted topography (Fig. 2.7b). In the third example, the qualitative topography
contrast even depends on the A fser, since the frequency shift curves of two sites are crossing in

the attractive region (see Fig. 2.7¢).128

These observations have strong implications for the interpretation of FM-AFM images. It is gen-
erally not possible to assign atomic species based on the expected topography alone. The exper-
imental interaction potential depends strongly on the tip termination. However, its composition

and exact atomic configuration are not known in room temperature measurements. Therefore,
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interpretations need a model of the tip or at least its polarization.'?® 130 Another intriguing
fact is that the tip apex might be changed during the scan. Especially for reactive samples like
TiO,, different contrasts are sometimes observed in one single scan (see Fig. 2.7d). One one side
this complicates high resolution imaging. But on the other side this wealth of information can
be helpful to elucidate the topography maps. Besides this, the nature of known defects as well
as spectroscopy measurements with different tip terminations can help in the determination of

atomic species.!09,129:130

2.3.4. Higher Resonances and Multimodal AFM

So far the focus was on the first resonance of the cantilever. It is a benefit of the cantilever geome-
try that further modes as well as their higher orders are available. Besides the normal modes there
exist torsional or shear modes too (see Fig. 2.8). The second normal resonance of the cantilever is
of crucial importance for this work because it can be used to increase the resolution and the scan
stability.!3% 132 Its resonance frequency is given by fo =~ 6.28 - f; and the corresponding stiffness
is ko = ki1(fo/f1)? ~ 39.44 - k1. This allows stable small amplitude operation, which enables
sensing short-range forces at larger tip-sample distances, therefore avoiding the snap to contact
problem.'3? The laser deflection is also magnified, due to the stronger bending of the cantilever
in the second mode, thereby increasing the signal to noise ratio.

Thanks to the superposition principle multiple resonance modes can be excited at the same
time offering the possibility to perform multimodal measurements.!31:132,134-136 Thig versatility
offers an advanced approach to overcome some of the above mentioned problems of standard nc-
AFM. Especially it enables measuring and separating different interaction forces simultaneously

like Fyqw and F; or long and short-range forces. 131,132,137,138 T myltimodal scans a normal

Figure 2.8.: Different types of cantilever modes that can be used in multimodal AFM. From left to right:
1st normal, 2nd normal, 1st torsional and 1st shear resonance.
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Figure 2.9.: Lateral forces at a step edge and their influence on the torsional resonance. Figure reproduced

with permission from reference [135], APS.

resonance is used for the topography measurement, whereas the oscillations of other resonances
are used for the evaluation of specific force components. Especially the use of the first torsional
resonance has been of primary interest for the measurement of lateral forces, which play a huge
role in the microscopic understanding of friction.!3% 139140 The measurement principle is the same
as for the vertical modes. Attractive and repulsive forces give negative and positive frequency

135 For example, this can be observed on step edges as shown in Fig. 2.9. If

shifts, respectively.
the tip approaches from the lower terrace it senses an additional lateral force component that
attracts the tip to the step and lowers the resonance frequency. After moving over the step the
tip is pushed away from it, due to the step induced asymmetry of lateral forces on the upper
terrace (see Fig. 2.9). The torsional resonance is further suitable for high resolution imaging since
the amplitude is typically in the range of some tens of picometers making the oscillation highly
sensitive to short-range forces.'® This allows one to get atomic contrast on samples where this

is hardly possible using standard FM-AFM.!32

2.3.5. Multipass AFM

In the previous sections it was illustrated that the minimum tip-sample distance is limited by
the nature of the non-monotonic Af(z) curve and that the FM-AFM topography does not cor-
respond to the real topography for small tip-sample distances. The resolution of the topography
map is therefore restricted. For the sake of higher resolution it would be worth to sacrifice the
topographic information. A way to achieve this is to bring the tip closer to the surface but with-
out feedback loop. The sample is then scanned at a constant height and the frequency shift is
recorded as imaging signal. With this procedure the tip can reach into the repulsive region, which
e.g. facilitates the imaging of the bonds inside a molecule thanks to Pauli repulsion.?*4% These
measurements need high stability against thermal drift and are generally limited to small scan
areas and low temperature setups. Furthermore, they have a fundamental drawback. Scans are

limited to flat samples. Hence, in order to image a molecule one has to slightly retract the tip
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Figure 2.10.: Illustration of the multipass measurement method for ZnMCPP on rutile TiO, (110).
(a) Schematic representation of the measurement. The topography of the 1st pass is recorded and replayed
with an offset during the 2nd pass. (b) Topography image of the 1st pass obtained relatively far from
the sample. (c¢) Frequency shift measured during the second pass. (d) Frequency shift images taken at

various z-offsets.

from the substrate, which prevents the simultaneous study of the molecule and the substrate. To
overcome these limitations, the group of Custance implemented a multipass measurement proto-
col, which combines the benefits from standard nc-AFM, i.e. the high tolerance against thermal
drift and its 3D capability, with the high resolution from constant height scans (see Fig. 2.10a).3"
In the first pass a normal scan line with topography feedback is recorded (see Fig. 2.10b). This
is typically done quite far from the surface, so that the positional dependence of the A f(z)-curve
is minimized. The topography is then replayed in the second pass and a z-offset of several hun-
dred picometers is applied to bring the tip closer to the surface. During the second pass the
frequency shift is measured as in constant height measurements (see Fig. 2.10c¢). This protocol is
repeated for every scan line to obtain a full image. Hence, thermal drift can be minimized and
high resolution detuning images of 3D objects such as large molecules or scans over step edges
are possible. The protocol can further be expanded to investigate the distance dependence by
applying different z-offsets in a row. This is illustrated in Fig. 2.10d. The method allows one to
either choose the 1st or the 2nd resonance for the topography measurement. Multiple resonances

might be used simultaneously as in the original publication by Moreno.3?
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Figure 2.11.: Working principle of electrostatic force compensation in KPFM (illustrated for the ex-
ample of a metallic tip and sample). (a) Energy diagrams of tip and sample without electrical contact.
(b) Aligned Fermi levels of the wired system give rise to electrostatic forces. (¢) Compensation of Fy by
application of a voltage ¢Vpc = A® to the sample.

2.4. Kelvin Probe Force Microscopy

Long-range electrostatic forces, which originate from the tip-sample geometry forming a capacitor,
impede with high resolution imaging. As found by Lord Kelvin they arise because the work
function of the tip and sample are not the same.'! The difference is called the contact potential
difference

Vorn = ; (@, — B,). (2.14)

In other words, Vepp depends directly on the work function of the sample ®4. The total capacitive

force between tip and sample is now given by

10C
Foa= ig(VDC - VCPD)Qa (2.15)

where V' is an additional voltage that is applied to the sample. This implies that Fy can be
compensated by applying a bias of V = Vpp to the sample, if the tip and sample are sufficiently
conductive. The working principle is illustrated in Fig. 2.11. If the two parts of the capacitor
are electrically separated their Fermi levels are not aligned due to the different work functions. If
they are connected, the Fermi levels will equalize leading to charging on both sides (Fig. 2.11b).
The two parts will now attract each other. Application of a voltage Vpc that corresponds to
the difference of the work functions of both sides compensates the charge flow and thus the
electrostatic force. The work function can even be determined on an absolute scale if the work
function of the tip is known, which can be obtained by scanning a reference sample.

The easiest way to determine Vepp is by means of a bias sweep, while oscillating the cantilever
over the surface. The recorded frequency shift follows the parabolic dependence as is indicated

by Eq. (2.15) and the position of the maximum corresponds to Vepp. In AFM, this procedure is
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Figure 2.12.: Schematic representation of the KPFM setup. The standard nc-AFM setup is expanded
with a lock-in amplifier that measures the amplitude of the electrostatically excited oscillation (AM-
KPFM) or the modulated frequency shift (FM-KPFM). This signal is used by the Kelvin controller to
adjust Vpe to Vepp.

generally applied to measure the CPD at one point of the sample and this bias is then applied
during the scan in order to reduce the electrostatic forces. A better way to minimize the electro-
static forces is to compensate them at every point of the scan. In KPFM this is implemented by
using the fact that non-compensated electrical forces can be used to excite a cantilever motion by

application of an AC voltage Vac with angular frequency w. The Fg; then becomes

10C

Fa=_-2"
LT 979,

[(Vbe — Vepp) + Vac cos(wt)] 2. (2.16)

Expansion of the term in brackets gives the spectral composition of the resulting force.

aC (1 V2
Fo =2~ (2(VDC — Vepn)® + /ZC> (2.17)
oC
t5, (Vb — Vepp) Vac cos(wt) (2.18)
oC V2,
oo, cos(2 2.1
+ 5 4 cos(2wt) (2.19)

The additional AC voltage Vac excites oscillations at w and 2w. The amplitude at w is propor-
tional to Vpo — Vepp. In AM-KPFM the amplitude of this signal is directly measured using a
lock-in amplifier and nullified by a feedback loop that adjusts Vpc to match Vepp (see Fig. 2.12).9
The map of Vpc has the same contrast as the work function of the sample if the bias is applied
to the sample. Even though, an oscillation can be forced at any frequency, the response of the

cantilever and thus the sensitivity are increased if a resonance frequency is chosen.!'® Therefore,
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one generally uses the second resonance for AM-KPFM.!37:138:142 Gimilarly to the AFM oper-
ations modes, a FM mode measurement can be applied as well, which uses the force gradient
instead of the force for compensation.!9%:143:144 Tp this case the additional AC bias is rather
low (around 1kHz) causing the frequency shift of the first resonance to oscillate. In a standard
FM-KPFM setup as shown in Fig. 2.12, the modulation of the oscillation signal is tracked with a
PLL and then fed to a lock-in amplifier. A Kelvin controller uses the measured amplitude of this
modulation as feedback signal for the compensation.

KPFM measures the work function of a surface and is thus also applicable for the investigation of
surface dipole moments (see Sec. 1.1.4). Especially the lateral resolution of FM-KPFM, which lies
in the sub-nanometer range allows the investigation of single isolated molecules. One often speaks
of a local contact potential difference (LCPD) then. Even though the detailed analysis of LCPD
maps requires model calculations, e.g. due to averaging effects,'% 116 they already give valuable
qualitative information. For example the measured LCPD indicates the direction of interface
dipoles and can be used to deduce the orientation of adsorbed polar molecules or the direction of

charge transfer across an adsorbate covered surface.

2.5. Photoelectron Spectroscopy

Despite the high spatial resolution of scanning probe techniques, they are not suited for iden-
tification of the chemical composition of the sample. The method of choice for this analysis
is photoelectron spectroscopy (PES). The spectrum is obtained by irradiating the sample with
X-rays while measuring the amount and kinetic energy of the photoelectrons that are emitted
from the sample. Thanks to the uniqueness of the electron shell of an element they carry infor-
mation about the sample composition. In this section the principle of PES will be explained and

it will be shown how the binding configuration of atoms can be assessed.

2.5.1. X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is based on the photoelectric effect. The process is often
described with 3 steps.'#%146 First, the X-ray photon is absorbed by an atom, which leads to
the excitation of a core level electron beyond the Fermi level. In the second step the electron
moves to the surface, where it is ejected and travels to the detector, which is the third step. The
excitation process is illustrated in Fig. 2.13a. The knocked-out electron has a kinetic energy Fii,

that is determined by energy conservation and given by
FEyin = hv — Fy, (2.20)

where FEy, is the binding energy of a state, which is characteristic for a specific element. The
knock-out of electrons by irradiation with X-rays causes charging of the sample. Electrons es-

caping from the sample are thus retarded by the developing electrostatic field between sample
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Figure 2.13.: X-ray induced transitions in atoms. (a) Ionization of a core level by knock out of an
electron. The energy of the released electron is hv — E),. (b) Relaxation of an outer shell electron to the
ionized core. The energy of this transition can be transferred to another electron (Auger electron), which
is then emitted.

and spectrometer. This leads to a significant shift of the kinetic energies, which complicates the
analysis. For conductive samples the loss of electrons is compensated by connecting the sample to
the detector.'*” In this case the Fermi levels of the sample and detector are aligned. As explained
in the section on KPFM, the electrostatic field is given by the work function difference A®. The

actual kinetic energy measured by the detector thus becomes
Eyin = hv — B, + Ad. (2.21)

Since the kinetic energy alone cannot be used for data interpretation one normally uses this
equation to calculate the binding energy. The binding energy of core electrons is rather high
necessitating X-rays with photon energies around 1-2keV, like e.g. produced by a synchrotron.
The knocked out electron leaves back an ionized atom. This hole is filled by relaxing electrons
from outer shells. The energy emitted in this process can be transferred to another electron in the
shell, which is then emitted. This process is referred to as Auger effect and the ejected electron
is called an Auger electron (see Fig. 2.13b). The Auger peaks appear as an artifact in XPS. In
contrast to XPS, their kinetic energy does not depend on the photon energy. Thus their binding
energies do not always appear at the same position.

The penetration depth of X-rays is in the range of some micrometers. However, electrons origi-
nating from these depths are prone to inelastic scattering and loose energy before they reach the
surface. These electrons give rise to a background. Only electrons that origin from regions near
the surface, i.e. the depth of some nanometers, are hardly scattered. Thus XPS has an intrinsic
surface sensitivity, which can be further enhanced by decreasing the angle of incidence.'*® The
same physical principle as used in XPS can also be applied to electronic states with low binding

energies such as the ones in the valence band region. Typically X-ray irradiation with energies
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below 100keV or ultraviolet light is used to increase the interaction diameter of these states. The
measurement is then either called valence band spectroscopy (VBS) or ultraviolet photoelectron

spectroscopy (UPS).

2.5.2. PES and Chemical Analysis

Electron spectroscopy for chemical analysis (ESCA) as XPS was named originally by its inventor
Kai Siegbahn indicates its capability beyond the detection of atomic species alone.!4%150 Tt
is found that the core levels of an atom are not fixed in energy but depend on the chemical
environment. Therefore, the measured binding energy gives information about the chemical state
of an atom. The deviation from the reference binding energy can be understood by considering
that an atom likes to retain its electrons. The binding energy of the electrons will therefore
increase if some electrons are shared with other atoms or are even given away. Vice versa, the
binding energy will decrease if an atom gets additional electrons due to high electronegativity or
negative charging. This explanation gives a first qualitative understanding of the XPS spectra.
For chemical analysis one generally needs the comparison with data of reference compounds. The
analysis of single core energy levels might however be quite delicate if the investigated compound
contains this atom in different states. These peaks have to be fitted carefully, which even enables
quantitative analysis. However, the intricacies of this procedure are beyond the scope of this

work.

2.5.3. PES for Molecular Adsorbates

XPS and VBS are commonly used to study adsorption configurations of molecules. In principle,
they give information on the change of molecular states upon adsorption and might be used to
monitor surface chemical reactions such as covalent anchoring. However, there are some prereq-
uisites. XPS is a space averaging technique. The beam diameter is in the micrometer range,
and the collected information is averaged over the beam area. Reliable conclusions on individual
adsorption geometries can thus only be made if the surface can be prepared with only one par-
ticular adsorption configuration. Otherwise, additional information from e.g. SPM experiments
is needed. Another prerequisite is the surface coverage. It is possible that an element is present
in the substrate and the molecule. In this case the coverage has to be high enough to enable the
discrimination between the contribution from the molecule and the substrate. One also has to

consider that the X-ray beam could lead to decomposition or desorption of the adsorbate.
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2.6. Summary

This chapter reviewed the theoretical background of the experimental techniques that were used
in this work. First STM, which uses the quantum mechanical tunneling current to obtain sample
topography, was introduced. The good lateral resolution that arises from the exponential distance
dependence of the tunneling current is suitable to investigate the adsorption configurations of sin-
gle molecules. The images are bias dependent and correlate to the density of states of the sample,
which allows mapping of molecular orbitals such as the HOMO and LUMO. The main part of the
chapter was devoted to the introduction of nc-AFM and its application to high resolution imaging
under UHV conditions. The imaging uses the distance dependent tip-sample force to map the
sample. The high resolution topography is affected by the nature and strength of the tip-sample
interaction, which also depends on the tip termination. Therefore, the AFM topography does not
necessarily correspond to the expected atomic topography of the sample. The corrugation might
be overestimated, inverted or even dependent on the tip-sample distance. Different approaches to
extend the versatility of standard FM-AFM such as the application of higher cantilever resonances
for stable high resolution imaging or multimode nc-AFM and KFPM, which are able to measure
different force components simultaneously, were reviewed.

Photoelectron spectroscopy was introduced as a complementary technique to SPM. It does not
have the lateral resolution for the investigation of single molecules but it gives valuable information
on the energy scale. PES spectra give the binding energies of core levels and allow the deduction
of the oxidation state of an atom, which is helpful for chemical analysis. Applied to adsorbate
covered surfaces, PES gives information on the change of molecular states upon adsorption and
can be used to study surface based chemical reactions such as covalent anchoring. It is further

useful to check the purity of substrates.
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3.

Materials and Methods

The first part of this chapter gives an introduction to the hybrid organic-inorganic systems that
are investigated in this work. It starts with a short discussion of the basic characteristics of
titania and its different polymorphs. Thereby emphasis will be made on the technologically
relevant rutile TiO, (110) and anatase TiO, (101) surfaces. The focus will then be turned to
their functionalization with molecules. As for the scope of this work, this will be exemplified by a
short review of metallo-carboxyporphyrins and their application in dye-sensitized solar cells. After
having introduced all the materials, the second part of the chapter will cover the experimental
methods. First, the ultra-high vacuum (UHV) system and the microscope head will be explained.
The sputtering-annealing method that was used to prepare clean and atomically flat surfaces
and the deposition of the molecules by evaporation will be outlined in the following. Then the
preparation of the cantilevers and tips as well as the measurement control for nc-AFM and KPFM
experiments are detailed. The chapter will close with a short explanation of the complementary
techniques such as the density functional theory calculations and the STM and XPS setups at

the Pear]l beamline at the Paul Scherrer Institute.

(b)

Figure 3.1.: Natural samples of the three TiO, polymorphs: (a) rutile, (b) anatase and (c¢) brookite. The
color of natural crystals is determined by impurities or defects. High purity crystals are nearly colorless.
Figures reproduced with permission from: The Arkenstone, www.irocks.com.
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3.1. The TiO, Substrate

TiO, is the natural oxide of titanium. It has a band gap of 3-3.2eV and belongs to the class
of wide band gap semiconductors. Due to its stability, non-toxicity and abundance, it plays an
important role as pigment or additive in a wide range of products. In recent years it has gained
further importance for sensors, catalysis and photovoltaics.?? These new applications are enabled
by the surface chemistry of titania and are based on nanoparticles or mesoporous layers. To get
a deeper understanding of their surface one has to study their different crystallographic planes.
For this it is important to know that TiO, is a covalent crystal that occurs naturally in three
modifications that are rutile, anatase and brookite (see Fig. 3.1). The anatase and brookite
polymorphs are known to be metastable and can be converted to rutile under annealing.'5'~153
Interestingly this metastability disappears for small anatase crystals.'® Anatase nanoparticles
below a size of 14 nm were even found to be thermodynamically more stable than rutile ones.!415
Due to the similar stability of the nanoparticles it is possible to synthesize small crystals of either
configuration. Rutile and anatase are thus the two most relevant titania polymorphs for the
applications.'®® Considering the surface area of a particle it is found that certain crystallographic
planes are dominant. The reason for this is given by their low surface energy. One can expect
that these particular planes determine the surface properties of the crystal. Thus it makes sense
to start the investigation on them. For rutile and anatase these are the (110) and (101) surface,

respectively. They will be described in detail in the following sections.

—

Figure 3.2.: Crystal structure of rutile TiO,. (a) Unit cell of the rutile polymorph (oxygen=red, tita-
nium=Ilight blue). The lattice constants are a=459.4pm and b=c=295.9pm.!*" (b) Wulff construction
of rutile after Ramamoorthy.'®® The area of a facet represents its relative stability. Equivalent faces are

marked with the same color.
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Figure 3.3.: Atomic model of the rutile TiO, (110) surface. Bridging oxygen atoms protrude from the
surface and build a row structure along the [001] direction. Surface atoms and their relaxations as well as
defects are indicated with arrows.

3.1.1. The Rutile TiO, (110) Surface

The availability of relatively large high purity rutile TiO,, single crystals, fabricated by e.g. floating
zone growth, promoted the research on titania surfaces. Due to its technological relevance, rutile
TiO, has even become a model system for the investigation of metal oxides and their application
for photovoltaics, photocatalysis, sensors and more.?? A lot of experimental and theoretical studies
comprising investigations of the bare substrate, adsorbate covered surfaces and surface reactions

made that rutile is now one of the most studied substrates.*6>159

Rutile TiO, has a tetragonal structure with space group P45. The unit cell is depicted in Fig. 3.2a.
Each bulk titanium atom is six-fold coordinated by oxygen atoms, which form an octahedron. The
oxygen anions are threefold coordinated. Both atoms are charged, due to the strong ionic character
of the Ti-O bond. Natural rutile crystals exhibit (110), (101) and (100) surfaces. The expected
shape of a crystal in thermal equilibrium, which is calculated from the formation energies of the
surfaces, is given by the Wulff construction displayed in Fig. 3.2b. From there it is evident that
the (110) surface is the most stable one.!®®15% Tt is normally bulk truncated and its structure
is shown in Fig. 3.3. A stripe pattern along the [001] direction with a periodicity of 650 pm is
characteristic for the (110) surface. The stripes origin from two-fold oxygen atoms (Og) that
are vertically protruding from the surface plane. They are often referred to as bridging oxygen
atoms (Oy,). In the valleys are five-fold titanium (Tis¢) and three-fold oxygen (Os¢) atoms. The
surface atoms are slightly relaxed with respect to the bulk positions as measured by surface X-ray
diffraction.'®® Oy, and Tis; are pulled towards the bulk by —27pm and —16 pm, respectively,
whereas the Tige and Og¢ are pushed out of the surface by 12 pm and 5 pm. The Og¢ is also laterally

d,'®¥ which means

displaced by 16 pm towards the next Tiss row. The surface is autocompensate
that charges arising from undercoordinated Tis are compensated by charges on the Oy,. There
are two dominant directions for step edges. They are along the (001) and (111) direction. The

height of a single terrace is 320 pm.'*?
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The surface exhibits two well-known defects that are bridging oxygen vacancies Oy,e and hydro-
gen adatoms Oy,H. The oxygen vacancies originate from the sample preparation by sputtering
and annealing.'?% 161,162 Tt is observed that the color of the crystal changes from white to blue
with increasing reduction.'®! The vacancies are quite stable on the surface and in the bulk.'%3
The hydrogen adatoms are formed by adsorption of residual water to surface Oy, and the dis-

sociated H adatoms are able to move along the bridging oxygen rows.'64

Oxygen vacancies in
the bulk give rise to Ti** states, which are about 0.85eV below the Fermi level.'65166  The
Ti3* state acts as electron donator. Therefore, reduced rutile crystals are n-doped and show a
relatively high conductivity, despite their relatively large direct band gap of 3.03eV.'67:168 The
under-coordinated surface atoms as well as the defects are ideal candidates for the anchoring of

adsorbates via covalent or H-bonds.

3.1.2. The Anatase TiO, (101) Surface

46,159 anatase is more relevant

Even though rutile has been studied intensively as a model system,
for the applications. It has been reported that it shows higher performance for photovoltaics
or photocatalysis.!8156:168, 170,171 The major reason that much less research has been done on
anatase is the availability of high purity samples. Only relatively small synthetic crystals can be
grown.'%6:172,173 For larger samples one has to use naturally grown crystals, which can be cleaved
along in the (101) plane but possess contaminants in the order of some percent.'”® 7™ This
complicates the preparation of high purity surfaces in UHV and thus only few studies on atomic

39,173,175—

scale are available. 178 The tetragonal unit cell of anatase TiO, is depicted in Fig. 3.4a.

(b) (001

(a)

Figure 3.4.: Crystal structure of anatase TiO,. (a) Unit cell of the anatase polymorph (oxygen=red,
titanium=light blue). The lattice constants are a=b=378.5 pm and ¢=951.4pm.*®" (b) Wulff construction
of anatase after Lazzeri.'®® The area of a facet represents its relative stability. Equivalent faces are marked
with the same color.
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Figure 3.5.: Structure of the anatase TiO, (101) surface. (a) Atomic model of the pristine surface. The
surface shows a saw-tooth pattern along the [010] direction due to protruding two-fold oxygen atoms. The
types of surface atoms and their relaxations are indicated with arrows. (b) Model of a triangular island.
(c,d) Atomic models of the two steps along the (010) direction that expose (001) and (100) microfacets,
respectively.

It belongs to the space group [4;. As for rutile the main structure are octahedrons formed by Ti
atoms that are surrounded by 6 oxygen atoms. In the case of anatase they are slightly distorted.
The same coordination numbers as well as the charging of the atoms mentioned for rutile apply
for anatase too. As follows from the Wulff construction in Fig. 3.4b, the (101) surface is the most
stable termination in naturally occurring crystals. Its surface structure is shown in Fig. 3.5a. It
exhibits a saw-tooth pattern, where the top-most atoms are again two-fold oxygen atoms (Oaf).
These atoms form a hexagonal structure as indicated in Fig. 3.5a. The periodicity of the saw-tooth
pattern is 512 pm. Calculations have indicated that the surface atoms do also relax and thereby
lower the surface corrugation.179 Oyt and Tiss atoms are pulled towards the surface by 6 pm and
17 pm, respectively. Og¢ and Tigs are relaxing outwards by 12pm and 11 pm. The terraces are
terminated with step edges along the (010) and (111) direction and a height of 350 pm.!59,175, 180
Islands on these terraces are common and have a triangular shape as depicted in Fig. 3.5b. Because
the surface has a reduced symmetry, there are two different step edges along the [010] direction as
shown in Figs. 3.5¢,d.!8 The one that is on the steep side of a tooth exposes a (001) microfacet

180

whereas the step on the other side shows a (100) termination.”®” Natural anatase crystals are often

heavily reduced and have oxygen vacancies. It is found that they primarily reside in the bulk, so
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that the surface has a much lower defect density than rutile.'”® The associated Ti3* defect state
does act as an electron donor with energy of about 0.8 eV below the Fermi level.'7% 181 Therefore,
anatase becomes a n-type semiconductor too if highly reduced. The effective electron mass is
smaller than for rutile and thus the conductivity is higher in anatase.'%® The band gap of anatase
is 3.2¢eV and indirect.

3.2. Metallo-Carboxyphenylporphyrins as Molecular Sensitizers

Due to its band gap of ca. 3 eV, titania does mainly absorb in the UV range. The thereby generated
electron-hole pairs have been found to react with adsorbates leading to their decomposition. Thus
titania has potential application in photovoltaics and photocatalysis.?’ However, due to the size
of the gap, the efficiency of such systems is rather low. The performance can be enhanced by
surface functionalization with suitable dye molecules. The light is then absorbed by the dyes
and the excited electrons are injected into the conduction band of the TiO,. These electrons can
then be collected as a photo-current or be used for reactions on the surface. The performance of
such an interface relies on its electronic structure, like e.g. position and location of energy levels,
and depends on the adsorption configuration of the dye. Thus molecular sensitizers have to be
designed carefully to give optimum performance. A particularly interesting group of molecules
for sensitization of titania are metallo-porphyrins. Their macrocycles can be modified at different
positions. This allows tuning their electrical and optical properties, but also facilitates the addition
of anchoring groups so that they adsorb in a desired way. The metal core is another site that can
be easily modified. Exploiting this tunability, it was possible to tailor highly efficient sensitizers
for dye-sensitized solar cells (DSCs).25 Other porphyrins have been improved for photocatalysis
and sensing applications.?? 182,183 Insights on how the molecular adsorption mode is affecting
the performance of the interface have mainly been gained by studying the average characteristics
of large ensembles. Thereby it has been found that the distance of the metal core from the
substrate and the tilt angle of the molecule with respect to the surface play an important role.3» 184
The number of anchoring groups have been shown to affect the stability of the interface and
their relative position has been found to influence the binding configuration.?®2? However, these
measurements do not have direct access to the molecular adsorption mode and the conclusions
might be oversimplified. Only few publications report on the investigation of individual porphyrins
by e.g. SPM.!'® This methods allow a deeper understanding of the molecule-surface interaction
and gives new insight for device optimization.

The set of metallo-carboxyphenylporphyrins (MCPPs) shown in Fig. 3.6 was chosen for this thesis
in order to elucidate the above findings and questions by SPM. These porphyrins have different
number and arrangement of the carboxylic acids. For further reference, the porphyrins are named
with their abbreviation as defined in Fig. 3.6. The first part of the abbreviation indicates the con-
figuration of the carboxylic anchors. Trans (tr) means that the COOH are on opposite phenyl legs
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HOOC COOH COOH
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Figure 3.6.: Molecular structures of the investigated metallo-porphyrins with their abbreviations.

and cis stands for neighboring COOH. The second part of the abbreviation indicates the metal core
(Zn=zinc, Cu=copper, M=non-specified metal core) and is followed by the number (M=1, D=2,
T=4) and type of the functional group (PP=phenylporphyrin, CPP=carboxyphenylporphyrin).
The number of anchors is sometimes omitted, as e.g. in ZnCPPs, which stands for all zinc-car-
boxyphenylporphyrins used in a particular experiment. It is supposed that the individual MCPPs
adsorb in specific geometries that differ in binding strength, electronic coupling to the surface as
well as intermolecular interaction. The investigation of individual molecules by nc-AFM and
KPFM will allow the direct determination of the adsorption mode and electronic properties of a

distinct molecule. Furthermore, one might deduce if a molecule is covalently anchored or not.

3.3. Non-Contact Atomic Force Microscopy in UHV

This section starts with the description of the experimental setup for nc-AFM in ultra-high vac-
uum. The second part covers the preparation of the bare and molecule covered TiO, samples as
well as the cantilevers. Detailed information about bimodal AFM and KPFM measurements is

given at the end of the section.

3.3.1. The Microscope

TiO, has highly reactive surfaces and is readily contaminated if exposed to air. Thus surface
investigations have to be performed under ultra-high vacuum conditions. The UHV system for

the room temperature nc-AFM in Basel is shown schematically in Fig. 3.7.
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A Analysis Chamber (1.5e-11mbar)
M: Microscope Head

«—N, C: Carousel (Sample Storage)

P: Preparation Chamber (5e-10 mbar)

E: Molecular Evaporator
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Figure 3.7.: Schematic drawing of the UHV system. The setup consists of three separated chambers:
the analysis chamber with the microscope head, the preparation chamber for tip and sample preparation
and the load-lock. The equipment of the chambers is listed in the description. The base pressures of the

individual chambers are indicated as well.

The system is separated in three chambers. Samples and cantilevers are introduced through the
load-lock. The lock is connected to a turbo and an oil pre-pump and has a base pressure of
10~ mbar. After sample loading and pumping of the load-lock, the samples are transferred to
the preparation chamber. This chamber is equipped with a heatable manipulator, a molecular
evaporator and a sputter gun. All kind of preparation steps are made in this chamber to avoid
contamination of the analysis chamber. The preparation chamber is pumped with a large tur-
bopump as well as an ion getter and a titanium sublimation pump. Its base pressure is about
5 x 1079 mbar. Prepared samples are transferred to the analysis chamber, where they can be
investigated in the microscope or also be stored in a carousel. The base pressure in the analy-
sis chamber is in the low 10~ mbar range and is maintained by an ion getter and a titanium

sublimation pump.

The microscope used in this work was developed and build at the University of Basel.'®¢ The
microscope head is depicted in Fig. 3.8. The tip and sample are fixed on specific plates that are
ingerted in the corresponding holders. The tip holder is fixed on the microscope platform and
connected to a dither piezo for excitation of the cantilever oscillation. The sample is held on
top of a piezo tube. The tube is composed of different piezos that allow to displace the sample
microscopically in all 3 dimensions. During the measurements the tube scans or moves the sample
below the tip. The sample holder and the piezo tube are mounted on a slider, which is used for
the macroscopic approach of the sample to the tip. The cantilever oscillation is measured by a
laser beam. The light is introduced from outside the chamber with the help of an optical fiber.

A first mirror is used to adjust the laser spot on the back of the cantilever. From there the laser
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Figure 3.8.: Head of the AFM in Basel. The cantilever with the measuring tip is on the center of
the microscope platform. It is hold on the dither piezo, which excites the cantilever oscillation. On the
right are the slider with the piezo scanner and the sample holder. The optical components for the laser
beam deflection are on the left. The microscope platform is decoupled from environmental vibrations by

suspension with springs and by Eddy current damping elements.

is reflected to the second mirror, which deflects it to the quadrant photo-detector. This detector
allows to measure the transverse and torsional oscillations of the cantilever. For further details of

the system, the reader is referred to various PhD theses. 187190

3.3.2. Preparation of TiO, Single Crystals

High purity rutile TiO, (110) single crystals used in this work were grown synthetically and
purchased from MaTeck GmbH (Jiilich, Germany) or MTI corporation (Richmond CA, USA).
Anatase (101) natural crystals were bought from SurfaceNet GmbH (Rheine, Germany). The
crystals had dimensions of 5-10 mm x5 mmx0.5 mm and were polished to have a surface roughness
in the range of the lattice constant. After sonicating in acetone and ethanol they were put on
silicon wafer stripes and mounted on direct current sample holders as depicted in Fig. 3.9. The
samples were introduced to the UHV chamber and outgassed at 600 °C overnight in order to

remove adsorbates, such as water or solvents, from the holder. The sample temperature was
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isolated contac

Figure 3.9.: Sample holders with mounted titania single crystals. The samples are heated by direct
current, flowing from the isolated contact through the piece of silicon wafer below the sample to the base
plate. The sample holder on the left was designed for the experiments at the Paul Scherrer Institute and
was only used for samples with the dimensions of 10 mmx5mmx0.5mm. The holder on the right is a
standard one from Scienta Omicron GmbH (Taunusstein, Germany), which was modified with tantalum

clamps for measurements on smaller samples.

monitored using an infrared pyrometer (Impac IGA 140, LumaSense Technologies) measuring the
temperature of the resistively heated silicon upon which the sample was mounted. Emissivity was
set to 64 % and 88.6 % for rutile and anatase samples, respectively. Preparation of the surface was
done by Ar'" sputtering (700-1000 eV, angle=30°, 10min) and subsequent annealing to 800 °C for
15min for rutile and 60 min at 600 °C for anatase. The annealing temperature was lower in case
of anatase to prevent the phase transformation to rutile.!®? Sputtering removes surface atoms
and contaminants due to collisions of the gas ions with the surface. It is not limited to the
contaminants and disorders the crystal surface. Instead of being removed, impurities might also
be pushed further into the substrate. Therefore, the sputtering is followed by annealing, which
brings back these adsorbates to the surface, where they can be removed by renewed sputtering.
In order to get a clean sample, the surface is prepared by repeated sputtering-annealing cycles.
The annealing also restores the surface structure. The heating-up and cooling-down for the
final annealing was done slowly, i.e. 10min for the heating-up and 30min for the cooling-down.
Especially on rutile it was observed that the slow heating-up and cooling-down were beneficial for
large terraces and the nice step edges, respectively. The annealing procedure was automatized
using a LabVIEW program, that kept the sample temperature within an error of 5°C of the

programmed value.

New synthetic rutile (110) crystals, as shown in Fig. 3.10a, were normally treated with five cycles
at 1keV before first scanning by AFM or STM and typically exhibited a well-defined (1 x 1) bulk

reconstructed surface with the corresponding step edges. Significantly more sputtering-annealing
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(a)

rutile (110) rutile (110) rutile (110) anatase (101)
(as received) (slightly reduced) (heavily reduced) (as received)

Figure 3.10.: Reduction state of TiO, crystals. (a) Appearance of fresh and sputter-annealed titania
crystals. The received anatase crystals were already heavily reduced (dark) but also showed some brighter
regions. (b) AFM topography image of a highly reduced rutile TiO, (110) crystal with starting (1 x 2)

reconstruction.

cycles were necessary for the naturally grown anatase (101) crystal, which is attributed to natural
contaminants.'™ Because water or hydrogen from the chamber likes to stick to TiO, the samples
had to be reprepared regularly.!?17193 Samples that were stored in UHV or covered with molecules
were typically cleaned with 3 cycles before they were reused. The repeated preparation of the
crystals promotes removal of oxygen atoms. The reduction manifests itself by a color change.
Fresh, oxidized rutile crystals exhibit a white color and are partly transparent. Under annealing
the crystals become blueish, whereby the temperature and not only the time is relevant for the
reduction state.!%2 Highly reduced samples are dark blue to black (see Fig. 3.10a). This color was
typically observed for samples that endured more than 50 cycles. If the reduction state was too
advanced, the surface of the rutile crystal showed large stripe patterns indicating a starting (1 x 2)
surface reconstruction (see Fig. 3.10b).1* These samples were normally replaced by new ones.
As received natural anatase crystals were already highly reduced and had brown to black color
(Fig. 3.10a). The (1 x 1) surface was however preserved under preparation.'™ From time to time
these crystals were reoxidized by annealing to 400 °C under 3.5 x 10~% mbar oxygen atmosphere
for 30 min and final heating to 600°C for 1h. Reoxidation was also done on the rutile crystals,
but was less successful and not performed on regular basis, because the results depend on the
oxidation state of the sample and on the applied temperature during O, dosing.'6% 195 If not
done correctly the sample is covered with an oxygen layer and had to be reprepared with several

sputtering-annealing cycles.
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3.3.3. Deposition of Molecules by Evaporation

All molecules were evaporated from a water cooled molecular evaporator. The CuTCPP was
purchased from Rare Chemicals GmbH (Kiel, Germany) and the zinc porphyrins were received
from the group of Prof. S. Decurtins from the University of Bern. A little quantity was filled in
a small quartz crucible and placed in a slot of the evaporator. The evaporator was then baked
overnight at 120 °C. The molecules were outgassed by stepwise increasing the temperature while
monitoring the pressure in the chamber as well as measuring the evaporation rate using a quartz
microbalance. The temperature was lowered by 10 °C, after a constant rate of about 100 pm min !
was reached, and then kept for several hours till the pressure in the preparation chamber went
back to the base pressure (< 10~ mbar). Evaporation was done to the freshly prepared surfaces.
The coverage was tuned by the evaporation time. It has to be noted that the deposition rate
decreased with time. Therefore, no rate is given in the results section. For the investigation of
single molecules the evaporation time was kept as short as possible. If the desired coverage was
not reached, the sample preparation was repeated. Depending on the experiment the sample
was heated or cooled during the evaporation. For deposition at 300°C the sample was heated
using the direct current method and the temperature was checked with a pyrometer. For room
temperature deposition the sample was transferred to the analysis chamber directly after the final
sputter-annealing cycle to prevent contamination from the preparation chamber. The evaporation
was done after 1-2h in order to allow the cooling-down to room temperature. After evaporation

the sample was transferred immediately to the analysis chamber.

3.3.4. Preparation of Cantilevers

Standard non-contact cantilevers from NanoWorld SA were glued to holders from Scienta Omicron
GmbH (Taunusstein, Germany) with conductive two-component epoxy glue (EPO-TEK H20S,
Epoxy Technology Inc., Billerica MA, USA). The glue was only applied at four points on the
side of the cantilever chip (see Fig. 3.11), since this has been proven to yield high Q-factors and
thus high sensitivity on the first and second resonance of the cantilever.'®® Q-factors on the first
resonance were ranging from about 20k for PPP-NCL platinum coated to 39k for high frequency
PPP-NCH levers. For the second resonance Q-factors over 15k could be obtained. The glued
cantilevers were annealed in air to 140°C for 1h. After introduction to the UHV they were
outgassed for about 1.5h at 130°C to get rid of remaining solvents and contaminants. The tips
were then sputtered for 90s (680eV, 3 x 10~%mbar Ar) to remove the native silicon oxide layer.
Because a silicon tip termination is too reactive and thus not stable enough for high resolution
imaging, further preparation was done in-situ.'% 196 The easiest way to modify the apex is to pick
up sample material. For rutile (110) surfaces this was achieved by slowly approaching the tip to
the surface while scanning over a step edge. New tips normally changed within few images. If the

tip had to be reprepared afterwards, it is helpful to increase the tip speed and to scan a larger area
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Figure 3.11.: Holder with cantilever, which was glued with the four point technique to ensure high

Q@-factor on the first and second resonance. The spots of the epoxy glue are marked in red.

with more steps (scan speed >150nms~!), otherwise the recovery could be too time consuming.
Dipping the tip into the surface by some hundred picometers was also observed to improve the
tip but generally many attempts were needed. Thus it was only done if the previous method did
not work. Once a tip crash occurred it was often faster to replace the tip than repreparing it on
the surface. For anatase (101), scanning over the step edges was not a reliable method for tip
preparation. However, the tip could be prepared by repeated dipping into the surface. Another
successful approach for in situ tip preparation on anatase was the application of a bias pulse.
However, the highest resolution, i.e. atomic contrast on the terraces, was only achieved if small
adsorbates were picked-up while scanning. It has to be noted that all these preparation steps
were more effective if the first resonance was used. Once a good tip was prepared, care was taken
that no tip crash occurred. Meaning, the tip-sample distance was only changed slowly and the

scan speed was reduced.

3.3.5. Measurement Control

The setup used for standard and bimodal nc-AFM is shown schematically in Fig. 3.12. The
measurement setup is controlled with Nanonis electronics and software (SPECS Zurich GmbH,
Switzerland). The oscillation of the cantilever is driven via positive feedback with a phase-locked
loop (PLL). For standard nc-AFM the signal of the vertical deflection measured by the quadrant
detector is fed to the PLL. The detected frequency shift goes to the z-controller and is used
to control the tip-sample distance during automatic approach of the tip to the sample as well as
during the topography scans. For single-mode nc-AFM either the first or second flexural resonance
are used. For bimodal nc-AFM, the second oscillation is excited by an additional control loop.
The frequency shift detected by this loop is only used for sensing but not for measurement control.
Depending on the type of resonance, either the vertical or lateral signal of the photodetector is

used. The oscillation of the cantilever was calibrated using the constant + procedure after the
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Figure 3.12.: Scheme of the measurement setup for nc-AFM. The first signal control unit is used to
excite the cantilever oscillation for the topography measurement. The second signal control unit is only

required for bimodal nc-AFM.
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Figure 3.13.: Scheme of the measurement setup for FM-KPFM. The oscillating A f signal is demodulated
by a lock-in amplifier and minimized by the Kelvin controller, which applies a DC voltage to the sample.
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tip had been approached to the surface.''?197 Before the start of a measurement, the contact
potential difference was determined by placing the tip at a fixed height over the surface and
sweeping the sample bias. The position of the maximum of the recorded Af(V') corresponds to
the Vopp and was applied to the sample in order to minimize long-range electrostatic forces (see
Sec. 2.4).

The setup used for the control of FM-KPFM experiments is illustrated in Fig. 3.13. In addition
to the oscillation by the PLL, the cantilever is excited electrostatically by applying an AC Voltage
Vac to the sample. Typical parameters were Vac=700mV and a modulation frequency of 200 Hz.
This causes an oscillation of the measured frequency shift. This signal is used as input for the
lock-in amplifier, which measures its amplitude. The modulation of the Af is minimized by the
Kelvin controller, which adjust the DC bias component of the sample bias. The image contrast

of the applied bias has the same contrast as the work function.!?

3.4. Density Functional Theory Calculations

Complementary to the experimental methods, density functional theory calculations were done
by the group of Prof. S. Goedecker. The main interest was on the adsorption configuration
and the electronic interaction between molecule and substrate. Generally one has to say that
high accuracy simulations are computationally expensive for large systems. Hence high level
calculations such as the full configuration interaction or coupled-cluster methods, are reserved for
small systems.?> 198199 T treat large systems one has to make assumptions or approximations.
This is also the case in density functional theory (DFT). Here the multi-electron problem is
reduced to a system, where the electrons are non-interacting and move in an effective potential.
Some of the physics, like van der Waals interactions, are thus no longer treated correctly.?>200:201
There are different approaches to correct this drawback but they all increase the computational
cost.??% Hence, considering the adsorption of large molecules on T 104, most of the calculations in

literature have been done using molecular mechanics or molecular dynamics simulations.%4,202,203

DFT calculations presented in this work were carried out within the generalized gradient ap-

204 with homemade norm-conserving pseudopotentials.205-207

proximation using the BigDFT code
Dispersion effects, like van der Waals forces, were included via the empirical pair potential of
Grimme.?®® The model slab consisted of four TiO, trilayers each being a 4x9 cell. Periodic
boundary conditions were applied along the two lateral directions but not along the third one,
i.e. normal to the substrate surface.?’ The two layers at the bottom were kept frozen at their
ideal crystal positions during geometry relaxations. Due to computational cost, the calculations
were only made at the I' point. Spin polarization was only included during test calculations using
a model slab with two trilayers. The adsorption geometries were hardly influenced by the spin
polarization and the binding energies were in the same range. Interfacial charge transfer was

assessed by calculating the charge of every atom using Bader charge analysis.?!0,211
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3.5. The PEARL Beamline

Additional STM and PES measurements were carried out on selected samples. These measure-
ments were performed at the Photoemission and Atomic Resolution Laboratory (PEARL) at
the Paul Scherrer Institute (PSI) in Villigen, Switzerland. The setup of the beamline is shown in
Fig. 3.14. The sample was prepared in the preparation chamber, which is highlighted in red, using
similar preparation methods as described for the nc-AFM setup in Basel. The main difference was
that the manipulator in the preparation chamber was cooled to 77 K. Therefore, the manipulator
acted as a cooling trap and minimized contamination from the chamber. STM measurements
were made on a low temperature STM from Scienta Omicron GmbH (marked in blue) and were
conducted directly after the sample preparation. Images were taken using the constant current

mode with the bias voltage applied to the tungsten tip.

Photoelectron spectroscopy measurements were made at room temperature using the synchrotron
radiation from the Swiss Light Source (SLS). PES spectra were acquired by measuring the kinetic
energy of the electrons from the sample with a hemispherical Scienta EW4000 spectrometer with
diameter of 0.4 m (Scienta Omicron GmbH, Taunusstein, Germany), while illuminating the sample

with a constant photon energy. The beam energy was set using a monochromator.

XPS Endstation 7 Preparation Chamber
-Angle Resolved XPS SR -lon Sputter Gun
-Scienta EW4000 Detector I -Molecular Beam Evaporator

-Sample Heating and Cooling

Transfer Chamber
(Sample Storage)

Omicron LT-STM ﬂ{j@ﬁ

Figure 3.14.: Conceptual rendering of the PEARL beamline at the Paul Scherrer Institute. The PES
endstation (green) is connected to a sample preparation chamber (red) and a LT-STM (blue) through a
transfer chamber (grey). This facilitates to prepare and check the sample before exposure to the beam.

Figure modified with permission from PSI, www.psi.ch.
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3.6. Summary

3.6. Summary

This chapter described the basic properties of the rutile TiO, (110) and anatase TiO, (101) sur-
faces as well as their cleaning and preparation by standard sputtering-annealing cycles. Thereby
emphasis was made on the creation and role of defects. The experimental setups for nc-AFM and
the measurement control were discussed. Different in-situ tip preparation techniques on anatase
TiO, (101) and rutile TiO, (110) were highlighted, which were of paramount importance for

obtaining high resolution nc-AFM images.
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4.

CuTCPP and ZnCPPs on Rutile
TiC)2 (110)

Rutile TiO, (110) is one of the most investigated surfaces in surface science.!® It has been
investigated as a model system in order to understand the surface chemistry for applications like
catalysis or hybrid photovoltaics. It is thus an ideal reference system and was chosen to investigate
the adsorption of metallo-carboxyphenylporphyrins on the single molecule level.

The beginning of this chapter covers preparatory examinations of the bare rutile TiO, (110) sur-
face with nc-AFM. Emphasis will be made on the identification of defects and the influence of
the tip polarity on the nc-AFM topography. Afterwards, the adsorption behavior of metallo-
carboxyporphyrins on rutile TiO, (110) is investigated. A first study characterizes individual
adsorption geometries of CuTCPP using a combined approach of high resolution nc-AFM on the
second resonance frequency together with KPFM and DFT calculations. The second investigation
studies the formation of covalent bonds to the surface for molecule immobilization. For this, the
adsorption configurations of tr-ZnDCPP and ZnTPP as well as their binding stability were inves-
tigated by AFM and low temperature STM. Complementary chemical information was collected
with PES. These two detailed studies are followed by experiments done on ZnCPPs with differ-
ent number of carboxylic anchors. The last section gives an outlook on high resolution nc-AFM

imaging on these porphyrins at room temperature using bimodal AFM and dual-pass methods.

4.1. The Rutile TiO, (110) Surface

In order to understand the adsorption of molecules it is necessary to know the properties of the
substrate. Somehow, they are not solely determined by the structure of the surface but also by
defects. Hence this section goes beyond the standard surface characterization with AFM and

introduces bimodal nc-AFM as a potential tool for the identification of surface defects.
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Figure 4.1.: Structure of the (1 x 1) reconstructed rutile TiO, (110) surface. (a) Nc-AFM topogra-
phy showing oxygen rows along the [001] direction and step edges along the (001) and (111) directions.
The dashed circles indicate some of the subsurface defects (fo=1.974 MHz, A>=400pm, Af,=-—71Hz,
QQ2=8.8k). (b) Height profile of a step edge along the [110] direction as indicated with the dashed line
in (a). (c) FFT spectrum of the surface shown in (a). (d) Model of the rutile TiO, (110) surface with
defects. The size of the atoms is drawn corresponding to their ionic radii, which highlights the rows
along the [001] direction. Oxygen vacancies and hydrogen adatoms are marked with circles and squares,

respectively.

Fig. 4.1a shows a nc-AFM topography image of the freshly prepared rutile TiO, (110) surface.
It reveals flat terraces with an average width of about 50nm. Step edges were along the (001)
and (111) directions. The height of the step edge of 313 + 10 pm was determined from profiles
across the step edges as e.g. shown in Fig. 4.1b. The terraces exhibited a stripe pattern along
the [001] direction that is attributed to bridging oxygen rows.!® The spacing between single
bridging oxygen rows was deduced from a FFT spectrum to be about 650 pm (see Fig. 4.1c).
These experimental results are in good accordance with reported data on rutile TiO, (110) with
a (1 x 1) reconstruction.’® The terraces exhibited small circular elevations as is indicated in
Fig. 4.1a. They were attributed to charged subsurface defects as possibly induced by the argon
sputtering, which was used during the sample preparation.?'? The repeated sputtering-annealing
cycles further reduced the crystals, which was evident from their blue color. Hence defects such
as oxygen vacancies (Oyac) and hydrogen adatoms (Op, H) were present as is indicated in Fig. 4.2.
A model of the defective surface is shown in Fig. 4.1d. Interestingly, these defects were not
detected on the elevated spots above the charged subsurface defects (Fig. 4.1a). It is assumed
that hydrogen adatoms and also oxygen vacancies are repelled from these sites.?!?

Considering that the known defects occur only on the bridging oxygen rows it is straightforward
to identify the oxygen and titanium rows of the surface.?'3 However, the determination of the
defects is more complicated. Several imaging contrasts have been observed on TiO, (110) and

129,130,196,214 A ¢

were explained by the apex termination and tip polarity. is evident from Fig. 4.2,
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180 pm 0pm

Figure 4.2.: High resolution nc-AFM contrasts and defect determination on rutile TiO, (110). (a) Imag-
ing contrast arising from a negative tip termination. Bridging oxygen rows appear dark. Oxygen vacancies
(Oyac) and hydrogen adatoms (O, H) can be assigned. Indicated profiles are shown in Fig. 4.3b (PPP-NCL,
f1=154.9kHz, A;=5nm, Af;=—40Hz, 1=26.9k). (b) Topography image acquired with a positively po-
larized tip. Defects are on the bright oxygen rows and cannot be distinguished. Indicated profiles are
depicted in Fig. 4.3d (PPP-NCL, f,=1.001 MHz, A>=400 pm, A fo=-—230Hz, Q2=13.3k). (c¢) Change of
tip termination from neutral to positive (PPP-NCH, f;=318.4kHz, A1=10nm, A f{=—7Hz, :=38.9k).

not all contrasts allow the direct differentiation between the defect types because the topography
of the rows or defects can be inverted. The expected topography, i.e. where the adatoms and
vacancies appear as hills and dips on elevated bridging oxygen rows, respectively, is only imaged
in the case of a neutral tip apex. On pictures with negative tip termination, as shown in Fig. 4.2a,
both defects appear as bright protrusions on the dark oxygen rows. This is due to the attractive
forces between the positively charged defects and the negative tip, which lowers the minimum
Af and thus causes retraction of the tip (see also Fig. 2.7b). Since hydrogen adatoms are real
protrusions they are imaged brighter than the oxygen vacancies. In case of a positively polarized
tip the interaction is repulsive and causes both defects to be imaged as dips on the now bright
oxygen rows (Fig. 4.2b), making it difficult to distinguish the defect types.

In conclusion it has been found that defect types can only be assigned from the topography images
if the tip is neutral or negatively terminated.'?% 130 Investigation of the defects by high resolution
imaging with neutral tips was however hardly possible because of apparent tip instability (see
Fig. 4.2¢). Furthermore, the positive tip termination appeared to be the most stable and thus
the predominant one. Since the controlled manipulation of the tip termination has not been
achieved at room temperature so far, it remains an intricate task to identify defects by nc-
AFM. A possible solution to this problem is bimodal AFM. Using the 1st torsional resonance
as an additional channel increases the sensitivity for short-range interactions and could thus
reveal more information about the nature of a defect. It was therefore evaluated for defect

identification. The lateral tip oscillation was along the [001] direction, meaning along the bridging
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Figure 4.3.: Identification of defects by bimodal nc-AFM. (a,c) Images of the torsional resonance fre-
quency shift corresponding to Fig. 4.2a (PPP-NCL, f;=1.478 MHz, A;=30pm, Q;=59.1k) and Fig. 4.2b
(PPP-NCL, f;=1.561 MHz, A;=30pm, Q;=52.8k). The lateral tip oscillation was along the [001] direc-
tion. (b,d) Profiles and corresponding simulated torsional frequency shifts over the defects as indicated
in (a) and (c) as well as in Fig. 4.2. (b) and (d) show the results for negative and positive tip termination,
respectively. The atomic models of the defects are displayed in the center. (Hydrogen adatoms are marked

in violet for better visibility).

oxygen rows. Fig. 4.3 shows the frequency shift signal of the torsional resonance that corresponds
to the topography images shown in Figs. 4.2a,b. Both scans revealed three different features that
were attributed to single and double hydrogen adatoms as well as bridging oxygen vacancies. The
justification of these assignments was done by calculating the expected torsional frequency shift
profiles for a simple model system and comparing them with the experimental profiles. The model
consisted of a positively charged point defect and a charged measuring tip. The potential of the
defect was modeled using a Coulomb potential. The torsional frequency shift is given as the lateral
derivative of the force field and was evaluated on fits to the experimental topography profiles shown

in the upper panels of Figs. 4.3b,d. The obtained frequency shift curves were convoluted with a
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semicircular weighting function with the radius corresponding to a torsional amplitude of 30 pm, in
order to consider for the averaging by the lateral oscillation.'?® The simulated torsional frequency
shifts for negative and positive tip terminations are depicted in the lower panels of Figs. 4.3b.d.
They reveal the same contrasts as the experimental curves. The shape of the curve is explained as
follows. Far from the defect, the tip senses the increasing long-range electrostatic forces, causing
either a positive or negative frequency shift for repulsive and attractive interactions, respectively.
However, this force decreases in the vicinity of the defect and becomes zero over it since the lateral
forces cancel out. Thus the frequency shift changes its sign when approaching the defect. The
same behavior is observed again when the tip leaves the defect, which leads to symmetric profiles.
The change of the lateral force component is strongly distance dependent, meaning close tip-
sample distances cause large shifts in the torsional resonance. This facilitates the determination
of the defects. Especially for the positively terminated tip, the minimum distance between tip
and defect differs considerably between oxygen vacancies and hydrogen adatoms. This is due to
the fact that the experimental topography is only inverted on one of the defects. Among the
three defects, hydrogen adatoms show thus the strongest signal in the torsional image followed by
double hydrogen atoms. Oxygen vacancies appear as faint dips only. In summary, bimodal AFM
using the torsional resonance together with simple model calculations facilitated the identification
of different defects on rutile TiO, (110). This makes this method a potential tool for the basic

characterization and identification of defects on other surfaces as well.

4.2. CuTCPP on Rutile TiO, (110)

In order to get a deeper understanding of functionalized surfaces one has to investigate the adsorp-
tion behavior of molecules. This section shows that the characterization of individual molecules,
comprising the determination of the adsorption configuration and the electrostatic interaction
with the surface, can be achieved experimentally by nc-AFM and KPFM at room temperature.
This is demonstrated by identifying two different adsorption configurations of isolated CuTCPP
on rutile TiO, (110) in ultra-high vacuum. FM-KPFM was used to measure the local contact
potential difference from which interfacial dipole moments as well as the amount of electron
transfer from the CuTCPP to the TiO, was estimated. The experimental results were verified by

state-of-the-art density functionl theory calculations.

4.2.1. Adsorption Geometries of CuTCPP

Evaporation of CuTCPP was done while the sample was still cooling down from the last sample
preparation cycle. Thus the sample was still at a temperature of ca. Ty=130°C during the
deposition. The nc-AFM topography image obtained afterwards show isolated molecules as can
be seen in Fig. 4.4a. The majority of the molecules were adsorbed on terraces, implying that the

diffusion was suppressed due to strong interaction with the substrate. The molecules appeared as
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Figure 4.4.: Binding geometries of CuTCPP on rutile TiO, (110). (a) Large scale nc-AFM topography
image (f»=1.001 MHz, A>=400pm, A f,=—10Hz, Q2=7.5k). (b,c) High resolution images of different
adsorption geometries ((b): f2=957.9kHz, A3=400pm, Afo=—13Hz, Q>=10.4k; (c): same as in (a)).
Bridging oxygen rows are indicated with white lines. (d) Typical height profiles for the flat square and
cross adsorption mode. (e,f) Proposed models for the symmetric square and cross orientations.

bright protrusions with a diameter of about 2nm and a height of around 300 pm, indicating that
the molecules lay flat on the surface. High resolution nc- AFM measurements of CuTCPP using the
second resonance are depicted in Figs. 4.4b,c. They reveal submolecular contrast that includes
contrast on the substrate as well. The molecules aligned themselves with respect to the rows,
resulting in two main orientations. One part of them had their Cu-cores on a bridging oxygen row
and their carboxyphenyl substituents were in a 45° angle with respect to this row. Depending on
the obtained contrast they were sometimes only visible as squares. Therefore, this geometry will
be referred as the square (J) configuration (see Fig. 4.4b). The other molecules were rotated in
plane by 45° with respect to the squares, having their axes along and perpendicular to the oxygen
rows with their central copper atom positioned on a titanium row. They appeared as crosses and
will thus be denoted as the cross (&) configuration (see Fig. 4.4c). Apparent height profiles for
the two configurations are shown in Fig. 4.4d. The corresponding heights were calculated from

the profiles of 13 molecules per configuration. The averaged heights were h=302 + 13pm and
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ho=250 4+ 21 pm for the cross and square orientation, respectively. Therefore, it was possible to
distinguish the two adsorption configurations even on large scale images. Most of the molecules
were found in these two symmetric geometries depicted in Figs. 4.4e,f. Asymmetric binding modes

like the tilted cross shown in Fig. 4.4b were observed scarcely.

4.2.2. Stability of Geometries

So far it was observed that evaporation of CuTCPP to the still hot substrate resulted in two
distinct adsorption geometries. Interestingly, some nc-AFM images revealed several noise lines or
marks as shown in Fig. 4.5a. The number of these marks increased with decreasing tip-sample
distance and can be attributed to tip induced displacements of porphyrins.®??'® Hence these
features can give information about the individual stability of the two configurations. In fact, the
comparison of two consecutive images showed that molecules in the square configuration moved
along the oxygen rows (see Fig. 4.5b). Only in rare cases, molecules were displaced across the
rows, even though this was the fast scan direction. Hence the preferential displacement was along
the bridging oxygen rows. Movement of the cross configuration was not observed. They remained
stable until the tip was too close so that the molecules were picked up. This results give a first
hint that the two configurations differ in stability.

The ratio of the two configurations was changed in favor of the square adsorption mode if CuTCPP
was evaporated to the cold substrate. This effect was already visible if the sample was at room

temperature during deposition. However, because of the higher mobility of the square the scan

.

noise lines

0pm Z 700 pm 0pm 2 770 pm 0 pm 2 600 pm

Figure 4.5.: Stability of CuTCPP on rutile TiO, (110). (a) AFM topography image with noise lines.
(b) Two consecutive nc-AFM pictures showing the displacement of molecules in the square configuration.
The black arrows indicate the direction of the tip induced molecule movement. Both figures were recorded
using a PPP-NCL cantilever on the second resonance (fo—=1.001 MHz, A>—400 pm, Q2=7.9k, Af,——9Hz
for (a) and Afo=—10Hz for (b)). (c) Low temperature (77 K) STM topography image of an ensemble of
CuTCPPs in the square geometry after deposition to the cold substrate (I;=10pA, V;=1.8V).
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conditions for AFM were deteriorated. Clear evidence that the CuTCPP was in the square mode
was given by STM measurements at 77 K where the CuTCPP has been deposited to the cold
sample just after taking it out from the microscope (Ty < 25°) (Fig. 4.5¢). Heating of these
CuTCPP to about 100°C already resulted in an irreversible change from the square to the cross
mode for some of the molecules. This behavior might be due to the thermally activated formation

of covalent bonds between the carboxylic anchors of the CuTCPP and surface titanium atoms.

4.2.3. KPFM Measurements

The investigated geometries do all lie flat on the surface. Their delocalized orbitals or the metal
core might thus electronically interact with the surface. KPFM measurements have been made
in order to evaluate this coupling. The local contact potential difference (LCPD) between the
sample and the tip was measured using frequency modulation Kelvin probe force microscopy
(FM-KPFM), while the bias was applied to the sample (Sec. 2.4).1%* TFig. 4.6a and 4.6b show
the topography and the corresponding slope corrected LCPD map, respectively. The correction
of the background slope was justified by the presence of polarized step edges.?'® Single CuTCPP
molecules were clearly visible as dark features in the LCPD map, indicating that the local contact
potential difference on them was lowered by about 25 mV. There was no major difference between
the two configurations. The lower LCPD on the CuTCPP can be attributed to an interface dipole

caused by electron transfer from the CuTCPP to the substrate.2!"218

B - e — g ~
0pm z 200 pm 0mV LCPD

Figure 4.6.: FM-KPFM of CuTCPP on rutile TiO, (110). (a) Topography image and (b) corresponding
slope corrected LCPD map of two differently bound CuTCPP molecules (PPP-NCL Pt, f1=149.3kHz,
Af1:—115 HZ, A1:3 nm, Q1:20.4k, Vmod:700 mV, fmod:200 HZ).
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4.2.4. DFT Calculations

The adsorption geometries inspired by AFM were used as input for DFT calculations in order
to determine the exact adsorption site as well as the protonation state of the carboxylic acid
anchors. For the latter it was taken into account that a carboxylic proton is either retained
on the dye or transferred to a bridging oxygen nearby.?'® The simulations focused on the two
symmetric configurations and the surface was considered to be free of defects for most of the
calculations. Only for the square configuration it was accounted for the case of an oxygen vacancy
below the central copper atom. This assumption is legitimated as follows. As noted previously,
hydrogen adatoms were accumulating with time, meaning that the amount of hydrogen adatoms
was supposed to be much lower during the evaporation than indicated by our images. Hence,
during the evaporation, the majority of the defects were oxygen vacancies. However, both defects,
oxygen vacancies that might react with the carboxylic acid and hydrogen adatoms, are supposed
to lead to asymmetric adsorption geometries. Thus, for the study of symmetric geometries, it
should be sufficient to consider the perfect rutile TiO, (110) surface for most of the cases.

The expected structures were relaxed by DFT calculations using the generalized gradient ap-
proximation (Sec. 3.4). Van der Waals forces were included using empirical pair potentials. The
calculated heights of the molecule with respect to the plane through the unrelaxed bridging oxy-
gen rows are given in Tab. 4.1. The copper atom, which reflects the center of the molecule, is
about 70pm higher in the cross geometries than in the squares. The average heights, calculated
as the mean value of all the atoms of the porphyrin, differ by approximately 40 pm. In a first
approximation, these height differences can be interpreted physically as consequence of the elec-
trostatic interaction between the positively charged copper core of the porphyrin and the surface
atom below, which is either a negative bridging oxygen or a positive titanium atom. The height
difference between the two orientations is comparable to the one from AFM (h,,=302 £ 13 pm
and ho=250 + 21 pm). It was thus assumed that the experimentally determined height differ-
ence was mainly caused by the real topography. This is further corroborated by the observation
that the charging state of the two orientations was similar, as indicated by KPFM and DFT.
The adsorption energies E,q between the molecule and the substrate were calculated in order to

determine the configurations that fit best with the experimental results. F,q is defined by

Ead = Emol@sub - (Emol,free + Esub)> (4'1)

where Epnol free and Egyp, are the calculated energies for the isolated molecule and substrate slab,
respectively. FEmpolasub 18 the energy of the combined molecule-titania system after adsorption.
The three geometries shown in Fig. 4.7 have adsorption energies around —3.5eV. They are
supposed to be stable at room temperature. The other configurations have lower adsorption
energies that are not likely to be stable under scanning conditions. The strongest binding is
found for the fully protonated configurations. The preferred square configuration is on the pristine

surface, and is centered on a bridging oxygen row (Fig. 4.7a). This geometry shows an attractive
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Table 4.1.: Properties of different geometries from DFT calculations

configuration height [pm] E.q% [eV] AQmol 4] p2 [D]
Cu average

square 251 255 -3.56 (-3.88) -0.85 16.9

square on vacancy 261 257 -2.25 -0.59 14.7

CTOSS 322 293 -3.65 (-3.04) -0.70 26.3

cross partly deprot. 325 295 -3.36 -1.55 22.1

cross fully deprot. 324 299 +0.01 -2.85 16.2

% Values in brackets denote the van der Waals contribution;

electrostatic interaction of the copper core and the polarized carboxylic protons with the bridging
oxygen atoms. However, the overall charge distribution of the CuTCPP results in a net repulsive
electrostatic force contribution. The entire attractive interaction is caused by van der Waals forces,
whose amount is larger than the total adsorption energy F,4 and are thus able to compensate for
the repulsive part. The cross configurations are centered on a five-fold coordinated titanium atom
(see Figs. 4.7b,c). Their carboxylic acid anchors that are on the center titanium row can form
covalent bonds to the surface titanium atoms below. The protonated cross shown in Fig. 4.7b
is the most stable configuration. Deprotonation of the two presumably bound carboxylic groups
does not enhance the binding strength (Fig. 4.7c). At the first glance this is contrary to the

46 Somehow, these

common assumption that carboxylic acids tend to deprotonate on titania.
reports consider small molecules where the carboxylic acid is actually found to bind preferentially
in a bidentate mode. This mode might not be possible for large molecules because of strong van
der Waals interaction.'®229 These forces promote flat adsorption geometries where the bidentate
mode is sterically hindered. Furthermore, it was found by Bates et al. that deprotonation is less

favored for monodentate binding modes because of lack of resonance stabilization.?!?

The calculated adsorption energies agree with the AFM results on the fact that both orientations
should be present. The stability of the two orientations with respect to tip induced displacement
can be explained by the nature of the molecule-surface interaction. The crosses can have covalent
bonds and are therefore statistically less mobile than the squares that are mainly bound by van
der Waals forces. The influence of the adsorption geometry on the electronic properties of the
interface was assessed by calculating the interface dipole moment normal vector to the surface
p. and the charge transfer from the molecule to the surface AQuo (Tab. 4.1). The latter is
given by the difference of the molecular charge of the free molecule, which includes charging
due to possible deprotonation, and the adsorbed molecule. For all the considered geometries
charge is transferred to the substrate upon adsorption. The interface has thus a dipole moment,

which points away from the surface. This is consistent with the presented KPFM measurements.
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Figure 4.7.: Top and side views of the relaxed CuTCPP adsorption geometries from the DFT calculations
that fit best with the nc-AFM images. (a) Square configuration, (b) fully protonated cross configuration
and (c) partly deprotonated cross on pristine TiO,. For the latter the released protons were put on
bridging oxygen atoms (see top right and bottom left corners of the figure).

The calculated dipoles indicate that the cross configurations should have an even lower LCPD
than the square configurations. Somehow, this difference was not detected in the KPFM images.
These measurements were performed with a platinum coated silicon tip with a rather large tip
apex, meaning the radius of tip curvature was larger than 15nm, and an oscillation amplitude
of 3nm. Therefore, the experimental values were subject to considerable averaging by the tip
shape but also by the oscillation amplitude.!'6:221:222 This limited the sensibility for short-range
electrostatic forces, and thus possibly prevented to resolve the expected LCPD difference between
the two configurations. Nevertheless, FM-KPFM gives qualitative information about the surface
dipole. It is expected that the resolution of FM-KPFM might be improved in future work by

choosing sharper tips and smaller oscillation amplitudes.!'6

4.2.5. Conclusion

Individual adsorption geometries of CuTCPP on rutile TiO, (110) have been determined using
room temperature nc-AFM operated at the second flexural resonance of the cantilever. The
topography images revealed two configurations that were differently oriented with respect to
the bridging oxygen rows. Further characterization of individual configurations was achieved by
KPFM. The LCPD was decreased on the porphyrins and indicated that there was a charge transfer
to the surface upon adsorption, which lead to an interfacial dipole moment. Atomic models of
the adsorption geometries with different protonation states were inspired by the nc-AFM results

and used as input for DFT calculations. Three out of five of the relaxed structures were in good
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agreement with the experimental findings meaning their calculated properties, i.e. adsorption
energy, height and dipole moment coincided. These experiments show that nc-AFM and KPFM
are able to give highly accurate information about molecular adsorption, which is valuable for
the application of such functionalized surfaces in applications like DSCs. For example the dipole
moment pointing away from the surface might affect electron transfer of excited charge carriers
over the interface. It is emphasized that these findings can be deduced from the experimental
results alone. The study of individual molecular adsorption modes at room temperature is feasible
by AFM and KPFM. This approach is promising to contribute to a deeper understanding of

functionalized surfaces.

4.3. Anchoring of tr-ZnDCPP on Rutile TiO, (110)

The results from the measurements on CuTCPP suggested that the molecules undergo a rotation
under annealing, which allows the covalent anchoring of two of the carboxyl groups to the surface.
However, the previous DFT calculations indicated that the cross configuration with protonated
anchors would also be stable. Inspired by these results, a combined SPM-PES experiment was
conducted that focused on the investigation of this potential anchoring process. Since CuTCPP
owns four carboxylic groups it is not an easy task to elucidate the role of the two remaining
carboxyl groups on the adsorption mode. Therefore, tr-ZnDCPP was studied instead, which
contains two carboxylic anchors located on opposite phenyl groups. In the protonated form, tr-
ZnDCPP was supposed to adopt the same square configuration as CuTCPP and was expected to
undergo a rotation if deprotonated.

The experiments were performed at the PEARL beamline of the Paul Scherrer Institute. Low
temperature STM was used in order to investigate the adsorption configurations as well as their
dependence on the sample temperature during evaporation or annealing. As indicated by pre-
vious KPFM measurements, the molecule might couple electronically to the surface. Thus their
molecular orbitals can be affected by the binding or the adsorption geometry. XPS and VBS
were applied to get more insight to the porphyrin-substrate coupling. These experiments further
enabled to investigate surface reactions like the anchoring process or the possible removal of the

metal core, which could also play a role for the chosen system.?%

4.3.1. Immobilization of Porphyrins by Annealing

Preparatory examinations for the STM and PES study were made using nc-AFM. AFM mea-
surements were directly made after deposition of tr-ZnDCPP to the freshly prepared rutile TiO,
(110) surface held at room temperature. The topography images in Fig. 4.8a show many noise
lines, which indicate weakly bound molecules that were displaced via interaction with the tip
while scanning.5% 215 Only few stable molecules were observed that appeared as bright dots with

diameter of about 2nm. They were mainly found on the terraces. Hardly any molecules adsorbed
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Figure 4.8.: Nc-AFM images of tr-ZnDCPP on rutile TiO, (110). (a) Directly after deposition to the
sample held at room temperature. (b) After 30 min annealing at 120°C and (c) further annealing for
30min at 300°C (PPP-NCL, f;=156.7kHz, A;=10nm, Af;=—4Hz, Q,=29.9k).

on the step edges thus implying that the molecules had limited mobility and stayed close to their
arrival sites. Hence it can be distinguished between two species of molecules one that was weakly
bound and can be manipulated with the tip and the other that was stable and potentially an-
chored on the surface. The sample was then annealed to 120 °C for 30 min, in order to improve
the scan stability. As shown in Fig. 4.8b the number of noise lines significantly decreased. From
this image it can be seen that the tip induced displacements were preferentially along the [001]
direction, as was also observed for CuTCPP before (Sec. 4.2.2). Further annealing to 300°C for
30min led to scans without noise lines meaning that all molecules were now strongly bound to
the surface.

For comparison, nc-AFM topography images obtained for ZnTPP were generally fuzzy and there
was no improvement of the scan condition upon annealing, meaning the annealing did not anchor
the ZnTPP (see Sec. 4.4.2). In contrary, the formation of islands was observed for higher coverages,
which indicates that the mobility of the molecules is increased. Thus it is evident that the
diffusion barrier of tr-ZnDCPP is already increased by the carboxyl anchors. In fact, the initial
adsorption configuration of tr-ZnDCPP after deposition is supposed to be stabilized by hydrogen
bonds. Hence it becomes obvious that there has to be an even stronger type of molecule-surface
interaction to facilitate the immobilization. Therefore, these AFM results support the hypothesis

of covalent bond formation under annealing.

4.3.2. STM Investigation of Adsorption Modes

LT-STM was used to determine the adsorption modes before and after annealing. Deposition of tr-
ZnDCPP to the sample held at low temperature (77 K) and subsequent transfer to the STM led to

one single molecular orientation (Fig. 4.9a). The row structure of the surface was clearly resolved.
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Figure 4.9.: Constant current STM images of tr-ZnDCPP on rutile TiO, (110). (a) After evaporation
to the cold surface. The molecule denoted by [0* indicates a porphyrin with brighter contrast, which
is interacting with a subjacent defect (V;=1.5V, I;=15pA). (b) After annealing to 300°C (V;=2.0V,
I;=10pA). The image has an inverted STM contrast on TiO,. Bridging oxygen rows are marked with

dashed lines. The insets show the proposed models for the corresponding adsorption configuration.

Oxygen rows were imaged in dark and were partially decorated with hydrogen adatoms. The
bright rows correspond to the titanium atoms. This is the generally expected imaging contrast for
empty state imaging in STM (V5 > 0).22* The center of the porphyrins was situated on the oxygen
rows and the axis of the carboxyphenyl groups had a 45° angle with respect to these rows. This
orientation allows for stabilization of the molecules by direct interaction, presumably hydrogen
bonds, of the anchors with the bridging oxygen atoms. A proposed binding configuration is shown
in the inset of Fig. 4.9a. In agreement with the AFM results, the STM scans sometimes revealed
moving porphyrins along the [001] direction, implying that this particular adsorption mode was
weakly bound. As is indicated in Fig. 4.9a, not all porphyrins showed the same contrast, which

was most probably due to interaction with subjacent defects.8%225

An important change of molecular orientation was observed after heating the as deposited por-
phyrins to 300 °C for 30 min. The molecules remained on the terraces and were now all turned
by 45° (Fig. 4.9b). The surface exhibited more hydrogen adsorbates after annealing. A part
of the hydrogen atoms is supposed to originate from the deprotonation of the porphyrins while
another part is known to come from the exposure to residual water in the preparation chamber
during annealing. Despite the adsorbates, the molecules were still lying flat on the surface. Close
inspection of Fig. 4.9b revealed that the STM imaging contrast on the sample was inverted. The
hydrogen adsorbates were now on the bright rows. It is assumed that this contrast inversion is due
to a tip change, which happened during in situ tip preparation on the surface. The assignment
of the surface atoms is still unambiguous since the normal STM contrast was also observed on

the same sample but with lower resolution on the molecules. A similar observation on bare rutile
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350 pm)| ] 350 pm|

Figure 4.10.: Constant current STM images of ZnTPP on rutile TiO, (110). (a) After evaporation to
the cold substrate (Vs=1.8V, I;=20pA). (b) After 30 min annealing to 250°C (V;=1.8V, I;=10pA).
Bridging oxygen rows are marked with dashed lines.

(110) has been made for example by Diebold.??* Considering the contrast inversion it was found
that the center of the porphyrins was now shifted to a titanium row. In this configuration the
carboxyl groups can easily anchor to five-fold titanium atoms. A suggestive model of the adsorp-
tion configuration is depicted in the inset of Fig. 4.9b. In order to justify the conclusions made for
tr-ZnDCPP, the same LT-STM experiment was repeated for ZnTPP, which is exactly the same
molecule as tr-ZnDCPP but without carboxylic anchors. After evaporation, the molecules were
found in two distinct adsorption modes, which had the same orientation and binding sites as the
ones described previously for tr-ZnDCPP (see Fig. 4.10a). The molecules looked slightly distorted
along the [001] direction. Nevertheless, the two orientations could be clearly distinguished. The
ratio of the two configurations was estimated from a set of 50 molecules and was approximately
1:1. Again an inverted STM contrast was observed on the substrate. Upon annealing to 250 °C
the STM images still revealed these two orientations as shown in Fig. 4.10b. The temperature
setpoint was chosen to be lower in this case because the evaporation temperature of ZnTPP is
below 300°C. The ratio of the two configurations was slightly changed to 4:3 in favor of the
cross after annealing. However, this finding was most probably not linked to a conversion of the
geometries but due to evaporation of the less interacting squares as will be justified later by the
PES measurements. The STM results suggest that only tr-ZnDCPP rotates under annealing.
This is a strong evidence that the carboxylic anchors are involved in the rotation and that they

react with the surface.

4.3.3. XPS Investigation

In order to correlate the adsorption configuration with the molecule properties, PES measure-

ments were conducted on the just deposited submonolayer (LC, for low coverage), the annealed
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Figure 4.11.: VBS and XPS spectra of tr-ZnDCPP and ZnTPP on rutile TiO, (110) for submonolayer
coverage after deposition (LC), after annealing (LC AQ) and multilayer (ML) coverage. (a) Valence band
spectra obtained with a photon energy of hv=65eV. (b) XPS of the Zn2p core level obtained with a
photon energy of hv=1253eV. The dashed lines indicate the position of the highest occupied molecular
orbitals. The graphs at the bottom show the changes after annealing.

submonolayer (LC AQ) and on freshly deposited multilayers (ML). The multilayer measurements
were performed to get the reference data of the porphyrins without surface interaction. Charac-
terization of the bare substrate was performed too. These spectra are given in the appendix (see
Sec. B). The spectra were fitted with Unifit using Voigt functions, which are a convolution of the
natural line shape, given by a Lorentz profile, and the analyzer response function described by a
Gaussian peak. The peak width of a certain core level was fixed to be the same for all the fits of

a particular core level.

The valence band spectra are shown in Fig. 4.11a. Due to molecule induced work function shifts,
they were aligned with respect to the known Ti3d defect state of the substrate, which is at
0.87¢V.165% 181 The highest occupied molecular orbitals (HOMOs) are marked in the spectra and
the extracted binding energies (BE) are given in Tab. 4.2. The HOMO is in particular important
for the optical transitions in the molecule. Shifts of the HOMO are commonly linked to changes
of the absorption wavelength. The HOMOs of the multilayer were at binding energies of 1.50eV
and 1.29eV for tr-ZnDCPP and ZnTPP, respectively. In the LC spectra, these levels were hardly
shifted and overlapped partially with the Ti3d defect state of the titania surface. The HOMO of
tr-ZnDCPP shifted upon annealing as is indicated in the difference spectrum in Fig. 4.11a. The
positive shift of the HOMO after annealing was attributed to positive charging of the molecule.???

For ZnTPP, the HOMO intensity was rather low, making it hard to correctly identify the HOMO
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Table 4.2.: PES binding energies of Zn2p and N1s levels as well as the highest occupied molecular orbitals.

HOMO [eV] Zn2p; 5 [eV] Zn2ps3)s [eV] Nis [eV]
ZnDCPP ML 1.50 1043.9 1020.8 397.5 -
LC 1.51 1044.3 1021.2 397.6 -
LC AQ 2.42 1044.8 1021.6 397.7 398.5
/n'TPP ML 1.29 1044.0 1020.9 397.4 -
LC 1.37 1044.1 1021.0 397.5 -
LC AQ 1.41 1044.2 1021.0 397.5 398.3

position. However, the comparison of the complete valence band spectra as well as the difference
spectrum in Fig. 4.11a suggested that there is no further shift after heating. The main change

was a loss of ca. 20 % in signal intensity that was caused by re-evaporation of the porphyrins.

The BE of the Zn2p levels for the two porphyrins are given in Tab. 4.2 and the spectra are
depicted in Fig. 4.11b. For both porphyrins the Zn2p peak of the low coverage was shifted to
higher binding energies compared to the multilayer spectrum, as indicated by the dashed lines
in Fig. 4.11b. This suggested partial charging due to coupling with the surface. For tr-ZnDCPP
this effect amounted to 0.4 eV whereas it was 0.1¢eV for ZnTPP. Since the Zn2p peak is expected
to shift to lower binding energies by about 1.0eV in case of demetalation, it was concluded that
the molecules keep their metal cores.??®> The position of the tr-ZnDCPP Zn2p peak was further
shifted by about 0.4eV after annealing, which was attributed to additional charging of the core.
This shift was not observed for ZnTPP.

Complementary information about the coupling of the porphyrin core with the substrate was
gathered from the spectra of the N1s core level, which are depicted in Fig. 4.12a. The peaks of
the N1s levels for the ML and LC coverage of the porphyrins were at the same position and were
fitted with single peaks (see Tab. 4.2). The signal for the annealed porphyrins was split up in
two components for both cases, resulting in a broadened or an asymmetric curve for tr-ZnDCPP
and ZnTPP, respectively. The energy difference between these two peaks was 0.8eV. The Nls
spectrum of the annealed tr-ZnDCPP was fitted with two peaks of equal amplitude. Since there
was one dominant adsorption configuration, the results suggested that the nitrogen atoms of tr-
ZnDCPP were no longer indistinguishable after annealing. This could be an evidence for distortion
of the porphyrin macrocycle, which might be due to stronger electrostatic interaction induced by
the observed charging.

The tr-ZnDCPP spectrum gave evidence that the second peak in the ZnTPP Nls spectrum
is related to the orientation of the molecules. However, the rotation alone does not suffice for
explanation. From the STM experiments it was known that both orientations were already present

for the just deposited ZnTPP. Nevertheless, the second N1s did not show up before annealing.
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Figure 4.12.: XPS spectra of tr-ZnDCPP and ZnTPP on rutile TiO, (110) for submonolayer coverage
after deposition (LC), after annealing (LC AQ) and multilayer (ML) coverage. (a) N1s spectra obtained
with a photon energy of hv =500€eV. (b) Cls spectra obtained with a photon energy of hv =340€V. The
bottom graphs show the changes after annealing.

Since the ratio of the two modes did hardly change during annealing, it was concluded that
the porphyrin has to be annealed and in the cross orientation in order to show a splitting of
the Nl1s core level. Thus the correct orientation of the porphyrin core was a prerequisite for the
increased interaction with the substrate, which was thermally activated. Since the two orientations
differed in interaction strength, it was further concluded that the square mode was preferably re-
evaporated during annealing, therefore explaining the altered ratio of the two configurations. The
shapes of the Cls spectra were in good agreement with these observations. The spectra of the
LC porphyrins show an asymmetry and were fitted with two peaks (see Fig. 4.12b). One for the
phenyl (phe) contributions and one for the carbons of the delocalized porphyrin core (por).2?
After annealing there was another contribution at a BE of 285¢eV, which was at the cost of the
porphyrin core peak.??6 This peak corresponds to C-N bonds and appeared most probably due

to the splitting of the N1s peak as described before.

4.3.4. Conclusion

The anchoring process of tr-ZnDCPP on rutile TiO, (110) was observed by means of low tem-
perature STM. The formation of covalent bonds to the surface was induced by annealing of the
evaporated porphyrins. The initially H-bond stabilized molecules were deprotonated and formed
bonds to five-fold titanium atoms of the surface. This process was coupled to a rotation of the
molecules. The interpretation of this experiment was corroborated by the study of ZnTPP, which

was not able to form chemical bonds and showed no significant change upon annealing. Further
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evidence for the immobilization of tr-ZnDCPP was given by nc-AFM at room temperature, where
the stability against manipulation with the scanning tip was assessed. The coupling with the sub-
strate was investigated using valence band spectroscopy and showed that charge transfer to the
substrate was increased if the molecule was anchored by a carboxylic acid. XPS of the N1s core
level further suggested that the structure of the macrocycle of annealed porphyrins in the cross
configuration might be significantly deformed due to the increased interaction with the surface.
It is further noted that the presented results are in good correspondence with results from KPFM
and DFT on CuTCPP on rutile TiO, (110) presented in the previous section.

4.4. ZnCPPs on Rutile: Influence of the Carboxylic Anchor

Carboxylic anchors were shown to bind covalently on the rutile TiO, (110) surface, whereby
the formation of the bond is a thermally activated process. Employing different porphyrins with
different number and configuration of carboxylic anchoring groups is thus supposed to yield various
adsorption geometries, which might differ in their properties. As a model system, 4 different
ZnCPPs were studied in this work. The findings of this study will be discussed in the following
and highlight the importance of the anchoring group for molecular immobilization. The section
closes with high resolution nc-AFM experiments that aimed to identify the functional groups of
adsorbed molecules.

The first study started with the investigation of ZnTCPP. The porphyrin was evaporated to the
surface at Tg=25°C and yielded noisy AFM topography images. The scan stability was sig-

nificantly improved after annealing to only 150° for 30min. Apparently a lower temperature
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Figure 4.13.: ZnTCPP on rutile TiO, (110). (a) Nc-AFM topography after annealing to 150 °C. Different
adsorption modes are marked with circles (SSS-NCL, f;=151.3kHz, A;=10nm, A fj——7Hz, Q,=33.1k).
(b) Height profiles of the 3 modes identified in (a). (c¢) Proposed asymmetric binding modes resulting

from anchoring to oxygen vacancies.
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compared to tr-ZnDCPP is sufficient because the porphyrins owns 4 carboxylic groups and only
one group has to be deprotonated to yield an immobilized molecule. A large scale nc-AFM topog-
raphy of the annealed substrate is shown in Fig. 4.13a. At least three adsorption configurations
were distinguished, which are marked with circles. Considering the height profiles depicted in
Fig. 4.13b, it is probable that some of them are tilted. The well-known cross and square config-
urations were also identified. However, square configurations were hardly observable, indicating
that at least one carboxylic acid was deprotonated for each molecule. Compared to the results of
CuTCPP in Sec. 4.2, the surface showed more defects, the coverage was higher and the molecules
were annealed in this experiment. Justified by the deprotonation of the anchors and the probable
interaction with defects, it is thus plausible that several adsorption modes are observed. Two
proposed modes that could result from binding of the anchor to an oxygen vacancy are shown in
Fig. 4.13c.

Looking at porphyrins with different numbers of carboxylic anchors, such as ZnMCPP and
cis-ZnDCPP, it was observed that they behaved similarly. The porphyrins tended to adopt
orientations that were well aligned with the substrate. The interaction of the porphyrins with the
rutile surface was rather strong meaning that the molecules were immobilized at room tempera-
ture. Still protonated molecules could however be moved by the scanning tip. The stability of the
molecules with respect to tip induced movements might depend on the number of carboxyl groups
since they are supposed to stabilize the square configuration by H-bonds to the bridging oxygen
rows. For molecules that were annealed after deposition or evaporated to the hot substrate one
can hardly find any moving molecules, which indicated that porphyrins are then covalently bound

to the surface.

Even though most experiments were performed using low coverage (< 1ML) the results have
implications for the formation of self-assemblies. Due to the low mobility of the as deposited
molecules they are not favored and also not observed for higher coverages. Mild annealing after
deposition to the cold surface was not suitable to form self-assemblies because this enhances
the reactivity of the anchors as well. But even if a temperature could be found up to which
the mobility is increased without deprotonation, the defects of the surface would most probably
hinder the formation of SAMs or at least limit them to smaller islands. Thus self-assemblies of
porphyrins where the number of carboxylic anchors determines the structure of the SAM, like
e.g. found on copper, where clusters of two or four molecules or rows and complete layers were
found, could not be observed.'®!? Consequently, it has to be noted that if a functional group
of the molecule is designed to yield a certain architecture of self-assemblies it is beneficial when
this group does only hardly interact with the surface. Due to the strong interaction with the
surface it is assumed that the structure of monolayers is templated by the substrate and would
thus preferably lead to flat lying adsorption geometries. However, the study of high coverage films
without annealing was beyond the scope of this work, since the scan conditions for such samples

were generally quite unstable.
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Figure 4.14.: Evaporation of ZnMCPP to the hot substrate (300°C). Nc-AFM topography images
were taken at room temperature after (a) 15min, (b) 40min and (c¢) 2h of annealing. (PPP-NCH,
f1=327.9kHz, A;=5nm, Q;=37.4k, Af;=—10Hz for (a) and (b) and A f;=—30Hz for (c))

4.4.1. Preparation of High Coverage Films

Another indication that the porphyrin interact strongly with the rutile TiO, (110) surface gets
evident when one tries to form self-assembled monolayers with standing adsorption modes. They
would be beneficial for the applications since the porphyrin core is less affected by the substrate
then. A possible approach from Patthey et al. was to heat the substrate to the evaporation
temperature of the molecule during deposition.??” This is supposed to prevent the formation of
multilayers and may further promote the lift off of the porphyrin core, thus allowing for standing
configurations if the coverage is high enough. In the present work, this approach was tried for
ZnMCPP, which has only one anchor group and may stand up even after chemical binding to the
surface. The porphyrin was evaporated at 300 °C to the substrate having the same temperature.
The images shown in Fig. 4.14 indicated disordered coverage of isolated porphyrins. From the
scan stability it was concluded that the porphyrins were covalently bonded after cooling-down.
The coverage was then increased stepwise. However this did not promote the formation of self-
agssemblies. Most probably the porphyrins were directly bonded after arrival to the surface.
Furthermore, it is likely that the molecules did not get enough energy to lift the porphyrin core
away from the surface to facilitate standing adsorption modes. Doing the evaporation before
the annealing did not change the structure of the resulting layers too. In conclusion it has to
be expected that the first layer of molecules will most likely adopt a flat adsorption geometry,
while additional layers might yield standing configurations because the strong interaction with

the substrate is no longer present.

81




Chapter 4. CuTCPP and ZnCPPs on Rutile TiO, (110)

Figure 4.15.: ZnTPP on rutile TiO, (110). (a) Nc-AFM topography of a ZnTPP island after annealing
to 120°C (PPP-NCL, f>=978.5kHz, A>=400pm, Af,—=—30Hz, Q2—=13.5k). The z-range was reduced
to increase the contrast on the island. (b) Self-assembled monolayer of ZnTPP without annealing (same
imaging parameters as in (a) except Afo=—105Hz). (c) Suggested molecular model of the monolayer.
The left part shows a close packing with an angle of 12° between v, and the [110] direction. The molecular
chains on the right are slightly shifted with respect to the [001] direction yielding an angle of 20°.

4.4.2. Molecular Islands of ZnTPP

The importance of the carboxylic anchor for the stabilization of the adsorption geometries gets
even more apparent if one compares the results of the ZnCPPs with ZnTPP. Nc-AFM topography
images of ZnTPP, which was evaporated to the sample at room temperature, were generally very
noisy, indicating moving molecules. Stable high resolution imaging of isolated molecules was not
achieved. Post-annealing of the samples at 120°C for 30min did hardly improve the imaging
conditions but some regions exhibited small islands (Fig. 4.15a). Thus the higher mobility of
ZnTPP allowed for self-assemblies also at lower coverages. The sample was further annealed
overnight at 120°C in order to promote the formation of larger islands. However, the size of
the islands remained unchanged and the scans were still noisy outside the islands. A possible
explanation for this observation could be the defect density of the surface, which might affected
the mobility of the porphyrins and thus influenced the island formation. Maybe a certain size of
defect free surface was even needed to start the growth of the islands. The molecules in the island
were aligned within rows (see Fig. 4.15a). The lattice vectors of the resulting pattern have angles
of about 25° and 80° with respect to the bridging oxygen rows. Scans on close to monolayer
coverage samples allowed investigating the structure of these assemblies in more detail. As shown
in Fig. 4.15b the main structure in the layer were chains that were oriented with an angle of
28° with respect to the [001] direction. The second lattice vector was not fixed. However, the
predominant orientation enclosed an angle of 12° with the [110] direction. The variation of the

second lattice vector is explained by the fact that the molecular chains can be slightly shifted
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along the [001] direction. A suggested model, showing two possible arrangements of the chains,
is depicted in Fig. 4.15c. Both proposed structures are commensurate with the surface and are

further stabilized by w7 and T-interactions of the phenyl rings as indicated in Fig. 4.15c.

4.4.3. Conclusion

In summary, ZnCPPs with various number of carboxylic group interact similar with the rutile
TiO, (110) surface. They were immobilized after evaporation if they had at least one carboxylic
group. Porphyrins that have been evaporated to the room temperature sample could be moved
via interaction with the tip. Annealing of these surfaces resulted in more stable scan conditions
because the molecules were covalently bonded. ZnTPP, which has no anchoring group, is presum-
ably weakly bound to the terraces and is easily displaced while scanning. Annealing of a ZnTPP
covered surface causes the growth of self-assembled layers but their size might be limited by the

density of surface defects.

4.5. The Quest for High Molecular Resolution

So far, high resolution nc-AFM measurements were only made on highly symmetric porphyrins,
i.e. with four carboxylic anchors. These measurements do not allow evaluating if functional
groups such as the carboxyphenyl legs can be identified. Porphyrins with different substituents,
i.e. cis-ZnDCPP and ZnMCPP were thus investigated in the following, in order to see if these
functional groups can be visualized by nc-AFM. Bimodal and dual-pass AFM were applied to

increase the sensitivity to short-range forces.

0pm

Figure 4.16.: High resolution bimodal nc-AFM of cis-ZnDCPP on rutile TiO, (110). (a) Topography
image and (b) corresponding frequency shift of the first torsional resonance. The marked dips might
be indicative for either phenyl or carboxyphenyl substituents. (SSS-NCL, fo=944.1kHz, A3=400pm,
Afo=—15Hz, Q2=15.4k, f;=1.497 MHz, A;=50pm, Q;=145.8k)
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Figure 4.17.: High resolution dual-pass measurements of ZnMCPP on rutile TiO, (110). (a) Stan-
dard nc-AFM topography measured using the 2nd resonance (SSS-NCL, f>=944.1kHz, A>=400pm,
Afy=—20Hz, Q2=15.6k). (b) Topography of the first pass taken with Af;=—17Hz and (c) corre-
sponding frequency shift image taken with a z-offset of —300 pm.

Cis-ZnDCPP, which has two carboxyphenyl legs on the same side of the porphyrin macrocycle, was
investigated first. Fig. 4.16a shows a topography image with two molecules right after deposition
to the room temperature substrate. They adopted the well-known cross and square orientation.
Somehow, there is hardly any asymmetry in the topography channel. Single mode AFM, was
thus not able to resolve the different substituents. However, the additional use of the torsional
resonance as presented in Fig. 4.16b revealed that one side of the molecule showed higher frequency
shifts than the other. This could be indicative of either phenyl or carboxyphenyl substituents.
However, the interpretation of torsional images is not straightforward. The molecule depicted on
the right side of Fig. 4.16b further reveals another small dip. Since all the features are on the top

side of the molecules one cannot exclude a tip artifact.

To further elucidate the question of the identification of the carboxyphenyl groups it is worth-
while to take a molecule that is even more asymmetric, like e.g. ZnMCPP. Evaporation to the
hot substrate (300°) yielded cross shape molecules where the carboxyl groups were presumably
anchored to the titanium rows. Instead of the bimodal AFM, a dual-pass method introduced by
0. Custance an co-workers was used (Sec. 2.3.5).3% In this method the topography of a line is
recorded in the first pass and applied to the z-controller in the second pass, whereby an additional
negative z-offset is applied. The image is then made by recording the frequency shift. The benefit
of this measurement is that feedback problems such as the ones described in Appendix A can be
prevented and the imaging can actually be done in the repulsive regime of the A f(z)-curve. This
measurement is similar to the constant height experiments usually performed at low temperatures.
The first pass is done far from the surface so that a part of the information, that could still be

achieved by approaching in the classical mode, e.g. the row structure of the substrate, is lost.
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4.6. Conclusion

Fig. 4.17a shows a standard FM-AFM image of ZnMCPP on rutile TiO, (110) made by using the
2nd resonance of an SSS-NCL cantilever. Figs. 4.17b,c depict the results of dual-pass experiment
made on the same molecule and the same cantilever. There is a clear dip in the frequency shift
for one of the lobes, which can possibly be attributed to the carboxyphenyl part of the porphyrin.
In order to verify this hypothesis and to get a deeper understanding of the imaging contrast it is
suggested to use spectroscopic methods together with simulations. This was however beyond the
scope of this work. Nevertheless, the experimental results emphasize the suitability of dual-pass
nc-AFM not only for higher resolution but also for possible chemical identification of functional

groups.

4.6. Conclusion

This chapter investigated the behavior of metallo-phenylporphyrins on the rutile TiO, (110) sur-
face. It started with the preparatory examination of the bare substrate, where it was shown
that defects can be identified with bimodal nc-AFM using the first torsional resonance. The ob-
tained images were explained with a simple electrostatic model. MCPPs with different number
of anchoring groups were studied afterwards. The MCPPs showed strong binding to the surface.
Isolated molecules were imaged at room temperature and their adsorption configurations were
determined by nc-AFM using the second resonance of the cantilever. In case of CuTCPP, two
distinct configurations were found for which the electronic coupling to the surface was further
investigated with FM-KPFM. LCPD maps indicated a surface dipole moment due to electron
transfer from the molecule to the surface. This was further corroborated in DFT calculations,
which were also in good agreement with the adsorption configurations determined by AFM. Gen-
erally it was found that MCPPs were immobilized due to the interaction of the carboxylic anchor
with the surface. However, this interaction does not have to be covalent. It was found that
already the formation of H-bonds between the carboxyl groups and the bridging oxygen atoms
strengthened the binding. Therefore, porphyrins without anchoring groups could only be imaged
in islands or monolayers, indicating that they were indeed more mobile. Single ZnTPP could only
be imaged at low temperatures using LT-STM. The protonated porphyrins can be displaced on
the surface by interaction with the tip. Thus scans of just deposited porphyrins were often noisy.
However, the scan conditions were improved upon annealing giving evidence that the ZnCPPs
can be covalently linked to the surface. This was further investigated using a combined STM and
PES approach, where strong evidence was found that the carboxylic anchor deprotonates under
annealing and binds to five-fold titanium atoms of the surface. Finally high resolution bimodal as
well as dual-pass nc-AFM experiments were performed on selected porphyrins, which indicated
that submolecular resolution with possible identification of functional groups might be feasible at

room temperature.
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5.
ZnCPPs on Anatase TiO, (101)

This chapter proceeds with the investigation of the known ZnCPPs on the application relevant
anatase TiO, (101) surface. Nc-AFM measurements on the bare anatase substrate are presented
in the beginning and are the basis for the following study, because there was much less reference
information available than for rutile TiO, (110). High resolution nc-AFM is presented and two
possible contrasts, which reveal different topographic information, are discussed. After this the
focus is put on the interaction of ZnCPPs with the surface. The adsorption and diffusion behavior
of ZnCPPs with different numbers of carboxylic anchors was investigated and the important in-
fluence of the carboxylic acid anchor for the immobilization on the surface is emphasized. Further
the formation of covalent bonds to the surfaces was studied using samples where the ZnCPPs
have been evaporated to the hot TiO, substrate. Isolated molecules of these samples were fur-
ther imaged using high resolution dual-pass nc-AFM on the first and second resonance. These
measurements allowed resolving the submolecular structure of ZnMCPP and were used to pro-
pose potential adsorption geometries. The chapter closes with bimodal dual-pass nc-AFM on
tr-ZnDCPP wherein the torsional resonance was successfully used to resolve the surface and the
molecule. The experimental results were compiled into atomic models of the adsorption configura-
tion, which demonstrates the capability of dual-pass nc-AFM for high resolution characterization

of single molecules at room-temperature.

5.1. The Anatase TiO, (101) Surface

Even though anatase is more important for the applications than rutile, which is due to its
nanoscale stability, there are only few SPM studies with atomic resolution.!73,174,176,177,228,229
To the knowledge of the author, there are only two studies from the group of Custance et al.,
which obtained high resolution by AFM. However, in their case they used either a combined
nc-AFM/STM approach or the dual-pass AFM measurement method.??'™® This section attempts
to characterize the pristine anatase TiO, surface on the atomic scale by using standard AFM.
The results reveal different imaging contrasts and some of them have atomic resolution. Thus it

is shown that atomic resolution on anatase TiO, is also feasible by standard nc-AFM.
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Az=349 pm

Opm z 230 pm

Figure 5.1.: Surface structure of the bulk terminated anatase TiO, (101) substrate. (a) Nc-AFM topo-
graphy image of the bare substrate scanned with a silicon tip whose apex was most probably terminated
with titania (PPP-NCH, f;=321.7kHz, A;=5nm, Afi=—15Hz, 1=36.9k). (b) Profile over the step
edge as indicated with the dashed line in (a). (c) High resolution nc-AFM topography recorded with a
functionalized tip (SSS-NCL, f—949.7kHz, Ao=500pm, A fo——60Hz, Q2—13.3k).

Natural anatase TiO, crystals exhibiting their (101) surface were prepared by repeated sputtering
and annealing. The surface structure after sample preparation, such as the appearance of the step
edges, depended strongly on the quality of the crystal, which is influenced by the amount of natural
impurities and the reduction state. Surface preparation was most successful on highly reduced and
homogeneous crystals with low impurity density. In these cases the step edges were nicely defined
and the terrace size was up to 100nm (see Fig. 5.1a). The terraces were terminated with step
edges along the (010) and (111) directions.'™ Their height was determined to be 349 4= 10 pm, as
indicated in Fig. 5.1b and was in good agreement with the expected value from the bulk crystal
structure of 352pm.*7 Similar to the row structure on rutile TiO, (110), the anatase TiO,
(101) exhibits a saw-tooth pattern along the [010] direction, that is terminated with two-fold
oxygen atoms. High resolution of this surface structure was achieved on samples with adsorbates
or defects, because they allowed for beneficial tip functionalization. The pick-up of adsorbates
appeared randomly and while scanning. Fig. 5.1c depicts a high resolution scan recorded using
the second resonance of a super sharp silicon tip after pick-up of an adsorbate. In this case the
sample had a low coverage of tr-ZnDCPP and the tip possibly picked up one of them. The scan
showed a characteristic hexagonal structure, which was attributed to the topmost two-fold oxygen
atoms.!™ In accordance to literature, the distance between the rows was measured to be about
520 pm. The surface exhibited significantly less defects than rutile TiO, (110), as was already
observed earlier and justified by the fact that oxygen vacancies in anatase occur preferably at

subsurface sites. 176,230,231
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LCPD + 0 y2

Figure 5.2.: KPFM of the bare anatase TiO, (101) surface. (a) Large scale topography image and (b) cor-
responding LCPD map (PPP-NCL Pt, f1=169.4kHz, A1=10nm, A fi=—20Hz, Q1=19.2k, f,a=1.0kHz,
Vinoa=500mV). (c) Differentiated topography overlaid with the LCPD map highlighting the lower work-
function on the step edges.

Fig. 5.2 shows a large scale AFM topography and the corresponding contact potential difference
map. The LCPD on the surface was in the range of 550-600mV and step edges had a work
function that was reduced by ca. 50-100mV. As has been shown on other substrates, the work
function depends on the exposed face.?32 %33 Since the (101) surface is the most stable termination
of anatase, it has been found that its conduction band minimum is lower in energy than for the

234

other faces. Consequently, its work function is higher than for the microfacets at the step

edges, explaining the experimental CPD contrast.

Similar to rutile, different high resolution imaging contrasts were observed on anatase (101) as
well. Interestingly, in one case the topography contrast was also altered on the large scale as
shown in Fig. 5.3a. Some of the step edges, such as the one marked in violet, appeared higher
than the others. The tip oscillation also showed a clear position dependent dissipation signal
(see Fig. 5.3b). Astonishingly, the tip change that led to this contrast was reversible. Switching
between the normal contrast shown in Fig. 5.1a and the high resolution contrast was observed
several times. Since the surface had a low amount of adsorbates it is obvious that the changes in
topography and dissipation were caused by the pick-up of an adsorbate. An artifact originating
from a slow z-controller feedback was excluded by comparing forward and backward scans. This
assumption was further legitimated by results from Loppacher et al. where dissipation on step
edges was observed after a tip crash and suggested to originate from an adsorbate that jumps back
and forth when the tip enters the strong force field of the step edges.?>” The interaction at the step
was presumably stronger, since the electrostatic forces were only compensated on the terraces.
The discrimination of the two marked step edges along the same direction in Fig. 5.3a can then be

explained by the asymmetry of the surface as described in Sec. 3.1.2. The local electrostatic field
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Figure 5.3.: High resolution nc-AFM contrast on anatase TiO, (101) obtained with a negatively polarized
tip (PPP-NCH, f;=324.5kHz, A;=5nm, Q;=37.4k). (a,b) Large scale topography scan and correspond-
ing dissipation map as calculated after [235,236] (A fi=—25Hz). (c,d) Small scale scans of the saw-tooth
structure with the corresponding dissipation map. (Af;=—14Hz). (e) Topography and excitation pro-
files over a defect as indicated in (c) and (d). (f) Qualitative explanation of the contrast formation by
Af(z)-curves.

and thus the strength of the dissipation on the individual edges might be affected by the different
work function as well as the area of the exposed microfacets. Both were presumably larger on the

steps marked in green.!80:234

Fig. 5.3c shows a high resolution image of the surface structure on the terraces. It reveals a stripe
pattern along the [010] direction as well as some defects. The defects had a circular shape with a
diameter of about 1 nm and were centered on bright rows in the topography image. Since surface
vacancies are not that common on anatase it is obvious that the defects were in fact adsorbates
from the chamber such as oxygen and water or from the sample like iron from the bulk of the
crystal.'7228 The defect looked blown-up, which was probably due to the charging of the defect

and possibly of the tip as well. The assignment of the rows to either oxygen or titanium atoms
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Figure 5.4.: Defects on anatase TiO, (101). (a) High resolution nc-AFM scan with a positively polarized
tip apex. The feature on the left side indicates an atomic defect'™ (SSS-NCL: f;=151.6kHz, A;=5nm,
Af1=—50Hz, Q1=32.7k). (b) Large scale image of the surface after preparation (SSS-NCL: f,=940.2 kHz,
A2=400pm, A fo=—12Hz, Q2=17.1k). (c) Zoom on the defects of the terrace shown in (b).

based on the topography was not straightforward, since the topography might have been affected
by the presence of the local electric field. However, many of the possible adsorbates have been
found to bind to five-fold titanium atoms, which are in a trough between the bridging oxygen
rows.??® Therefore, one can suggest that the topography contrast was inversed. This indicates
that the attraction between tip and sample was stronger on the titanium atoms, which therefore
caused the retraction of the tip. Model A f(z)-curves for this case as well as proposed dissipation
curves for the oxygen and titanium positions are illustrated in Fig. 5.3f. The dissipation is
strongly distance dependent and is potentially higher on the oxygen atoms because the tip-sample
distance is smaller there. This expectation was actually met by the experimental data shown in
Fig. 5.3d. The dissipation contrast was reversed with respect to the measured topography as
is illustrated in the profiles in Fig. 5.3e, which were taken over a defect and show the proposed
assignment of the surface structure. Considering this experimental data, it is likely that the origin
of the stronger attractive tip-sample interaction on the titanium atoms was caused by electrostatic
forces, meaning the tip was presumably negatively polarized. Based on this interpretation one
can further study the defect site. The defects were located on titanium rows and since they were
blurred it can be assumed that they are positively charged as well. Possible candidates would

thus be water or impurities from the bulk of the sample.

The image shown in Fig. 5.4a gives evidence that the contrast revealing the hexagonal structure
of the surface could be caused by short-range electrostatic forces as well. The image was made
with an oscillation amplitude of 5nm and the corrugation on the hexagonal structure was only
10 pm. In contrast, Fig. 5.1c, which was made using the second resonance, had a corrugation of

over 200 pm. The latter value was larger due to the smaller oscillation amplitude. But since it was
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larger than the expected topography, it has to be affected by strongly site dependent tip-sample
forces. Analogous to the previous argumentation, it can be proposed that this imaging contrast
is due to a positively polarized tip. In this case, the measured topography agrees qualitatively

with the expected one, which explains the absence of the dissipation signal in these images.

In summary, two high resolution contrasts that gave qualitatively different topography information
were investigated and explained by the tip polarization. These contrasts might be suitable for the
investigation of defects. As for example depicted in Figs. 5.4b,c, lower quality samples, or old and
highly reduced crystals exhibited more defects. On these images one can at least distinguish two
types of defects, one that appears as a dip and one that looks like an adsorbate. Most probably
these defects interact with evaporated molecules. Scanning with these defects with different
polarized tips might be a good tool to reveal their nature and understand their interaction with

the molecular adsorbates in future studies.

5.2. ZnCPPs on Anatase TiO, (101)

The aim of this section is to examine the immobilization of ZnCPPs on the anatase TiO, (110)
surface. First ZnCPPs with different number of carboxylic acids are studied and their influence
on the binding strength and mobility is assessed. The reactivity of the substrate with respect to

formation of covalent bonds to the adsorbates is discussed too.

0Onm

Figure 5.5.: ZnTCPP on anatase TiO, (101). (a) Large scale nc-AFM topography after deposition
to the sample held at room temperature (SSS-NCL, f1—=151.4kHz, A;=6.5nm, Af;—=—9Hz, Q1=33.5k).
(b) High resolution image of the molecular arrangement on the step edges. The orientation of the ZnTCPPs
on one step edge is marked with squares (SSS-NCL, f,=994.2kHz, A5=400pm, A fo=—19Hz, Q>=14.4k).
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5.2.1. ZnTCPP on Anatase TiO, (101)

Similar to the rutile TiO, (110) surface this study started with the investigation of ZnTCPP,
a porphyrin with four carboxyphenyl substituents. In this part of the work the surface was
reoxizided during the last preparation cycle. Hence, hardly any defects were present. The terrace
size was rather small, which was primarily attributed to the quality of the crystal. Fig. 5.5
shows the surface after evaporation of ZnTCPP to the substrate held at room temperature. The
porphyrins adsorbed exclusively on top of step edges, suggesting that they diffuse around till
they reach a descending step. Compared to rutile (110), Fig. 5.5b shows a high resolution image
of the molecules and how they aligned themselves with respect to the step edge. This behavior
is different to the one observed for classical Ehrlich-Schwoebel barriers for which reflection and
adsorption of the diffusing species is expected at descending and escalating steps, respectively.?2:93
This observation might be explained by the occurrence of binding sites at the steps that can only

be accessed from the top.

5.2.2. Cis-ZnDCPP on Anatase TiO, (101)

Evaporation of cis-ZnDCPP for 10 min to the sample held at room temperature resulted in noisy
topography scans, indicating a relatively high coverage of loosely bound or diffusing porphyrins
(see Fig. 5.6a). The step edges were partially decorated and smaller clusters as well as single
molecules were present on the terraces. The diffusion was presumably hindered compared to the
ZnTCPP sample. This finding was primarily attributed to the defect density on the surface and

not the different number of carboxylic acid substituents of the porphyrins. The crystal studied in

Onm Onm z

Figure 5.6.: Nc-AFM topography images of cis-ZnDCPP on anatase TiO, (101) taken with SSS-NCL can-
tilevers. (a) Noisy image just after evaporation, indicating moving porphyrins ( fo=944.2 kHz, A5=400 pm,
Afy=—11Hz, Q2=15.0k). (b) Molecular arrangement on the step edges (f1=151.4kHz, A;=10nm,
Afi=—5Hz, Q1=32.8k).
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Figure 5.7.: High resolution nc-AFM images of cis-ZnDCPP on anatase TiO, (101) with suggested models
of the adsorbed porphyrins (SSS-NCL, f1=149.4kHz, Q;=33.7k). (a) Single molecule adsorbed on a step
edge (A;=10nm, Af;=—3.5Hz). (b) Two stacked porphyrins on a step (A;=10nm, Af;=—4.5Hz).
(c) Isolated cis-ZnDCPP on the terrace that is probably stabilized by a defect (arrow) together with other
small adsorbates (circles) (A;=10nm, A f;=—4.5Hz).

this experiment had a low quality and showed more defects than the one used for the investigations
on ZnTCPP (see Fig. 5.4b). After first scans, the sample was annealed for 30 min at 150 °C in
order to allow the diffusion of weakly bound molecules and thus enable their binding to defects and
steps. Fig. 5.6b shows the surface after annealing. The amount of streak lines was significantly
decreased and a big part of the step was now covered with molecules. However, some porphyrins
remained on the terraces due to binding to defects. High resolution on this sample was not
achieved due to unstable scan conditions. It is further noted that the image Fig. 5.6b suffered

from a double tip, thus some topographic features, especially at the step edges, were duplicated.

A crystal with lower defect density and low coverage of cis-ZnDCPP was investigated for improved
analysis of single adsorption modes. Fig. 5.7a shows a single cis-ZnDCPP molecule at a step edge.
The topography image indicates two bright lobes and two fainter protrusions, which are marked
in green and violet, respectively. A part of the porphyrin jutted out beyond the step, presumably
resulting in a slightly tilted molecular board. Fig. 5.7b depicts two molecules with the same
adsorption configuration as the porphyrin in Fig. 5.7a. It also presents a suggested adsorption
mode of the molecules. This configuration was found to be the preferred adsorption mode at
step edges along the (111)-directions. Apart from the molecules at the edges, there were only
few molecules adsorbed on the terraces. The shape of these molecules appeared bigger and could
be divided into a molecular part and additional protrusions from surface defects as is indicated
in Fig. 5.7c. Hence, it was suggested that molecules adsorbed on the terraces were presumably
stabilized by defects.
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Figure 5.8.: Large scale nc-AFM topography images of ZnMCPP and ZnTPP on anatase (101).
(a) ZnMCPP directly after deposition and (b) after annealing at 120°C for 40min (PPP-NCH,
f1=309.9kHz, A;=5nm, Q1=39.1k, Afj=—15Hz for (a), Af;=—17Hz for (b)). (c¢) ZnTPP without
annealing (PPP-NCH, f;=321.7kHz, A;=5nm, Af;=—13Hz, Q1=36.9k).

5.2.3. Role of the Anchoring Group (ZnMCPP vs. ZnTPP)

The carboxylic acid can make a key difference for the molecular kinetics and processes on the
surface as was already indicated by previous results on rutile (see Sec. 4.4). For a simple assessment
of this effect, ZnMCPP was compared with ZnTPP. Low coverage deposition of ZnMCPP resulted
in noisy nc-AFM scans as depicted in the topography image Fig. 5.8a. The streak lines were
attributed to molecules that were not yet diffused to the step edge or loosely interacting with
defects. The scan quality was enhanced after annealing for 40 min at 120°C as indicated in
Fig. 5.8b. More porphyrins were now found at the steps but some were also immobilized on
the terraces. The noise lines were gone implying that porphyrins on the terraces exhibited a
stronger binding after the annealing. In comparison, ZnTPP molecules covered the steps without
annealing as shown in Fig. 5.8¢c, implying that they were more mobile and can diffuse without
further thermal activation. Nevertheless, some ZnTPP were immobilized on the terraces, which
was attributed to the interaction with defects as well. Large scale topography images revealed
islands of flat lying ZnTPP with a typical size of 20-50 nm and a height of approximately 300 pm
(see Fig. 5.9a). Since the islands were not necessarily connected to step edges, it was concluded
that their growth started at defect sites. Most probably, the island formation can be attributed to
the weak interaction of ZnTPP on anatase (110), which is a result of the absence of the carboxylic
acid and enables diffusion. The growth of ZnMCPP islands was not observed and might only occur

for high coverage, since the carboxylic anchor efficiently reduces the mobility of the porphyrin.
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Figure 5.9.: Self-assemblies of ZnTPP on anatase TiO, (101) taken with a PPP-NCH cantilever
(f1=321.7kHz, Q1=37.3k). (a) Large scale nc-AFM topography with islands (4;=3nm, Af;=—25Hz).
(b) Map of the local contact potential difference of the ZnTPP islands in the marked region in (a) as
measured with FM-KPFM (A;=3nm, Af;1=—25Hz, fi,a=190Hz, Vi,064=500mV). (c) Corresponding
differentiated nc-AFM topography showing two structurally different self-assemblies, which are denoted
with T and II. (d) High resolution AFM topography of the molecular structure on the lower islands
(A;=2nm, Af;=—80Hz).

5.2.4. Self-Assemblies of ZnTPP

For curiosity, further investigation of the islands by FM-KPFM was done. Fig. 5.9b shows the
map of the local contact potential that corresponds to the marked area in Fig. 5.9a. The LCPD
on the molecular islands is about 350-400 mV lower than on the bare substrate. The lowest LCPD
is measured at the step edges decorated with molecules. As for rutile this could be indicative of a
molecular surface dipole pointing away from the surface, originating from partial electron charge
transfer from the molecule to the surface. This explanation might only be true for the islands and
isolated molecules on the terraces. For molecules adsorbed at steps one has to consider that at least

a part of the LCPD drop at step edges comes from the substrate as was revealed by KPFM of the
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bare anatase TiO, (101) surface (see Fig. 5.2). The differentiated topography image of the region
with two islands is depicted see Fig. 5.9c. Taking a closer look, one can distinguish two structural
different self-assemblies marked with I and II. Their borders are indicated with red dashed lines.
A high resolution nc-AFM topography image of the border region on the lower island is depicted
in Fig. 5.9d. The island owned several defects. Thus it is probable that this island eventually
evolved from the fusion of two smaller islands, whose growth started at individual defects. The
island structure features bright dots with a periodicity of 2nm along the [101] direction, which
is about 4 times the periodicity of the underlying saw-tooth pattern. Hence, the self-assembly
seemed commensurate with the substrate giving evidence that the island was templated by the

substrate.

5.2.5. Covalent Anchoring of ZnMCPP

So far it was observed that the porphyrins preferentially sit on top of the step edges or, if present,
interact with defects. Remembering the results from the rutile TiO, (110) surface, it would be
interesting to know if the porphyrins can be immobilized on the terraces of anatase TiO, (101)
as well. Hence ZnMCPP was evaporated to the substrate held at 300°C, in order to facilitate
the deprotonation and the binding of the carboxylic anchor directly after landing and therefore
before diffusion to a nearby step edge. After the deposition the step edges were fully occupied
as shown in Fig. 5.10a but the density of ZnMCPP on the terraces was also higher than the
apparent density of surface defects. Thus the anchors did not immediately react with the surface

and diffusion was still possible. Some porphyrins that remained on the terraces could still be

2 350 pm Opm 120 pm

Figure 5.10.: High resolution nc-AFM topography images of ZnMCPP on anatase TiO, (101) (PPP-NCH,
f1=327.9kHz, A;=5nm, Q1=36.9k). (a) Large scale nc-AFM topography of ZnMCPP evaporated to the
300 °C hot surface (A f;=—10Hz). (b) High resolution AFM image, taken with a functionalized tip. Some
of the porphyrins showed similar contrast and were marked with dashed forms (A f;=—25Hz). (c¢) Zoom
in with adjusted z-scale to highlight the saw-tooth structure of the substrate.
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LCPD
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Figure 5.11.: KPFM of ZnMCPP on anatase TiO, (101). (a) Nc-AFM topography and (b) corresponding
map of the LCPD. Some molecules with different LCPD are marked with dashed circles. The annotations
indicate their suggested charging. (c) Differentiated topography overlaid with the LCPD map highlighting
the influence of the molecules. White and red lines mark regions with lower LCPD due to molecules and
step edges, respectively. (d) Dissipation per oscillation cycle as calculated after references [235, 236].
The dissipation on the substrate is higher than on the molecules. (PPP-NCH, f;=327.9kHz, A;=5nm,
Afi=—25Hz, Q1=36.9K, fmoa=180Hz, V,04=700mV)

moved via interaction with the tip, indicating that only a small part of the porphyrins might
have been immobilized. This finding was corroborated by the fact that huge clusters with several
tens of nanometers height were observed. From this it was concluded that most of the molecules
actually diffused to these clusters instead of binding to the surface. Possibly the formation of
covalent bonds was hindered because of the inaccessibility of the surface titanium atoms, which

are slightly buried between the oxygen atoms of the surface.

Pick-up of an adsorbate from the surface, most probably a ZnMCPP, resulted in additional con-
trast of the underlying substrate (see Figs. 5.10b,c). The contrast on the molecules revealed

that the porphyrins adapted different adsorption geometries. Some of them were marked in
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5.2. ZnCPPs on Anatase TiO, (101)

Fig. 5.10b. Unfortunately, higher resolution on the molecules, was not possible due to tip insta-
bility. Figs. 5.11a,b show a large scale topography image and the corresponding LCPD map as
measured by FM-KPFM. These results were also obtained with the functionalized tip. Most of
the molecules showed a LCPD contrast that was some tens of mV higher or lower than the surface
value as is indicated in Fig. 5.11b. Interestingly, some molecules were not visible in the LCPD
map. This indicates that various adsorption configurations with different or even no interfacial
charge transfer were present. In addition to the molecular features, the LCPD map showed re-
gions with reduced CPD that could not clearly be correlated with the molecular coverage. This
gets further apparent when looking at the differentiated topography that is overlaid with the
LCPD map in Fig. 5.11c. Regions with a lower LCPD of about 430-500mV are marked with
white circles. These features might be explained by the presence of positively charged subsurface
defects or charges as has been reported for rutile TiO, (110).212 Other parts of the image that
are marked in red showed LCPD values below 400 mV, which can be related to a reduction of the
LCPD by the influence of nearby step edges (see Sec. 5.1). Interestingly, it has to be noted that
the KPFM image was influenced by dissipation on the bare substrate but not on the molecules
as shown in Fig. 5.11d. FEvery single porphyrin appeared as dip in the dissipation map. This
cannot be described by well-known effects such as deformation of the adsorbate at the tip or
the surface.?!%238240 Nevertheless, it was assumed that the interpretation of the CPD contrast

remains valid.

5.2.6. Conclusion

The investigation of ZnCPPs with different numbers of carboxylic acids showed that ZnCPPs
do only weakly bind to the clean terraces of anatase TiO, (101). The evaporated molecules
diffused to nearby step edges and it was suggested that they only bind to the terraces if defects
are present. Covalent binding might be possible by annealing, but was less probable than on
rutile TiO, (110). Even though the molecules were mobile at room temperature, the growth of
molecular islands was only observed for ZnTPP, giving evidence that the carboxylic anchor limits
the mobility even without covalent bonding. The electronic coupling of the island to the surface
was investigated with KPFM and it got evident that the porphyrins might carry a positive partial
charge. Interestingly, no covalent binding to the surface was needed for this coupling. Thus
it might originated from a direct interaction of the porphyrin core with the substrate. For the
annealed ZnMCPP it was observed that they can have positive, negative or no LCPD contrast.
This is due to the fact that the porphyrins do not all have the same configuration. Some of them

might be chemically bonded to the surface as well.
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Figure 5.12.: Dual-pass nc-AFM of ZnMCPP on anatase TiO, (101) using the first resonance (PPP-NCH,
f1=327.9kHz, A;=5nm, Q1=36.9k). (a) Nc-AFM topography taken during the 1st pass (A fi=—17Hz).
(b) Detuning image taken at a z-offset of —160 pm. (c) Sketch of the suggested adsorption configuration.

5.3. High Resolution Dual-Pass AFM of ZnCPPs

So far nc-AFM on covered anatase TiO, (101) allowed imaging of the substrate or the molecule
structure. But the two contrasts in Sec. 5.1 or the one in Sec. 5.2.5 were not stable enough
to yield high resolution on both. Thus it was not possible to determine adsorption sites with
single mode nc-AFM. Hence, dual-pass (DP) nc-AFM experiments were done in order to eluci-
date the adsorption configuration of annealed ZnCPPs.?® Different measurement settings such
as various cantilevers, oscillation amplitudes and z-offsets were used. The measurements that
were performed using first resonance DP-AFM will be discussed first. They will be followed by
measurements performed on the second resonance, which was chosen to enhance the sensitivity
to short-range forces by using smaller amplitudes. Finally, bimodal DP-AFM measurements that

allowed resolving the atomic structure of the surface and the molecule will be presented.

The first DP-AFM measurements were done on ZnMCPP with a PPP-NCH cantilever oscillating
on the 1st resonance at 5nm oscillation amplitude. The topography obtained in the first pass is
depicted in Fig. 5.12a and showed the ZnMCPP in a square shape orientation with four lobes that
were attributed to the phenyl substituents. The frequency shift image recorded with a z-offset
of —160 pm revealed additional structural features (see Fig. 5.12b). Each porphyrin displayed
two times three lobes now, which were aligned along the [010] direction of the saw-tooth pattern.
One of the lobes appeared slightly brighter and might correspond to the carboxylic anchor. The
two lobes in the middle might be assigned to pyrrole rings that are bent away from the surface.
The bending of the pyrrole rings has been shown to be coupled to the orientation of the phenyl

31

legs.”* Due to sterical reasons two pyrrole rings that face each other have to be bend towards

the surface, whereas the others have to bend upwards.?’ Motivated by the DFT calculations of
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5.3. High Resolution Dual-Pass AFM of ZnCPPs

Figure 5.13.: Dual-pass nc-AFM of ZnMCPP on anatase TiO, (101) using the second resonance
(PPP-NCL Pt, f,=948.1kHz, A3=400pm, Q>=11.1k). (a) Nc-AFM topography taken during the 1st
pass (Afa=—60Hz). (b) Detuning image taken at a z-offset of —400 pm during the 2nd pass. (c) Pro-
posed orientation of the adsorbed porphyrin.

CuTCPP on rutile (110), it was assumed that the deformation of the porphyrin core was induced
by the surface corrugation. An atomic model for the adsorption geometry was made based on
these considerations and is shown in Fig. 5.12c. The central metal core is supposed to lie in
between two rows of the two-fold oxygen atoms, allowing for good adaption of the whole molecule

to the substrate with minor distortions of the porphyrin core.

Since the use of the second resonance was supposed to give an even higher resolution, like shown for
ZnMCPP on rutile TiO, (110), it was applied in a subsequent experiment. A platinum cantilever
was used as in the original publication of this technique.?® The tip was prepared on the surface
by bias pulsing, which lead to pick-up of sample material and sharpened the otherwise relatively
blunt tip. The nc-AFM topography of ZnMCPP evaporated to the hot anatase surface is shown
in Fig. 5.13a. The molecule appeared slightly tilted but the lobes of the porphyrin could still be
identified. The second pass was made with an offset of —400pm. The corresponding detuning
image is depicted in Fig. 5.13b. The porphyrin core as well as features from the phenyl groups are
vigsible. The macrocycle even reveals submolecular features that possibly originate from covalent
bonds from the nitrogen atoms to the zinc core. Fig. 5.13c illustrates the suggested orientation of
the molecule. The angle between the molecular axes along the phenyl groups and the substrate
bridging oxygen atoms was about 30°. Scanning at closer distances was still stable but caused
strong features from a double tip (see Fig. 5.13b). Despite the high molecular resolution it was

not possible to resolve the substrate structure and therefore to determine the adsorption site.

A last experiment to finally image the molecule and the substrate structure simultaneously was
done using bimodal DP-AFM measurements similar to the ones originally done by Moreno. In

their experiment they used the first two normal resonances to resolve pentacene on anatase TiO,
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0 pm

Figure 5.14.: Bimodal dual-pass nc-AFM of tr-ZnDCPP on anatase TiO, (101) using the second
resonance (SSS-NCL, f,=949.7kHz, A>=500pm, @Q2=13.3k, f;=1.493MHz, A;=30pm, Q;=147.8k).
(a,b) Nc-AFM topography and torsional frequency shift measured during the 1st pass (A fo=—20Hz).
(c,d) Detuning images taken at a z-offset of —500 pm during the 2nd pass. (e,f) Dissipation images of
the two channels obtained during the 2nd pass. (g) Suggested model for the adsorption configuration.
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5.3. High Resolution Dual-Pass AFM of ZnCPPs

(101).3 In our case the second normal resonance together with the torsional one were used
to be more sensitive to the short-range forces. The results of the dual-pass bimodal nc-AFM
experiment using tr-ZnDCPP, which was evaporated to the hot surface, are depicted in Fig. 5.14.
The experiments were performed using a super sharp silicon cantilever. The topography as well
and the frequency shift of the torsional resonance are given in Figs. 5.14a,b. The latter shows dips
on the left side of the molecule that are similar to the ones observed for cis-ZnDCPP on rutile
TiO, (110) (see Sec. 4.5). Interestingly, the observed dips for tr-ZnDCPP did not correlate with
the structure of the molecule and it was assumed that they originate from an asymmetric e.g.
tilted adsorption mode or from a tip asymmetry. The first pass already indicates a faint signal
from the substrate surface, which was clearly resolved when performing the second pass with an
offset of —500pm as shown in Figs. 5.14¢,d. The hexagonal structure of the surface was visible
in both frequency shift channels. The bright features in Fig. 5.14¢c were assigned to the topmost
oxygen atoms. This was justified by considering that the second pass was made in quasi static
height and in the repulsive regime of the A fo(2)-curve, so that elevated sites showed a higher A fs.
The torsional signal showed even a higher contrast on the substrate. This pattern was shifted
with respect to the one of the Afs map, indicating that bright dots originated from titanium
atoms. Further atomic information was recorded in the excitation signal of the torsional channel
(see Fig. 5.14f). The dissipation showed a hexagonal pattern, which corresponded to the one in
the A fo map and therefore to the oxygen atoms. Based on this interpretation it was possible to
determine the adsorption site of the molecule and suggest a model of the adsorption configuration,
which is depicted in Fig. 5.14g. Interestingly, the carboxylic acid on the right site is in a good
position to bind to the titanium atom below.

In summary, high resolution imaging with submolecular resolution was achieved with the DP
method. The orientation of the porphyrins could be resolved in each case, and was used to
propose models for the molecular adsorption configurations. The information that was gained
by the DP-AFM depended critically on the tip termination, the oscillation amplitude and the
z-offset. Unfortunately, the tip preparation methods are not that reliable. Thus the tip had to
be prepared by repeated attempts. Furthermore, it was observed that the tip should not only be
sharp but also robust, so that it does not deform when scanning in the repulsive regime. Within
the scope of the presented experiments, a platinum coated cantilever gave the best resolution on
the molecule and is maybe even suitable to resolve the complete molecular structure at room
temperature. However, reliable high resolution measurements comprising the substrate structure
were also made with super sharp silicon tips. Using them in bimodal DP-AFM allowed the
determination of the adsorption configuration as well as the adsorption site for tr-ZnDCPP on
anatase TiO, (101).
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5.4. Conclusion

The study of the bare anatase TiO, (101) surface underlines the difficulties in high resolution
imaging of metal oxides. The atomic structure of the surface could only be resolved in a few
cases, due to the low corrugation and the dominance of the surface oxygen atoms. Nevertheless,
tip functionalization enabled two high resolution contrasts. Compared to the experiments on
rutile (110), these two contrasts did not reveal the same structural information. But they were
also attributed to the different polarity of the tip.

The study of ZnCPP on anatase (101) indicated that porphyrins with different numbers of an-
choring groups behave similarly and that the interaction of the porphyrins with the substrate was
weaker than for rutile TiO, (110). They had a relatively high mobility and were able to diffuse
at room temperature. The diffusion resulted in preferable binding to step edges and the sticking
to the edges was found to depend on the orientation of the steps. Porphyrins that stuck to the
terraces were only obtained for the case of higher defect density. Based on these measurements it
was concluded that most of the porphyrins are only weakly bond. Nevertheless, it was suggested
that the carboxylic anchor increased the interaction with the surface. As an illustrating example,
self-assemblies were only formed in the case of ZnTPP. The attempt to anchor the ZnCPPs on
the surface by evaporation to the hot substrate indeed resulted in an increase of porphyrins on
the terraces, which facilitated single molecule characterization. But unfortunately this method
also yielded large molecular clusters, giving evidence that the molecules rather diffused to these
clusters and did not like to bind to the surface. This means that controlled deposition of the
molecules on anatase remains difficult at room temperature.

High resolution imaging was only possible for functionalized tips, which were inherently unstable
at room temperature. Hence high resolution imaging of the molecule and the surface was hardly
possible by single-pass nc-AFM. DP-AFM measurements were performed, in order to overcome
this limitation. These measurements enabled to determine the orientation of the molecule and to
resolve submolecular features but did hardly resolve the substrate. Fortunately, better resolution
on the substrate could be achieved with bimodal DP-AFM. These results were successfully used to
propose atomic models of the molecular adsorption mode of tr-ZnDCPP. It was thus demonstrated
that nc-AFM can resolve the adsorption site and configuration of single molecules with high

resolution and is thus of high value for the investigation of functionalized surfaces.
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6.

Conclusion

This chapter summarizes the main findings of this thesis and gives an outlook on further ex-
periments. It will start with the improvements made from the experimental point of view and
will then go on with the gained scientific insights on the studied organic-inorganic interfaces.
The relevance of the experimental results for the applications is critically discussed and possible

experiments for deeper investigation of functionalized surfaces are proposed.

6.1. Advanced nc-AFM Methods

This work investigated the versatility of nc-AFM for high resolution imaging of surfaces and
molecules at room temperature and under UHV conditions. It was explained how the atomic
topography depends on the site specific interaction between the scanning tip and the surface.
The tip termination, like e.g. its polarity, is crucial as has been observed for various substrates
such as salts or also rutile TiO, (110).112:130 Different imaging contrasts were found in this work
for rutile and also anatase. Two new distinct topography contrasts were resolved in the latter case
that gave qualitatively different information. As for rutile, these contrasts could be explained by
the polarity of the tip. These contrasts were only possible using functionalized tips. Even though,
the tip changes occurred by chance, they offer an interesting way to investigate the substrate as
well as properties of surface defect states.

The adsorption mode of single porphyrins on rutile TiO, (110) and anatase TiO, (101) was
further investigated by nc-AFM using the second flexural resonance for topography mapping. The
sensitivity to short-range forces was significantly increased and allowed increasing the minimum
tip-sample distance. Therefore, the stability of the scans was improved and single adsorption
configurations of CuTCPP could be characterized. The examination of the electronic coupling of
these molecules was further possible by FM-KPFM. The proposed adsorption modes and their
electronic interaction with the surface were in excellent agreement with density functional theory
calculations, which underline the versatility of nc-AFM for the investigation of single molecules
at room temperature.

Bimodal nc-AFM experiments that employed the first torsional resonance were used on the bare

substrate as well as the molecules. It was found that bimodal nc-AFM can be successfully applied
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to distinguish defects on the rutile TiO, (110). The assignment of the defect type could be made
no matter the tip polarity. An achievement that was not possible with standard nc-AFM on the
first resonance. The experimental results were verified by simple model calculations which might
enable the identification of defects on other substrates as well. The torsional signal might even be
useful for the determination of functional groups in molecules as was suggested by experiments
on cis-ZnDCPP on rutile TiO, (110).

Dual-pass nc-AFM experiments were performed that allow scanning in the range of repulsive
forces and thereby enabling an improved resolution limit of nc-AFM. Using this method, the
submolecular structure of the porphyrins on anatase as well as rutile was imaged. The experi-
mental results could be directly used to propose accurate models of the adsorption geometry of the
molecules at room temperature. However, the substrate of anatase was not resolved in these mea-
surements. Bimodal DP-AFM using the torsional resonance overcame this problem and revealed
the adsorption orientation and site of tr-ZnDCPP on anatase TiO,. Our results provide high
resolution information that was not achieved so far at room temperature. Hence multi-pass AFM
offers great possibilities for high resolution characterization of single molecules. The fact that
the gathered information depends on the tip-sample distance could be further exploited in future
experiments by implementing 3D spectroscopic measurements with multiple passes at different

z-offsets. Further information could be gained by simultaneous KPFM.

6.2. Porphyrin Functionalized TiO,

Comparing the rutile and anatase TiO, polymorphs, it gets evident that they interact differently
with the adsorbed porphyrins. The main differences between them are their surface corrugation,
the accessibility of the potential binding sites such as titanium atoms and the defect density on the
surface. The periodicity of the surfaces differs by about 140 pm and the symmetry is reduced on
anatase TiO, (101), resulting in a saw-tooth pattern along the [010] direction. The investigated
porphyrins generally stuck to the rutile (110) surface. If carboxylic anchors were present, the ad-
sorption configurations were presumably stabilized by H-bonds to bridging oxygen atoms of the
surface. Thus the porphyrins were immobilized at room temperature, but could be manipulated
via interaction with the scanning tip. The number of carboxylic anchors did have a minor effect
on the adsorption. The porphyrins behave differently only if they carried no anchor group. In this
case, the weaker interaction with the substrate enabled the formation of molecular islands after
annealing. The determined flat adsorption geometries of the MCPPs were highly symmetric and
adapted to the surface structure. This configuration caused electronic coupling to the surface,
so that most of the studied porphyrins were slightly positively charged. The HOMO levels were
shifted to lower energies, which probably changes their optical properties such as the adsorption
bandwidth. These results are in agreement with literature on other porphyrins and phthalocya-

89,185

nines. The as deposited porphyrins were not covalently linked upon adsorption. But it
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was shown that this surface reaction can be induced by heating. This activates the carboxylic
groups by deprotonation and enables their binding to five-fold titanium atoms of the surface.
The adsorption behavior on anatase TiO, (101) was significantly different to the one on rutile
(110). Evaporated porphyrins were mobile and diffused to nearby step edges. Only on defective
surfaces, the porphyrins were found to possibly stay on the terraces. The difference in mobility
is probably caused by the structure of the anatase surface. The ZnCPPs were designed to fit
the periodicity of the rutile (110) surface. The periodicity of the anatase (101) surface is lower
and thus it might be harder to accommodate the porphyrins. Furthermore, the (101) surface of
anatase seemed to be less reactive, which is possibly correlated to the lower density of surface
defects. Evaporation to the hot substrate revealed higher density of molecules on the terraces but
in many cases they could still be moved by the tip. AFM and KPFM indicated various adsorption
geometries and different coupling to the substrate. However, it remained unclear if the coupling
to the surface depended alone on the molecular adsorption mode or if defects were involved as
well. The annealing of the substrate even increased the mobility of the molecules, enabling their
aggregation in large clusters. The covalent binding of the molecules to anatase could thus not be
proven or even controlled.

The results from this study have implications for the application of porphyrins functionalized
titania surfaces. It was directly confirmed on the molecular scale that the binding mode is crucial
for the electronic and optical properties of the interface. All the observed adsorption modes
were either flat or only tilted a little, thus enabling the direct interaction of the core with the
substrate. This is generally not desired in the applications, where the molecular properties should
be preserved upon adsorption. That this coupling is not beneficial was further demonstrated by
applying the ZnCPPs in dye-sensitized solar cells, where the molecules are deposited by immersion
in the sensitizer solution. The study is presented in appendix C and showed that molecules with
only one carboxylic group were the most efficient, since they bind only at one side and are able
to adsorb in an upright configuration, which is decoupled from the substrate. Somehow, upright
adsorption modes could not be prepared in UHV, which complicates their investigation. Thus one
has to think about solutions to prepare these adsorption modes as well. This and other questions

will be addressed in the following outlook.

6.3. Outlook

The main goal of the investigation of functionalized surfaces is to get a deeper understanding
of their working mechanism. So far only basic properties of the adsorbed molecules were in-
vestigated. Further studies involving light are needed in order to assess the performance of a
single molecule in the application. Irradiation by laser light while measuring the LCPD would be
suitable to address the optical activity as well as the absorption bandwidth of the molecule.?'8

Simultaneous STM measurements could be further used to estimate the injection efficiency from
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the tunneling current. These combined scanning probe experiments would allow characterizing
and understanding their interaction with the surface in more detail.

Another issue for further investigation is the controlled preparation of active adsorption configu-
rations with the goal to get the same modes as in the actual devices. The deposition of molecules
by immersion into a liquid solution would be straightforward and has already been applied for
smaller molecules.?*! This deposition method is also beneficial for larger molecules that are not
stable enough for deposition by evaporation. Another solution to this problem is offered by elec-
trospray deposition, which would still allow to studying low coverage samples and thus single
molecules.??3:229

It is also necessary to investigate other crystallographic surfaces of titania, since devices are often
based on nanoparticles. The reactivity and thus adsorption of the various edges might be critical
for the device performance. The final step towards the complete understanding of the active
interface in dye-sensitized solar cells would require to expand the measurements to liquid envi-
ronments, which is however difficult because of the molecular motion involved.?*? Even though
that the resolution in these investigations might not be as high as the one presented in this work,
AFM as well as KPFM and STM are conceptually suitable to address all the above mentioned
issues and it is assumed that the herein presented improvements of ne-AFM will significantly help
thereby.
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A.

Remarks on Contrast Inversion

The tip has to sense the chemical forces in order to achieve high resolution on the molecules. As
outlined in the theory chapter Sec. 2.3.2 the sensitivity is higher for small amplitudes. Therefore,
it is hardly possible to reach high resolution with the common oscillation amplitudes applied
on rutile, which are about 10nm. Approaching the tip into close proximity to the surface re-
sulted often in partial inversion of the topography over the molecules. By exceeding a certain
detuning frequency, the porphyrins started to show dips, which were presumably located on their
carboxyphenyl groups. The explanation of this imaging artifact is the aim of this section.

There are two explanations for contrast inversion as explained by Rahe.!?® The first case can be
explained by alteration of the Af(z) curve over the adsorbate as also outlined in the theory. If
the Af curve over the molecule and over the substrate have an intersection point in the attractive
regime (positive slope), then the contrast can be inverted by approaching the tip. The frequency
shift would stay constant when scanning over the molecule. In the second case the contrast
inversion is due to slow feedback of the z-controller. In this case the frequency shift setpoint cannot
be maintained while scanning over the molecules. Examination of topography and A f profiles over
the molecules, as depicted in Fig. A.1b, shows that the frequency shift of the cantilever changes.
The shape of the profiles can be explained as follows. The slow feedback leads to a decrease of
the Af when the tip approaches the adsorbate. The tip can thus enter the repulsive regime if
the frequency setpoint is close to the turning point of the Af(z) curve and or if the Af(z) is
changed on the molecule. The controller will now still be trying to reach the setpoint, however, it
will further approach the tip because the feedback of the z-controller is inverted in the repulsive
regime. Therefore, the Af will further increase. Eventually the tip flips back to the attractive
regime when it leaves the molecule or if the tip sample interaction is changed. The actual detuning
frequencies are now lower than the setpoint because the tip is still too close to the surface. Now
the feedback loop is working correctly again and will retract the tip. A slight overshooting due to
the slow feedback might be observed when reaching the frequency setpoint. The complete cycle
for this inversion mechanism is illustrated in Fig. A.1d. This justification for the imaging contrast
is further underlined by the fact that the profiles of the detuning are mirrored when changing the
scan direction (Fig. A.1b). Even though more commonly observed for measurements on the first

resonance with large amplitude, this effect can also occur on the second resonance (see Fig. A.lc).
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Figure A.1.: Contrast inversion for close contact imaging of CuTCPP on rutile TiO, (110). (a) Topog-
raphy image (PPP-NCL, f; = 154.9kHz, A; = 10nm, Af; = —25Hz, Q; = 27.2k. (b) Comparison of
topography and detuning profiles taken in forward and backward scan direction over the upper lobe of the
porphyrin as indicated in (c). (c) High resolution topography image of a single molecule using the second
resonance (fo = 971.1kHz, Ay = 400pm, Afy = —35Hz, Q2 = 11.6 k). (d) Graphical explanation of the

contrast inversion mechanism.

Despite the artifacts, these measurements can yield high resolution and stable scan conditions, that
even allow deducing adsorption geometries (see Fig. A.1a). Nevertheless, the exact interpretation
is sometimes complicated. For the case of the porphyrins, the artifacts occurred mostly on the

phenyl lobes. However, they were not always present due to unknown reasons (see Fig. A.lc).
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B.
XPS of the TiC)2 Substrates

The purity of the bare TiO, samples has been assessed with X-ray photoelectron spectroscopy as
well as valence band spectroscopy. The experiments have been done at the PEARL beamline at
the Swiss Light Source (Paul Scherrer Institute, Villigen CH).

B.1. Rutile TiO, (110)

The spectra of the synthetic rutile (110) sample are shown in Fig. B.1d. The spectrum in (a) is
an overview. All peaks could be assigned to either XPS or Auger lines from oxygen or titanium.
Therefore, no significant contamination is present on the surface. Fig. B.1b and Fig. B.1c show the
XPS spectra of the Ti2p and Ols, respectively. The peaks of the Ti2p are at binding energies of
464.8 eV and 459.0 €V for the Ti2p; /o and Ti2pgz/,. The Olsis at 530.3 V. These binding energies
are in good agreement with literature.?*> The peak of Ti2ps /2 has a shoulder that indicates a
contribution from the Ti*t state. The other peaks do not exhibit significant asymmetries or
side peaks. Hence, the surface is relatively clean meaning the amount of contamination or surface
defects is below the detection limit of this experiment. Fig. B.1d displays a valence band spectrum.
The onset of the valence band is at a binding energy of about 3eV. Besides the O2s peak found
at 23 eV there is a features at 10.8eV and about 1eV. Both can be attributed to defects. The
state in the band gap belongs to the Ti*T, which occurs due to the formation of oxygen vacancies.
The peak at 10.8 ¢V indicates hydrogen adatoms.'6%244

In summary, the XPS and VBS spectra reveal that the rutile crystal is highly reduced. The clear
peak for the Ti3t gap state indicates that there are many oxygen vacancies in the subsurface

region and on the surface.
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Figure B.1.: Photoemission spectroscopy of a synthetic rutile crystal exhibiting the (110) surface.
(a) Overview spectrum of the surface after preparation by sputtering and annealing. (b,c) Close-up XPS
spectra for the Ti2p and Ols levels. (d) Valence band spectroscopy indicating Ti** defects originating

from oxygen vacancies as well as hydrogen adatoms (OH30).

B.2. Anatase TiO, (101)

The spectra of the natural anatase spectra are shown in Fig. B.2d. The overview spectra in
Fig. B.2a does not show any significant contamination. All peaks could be attributed to oxygen
or titanium atoms. Therefore, we can assume that the impurities remain in the bulk or subsurface
region as for example studied by Setvin for the case of iron.!'™ Fig. B.2b and Fig. B.2c display
the Ti2p and Ols XPS spectra indicating binding energies of 464.5eV, 458.7¢V and 529.5eV for
Ti2py /9, Ti2p3/ and Ols. The valence band spectrum is depicted in Fig. B.2d. The onset of
the band at 2.8eV and is slightly higher in energy than for rutile. A broad but faint feature is
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Figure B.2.: Photoemission spectroscopy of a natural anatase crystal exhibiting the (101) surface.
(a) Overview spectrum of the surface after preparation by sputtering and annealing. (b,c) Close-up XPS
spectrum for the Ti2p and Ols levels. (d) Valence band spectroscopy indicating Ti** defects originating

from oxygen vacancies.

found in the gap region. Since the sample is highly reduced it might be attributed to Ti3* as

well. The signal is assumed to be from subsurface or bulk defects, because they are less stable on

the surface.l76

In conclusion the spectra are representative for anatase with clean surface but considerable sub-
surface and bulk reduction. Even though the crystal was a natural sample, there is no evidence for

significant impurities, possibly implying that they remain in the bulk during sample preparation.
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C.
Dye-Sensitized Solar Cells

The demand for remotely available, sustainable energy is constantly increasing. In this field,

dye-sensitized solar cells (DSCs) that were invented in 1991 by Gritzel et al.,'®

are a cheap
alternative to commercially available solar cells.?*®> They can be fabricated in different colors
and transparency and on flexible substrates,?4%:247 thus extending the scope of application to,
for example, windows or even clothes. In this appendix we applied the molecules from the UHV
experiments in DSCs. The aim was to compare the results from scanning probe microscopy with
the actual device performance and to evaluate if the conclusions from the main part of the thesis
are transferable to DSCs.

The first part gives a short introduction to the working principle of DSCs. The second part reports
characterization of DSCs made with the various zinc-carboxyphenylporphyrins. Experiments
applying co-sensitization were done to elucidate the adsorption mode of the sensitizer. ZnMCPP,
which was the most efficient dye in the DSCs from the first series, was further investigated using

a simple mathematical model.

C.1. Theoretical Description

C.1.1. Working Principle

DSCs consist of different layers (Fig. C.1). The photoelectrode is made of a transparent substrate,
e.g. glass, which is coated with a transparent conductive oxide (TCO) like fluorine doped tin
oxide (FTO). A nanoporous titanium dioxide film with particle sizes of approximately 20 nm is
deposited on top of it. Its surface is sensitized with a monolayer of dye molecules, which are
bound to the titanium dioxide via anchoring groups. The interspace between the photoelectrode
and the platinized counterelectrode is filled with an electrolyte. This electrolyte is often based on
the I"/I; redox couple.?48:251

When light impinges on the cell, electrons from the sensitizer are excited (see Eq. (1)) and
injected into the conduction band (cb) of the titanium dioxide (see Eq. (2)). The oxidized dye is

regenerated by the electrolyte (see Eq. (3)). Thereby I, develops, which disproportionates to I
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Appendix C. Dye-Sensitized Solar Cells

Excitation of sensitizer (fs)
Injection into TiO, cb (0.1-10 ps)
Electron transport (ms)

Dye regeneration by iodide (us)

Electrolyte regeneration

Vibronic relaxations (0.1-1 ps)

Trapping, detrapping

Decay to dye ground state (10-100 ns)
Rec. to electrolyte from cb (10 ms)
Rec. with oxidized dye from cb (0.1 ms)
Rec. from TCO to electrolyte

@EEE®OEE @E®OE

Rec. of trapped electron with electrolyte
TCO TiO, dye electrolyte Pt:TCO

Figure C.1.: Schematic picture of a DSC. The desired electron transfer processes are indicated with blue
arrows. Recombination pathways are shown as dashed red arrows. Typical times for the processes are
given in the legend if available. The values were taken from [248-250].

and I3 (see Eq. (4)). The last-mentioned diffuses to the counterelectrode, where it is catalytically
reduced to I” by the platinum (see Eq. (5)).252

D+ hv — D* (1)

D* — DT + e (TiO2) (2)
DY 42" - D+ Iy (3)
o2, — Iy + 1 (4)
Iy +2e — 31 (5)

Electrons that have been injected to the titanium dioxide, are collected at the anode contact.
The transport to the contact happens by multiple trapping and detrapping, since the mesoporous
network exhibits a tail of trap states below the conduction band. Arrived at the front contact,
the electrons flow through the outer circuit, where they perform work. After this they return to
the cell at the counter electrode, whereby the current circuit is closed.

The desired electron transfer processes are impeded by recombination pathways as indicated
in Fig. C.1. The balance of desired and undesired electron transfer processes determines the
maximum current and voltage and thus the conversion efficiency n of a DSC. An upper limit is
however given by the material parameter. For example the maximum open circuit voltage (Vo)

of the cell, which is the cell voltage under illumination when no current is flowing, is given by
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C.1. Theoretical Description

the difference between the conduction band potential E., of the semiconductor and the redox

potential Er g of the electrolyte divided by the elementary charge g.

E¢, — Erg

p (C.1)

Voc,max =
The theoretical limit of the current density Jg, which is the current that is flowing when the cell is

short-cut, is determined by the absorption coefficient a(\) of the active layer and the illuminating
photon flux ¢(N\).

Jsc,max = /qninjae(a)x(bd)\ (CQ)

The actual values in the devices are lower, because they are also not only given by the properties

of the single components but further influenced by the interaction between them.?%

C.1.2. Recombination Processes

The key for high efficient DSCs is a high yield for the charge separation at the dye-semiconductor
interface and a good charge transport. Both are limited by different recombination reactions
(Fig. C.1). The first of them is the decay of the excited electron to the ground state, which might
happen via vibronic relaxation and radiative decay or quenching of the excited dye by ions in
the electrolyte.?>® Both processes are in the picosecond time range and thus ideally much slower
than the electron injection into the conduction band.?%252 After the electron has been injected
into the conduction band, it can still recombine with the oxidized dye or, if the dye has already
been regenerated, with electrolyte ions. It is unclear if this latter process happens only via the
conduction band or if also trapped electrons could recombine. Because the electrolyte penetrates
into the mesoporous TiO, film this kind of recombination is also possible when the electron has
traveled a certain distance in the semiconductor. The last possibility for recombination is at the
FTO-electrolyte interface. This can strongly influence the conversion efficiency but can be blocked

or reduced by deposition of a thin and compact titania covering layer.2%*

C.1.3. Charge Transport

The electronic structure of the mesoporous film exhibits intraband trap states that are caused by
surface states, grain boundaries between particles and bulk defects. The electron transport in the
titania is therefore no longer described by a pure diffusion model but by the multiple trapping
(MT) model.?*® In this model charge transfer happens by multiple hopping between conduction
band and trap states. The energy for the release to the conduction band is provided by thermal
excitation or light absorption. Thus the electron collection efficiency, which is the probability

that an injected electron reaches the photoanode, is still high.
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Figure C.2.: Stuctures of the Zn-carboxyphenylporphyrins used in this work.

C.2. Zn-carboxyphenylporphyrins as Sensitizers

The structures of the used Zn-carboxyphenylporphyrins are shown in Fig. C.2. In the first part
of the experiments we tried to find and characterize the most efficient sensitizers out of these
five. To further enhance the performance we systematically applied chenodeoxycholic acid (see
Fig. C.3a) as co-adsorbate. This is supposed to minimize the interaction between single dye
molecules and should improve the injection efficiency of the sensitizer as was e.g. shown for
carotenoic acids.?*>2%% In the second part we use additional methods such as external quantum
efficiency, open circuit voltage decay and charge extraction measurements to get a detailed de-
scription of the cell and their material parameters. The results of these experiments were then
used in a mathematical model to simulate current-voltage (IV) curves and compare them with

the experimental ones.

C.3. Methods

C.3.1. Cell Assembly

If not otherwise noted, the DSCs were made out of materials supplied by Solaronix SA. The
schematic setup for the DSC is shown in Fig. C.3b. Glass slides with fluorine doped tin oxide
coating and with pre-deposited transparent, mesoporous titania layers (Solaronix electrodes, Art.
74111) with dimensions 6 mmx6mmx10pm were heated to 500°C for 15min. After cooling-

down, they were immersed in THF (Sigma Aldrich, reagent grade) based sensitizer solutions
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C.3. Methods

(b)

Figure C.3.: (a) Molecular structure of the chenodeoxycholic acid (cheno), which was used as co-
sensitizer. (b) Schematic view of the DSC design used in our work. From bottom to top: photoanode
with sensitized TiO, layer, surlyn sealing gasket with electrolyte, counterelectrode with hole for filling of

the electrolyte, surlyn sealing and cover glass.

overnight. The various sensitizers are shown in Fig. C.2 and were gratefully received from the
research group of Prof. Silvio Decurtins from University of Bern. In some cases chenodeoxycholic
acid was used as co-sensitizer (Sigma Aldrich). For all the solutions, the total concentration of
sensitizer and co-sensitizer was 0.5 mM. After sensitization the layers were rinsed with THF and
dried under nitrogen flux. Counter electrodes with pre-deposited platinum catalyst (Solaronix
electrode, Art. 74201), were activated by heating to 400 °C for 15 min. The photoanode and the
counter electrode were glued together using surlyn sealing gaskets (Meltonix 1170-60). For this the
stack of electrodes with the sealing gasket in between was heated through the counter electrode
by applying a special soldering iron with 250 °C for 30s. The electrolyte was inserted by vacuum
back filling through a pre-drilled hole in the counter electrode. This hole was subsequently sealed
with surlyn and a cover glass. For the first investigation of the influence of the co-adsorbate we
used a home made electrolyte containing 0.1 M Lil, 50mM I,, 0.5M 1-methylbenzimidazole and
0.6 M 1-butyl-3-methylimidazolium iodide in methoxypropionitrile. For the simulations, the DSC
were filled with a commercial electrolyte (Iodolyte Z-50). The contact pads on each electrode
were coated with high purity silver paint (Acheson Silver, DAG 1415) to improve the contact

resistance.

C.3.2. IV-Characterization

Current-voltage (IV) curves were measured under standard AM1.5G light of a sun simulator (Sun
2000 Sun Simulator, ABET Technologies, AAB classification after ASTM E 927 standard) in
combination with a home built IV curve tracer. During the measurement the cells were masked

using a black cover with an aperture diameter of 5.5 mm.
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Appendix C. Dye-Sensitized Solar Cells

C.3.3. External Quantum Efficiency

The external quantum efficiency is defined by the ratio of incoming photons to the number of

collected electrons and given by

NEQE(A) = q;zc)\) : (C.3)

It can be measured by shining monochromatic light to the cell while measuring the short circuit
current. For the case of DSCs, the external quantum efficiency depends strongly on the light
intensity. Therefore, it was measured using modulated monochromatic light in combination with
a LED bias light simulating 1 sun illumination. The measurements were performed with a Spe-
Quest quantum efficiency setup from Rera Systems, which was equipped with a 100 W halogen
lamp, a A300 grating monochromator from Lot Oriel and a SR830 lock-in amplifier from Stanford
Research. This setup was also used for the absorption measurements.

The transmission of single components as well as dummy cells was measured using the procedure

from.2%7

C.3.4. Electrochemical Impedance Spectroscopy

For further investigation of the additive influence we applied electrochemical impedance spec-
troscopy (EIS). The experiments were performed with a DSSC Modulab Setup from Solartron.
The recorded spectra were fitted using a standard transmission line model from literature.?%® The

corresponding equivalent circuit is displayed in Fig. C.4. The impedance for this circuit is

1 1\
Z = — = Zq+ Zpy. 4
RS+<ZTL+ZBL> + Za + Zpy (C.4)
Z11, is the impedance of the transmission line derived by?°8

RiR, 1/2 R ' 1/2
Jm=—rr th | — (1 “R, , C.5
= (Triaere) o (0 ) RG,) (©5)

Ry R¢ titanium dioxide
pl L 7 71 1 e

Chl
S | I

FTO Ryl electrolyte layer

Figure C.4.: Equivalent circuit used for fitting of the impedance spectroscopy data. The titania electrolyte
interface is modeled using a transmission line. The electrolyte FTO interfaces and the diffusion in the
electrolyte are described by RC elements and a Warburg impedance element Zg, respectively.
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C.3. Methods

where Rg, R, and Ry denote the serial, recombination and charge transfer resistance, respectively.
(), is the chemical capacitance of the active layer and « is the exponent used for the constant

phase elements. Zg is the Warburg diffusion impedance?5?260

tanh / (iw/wq)
Z4g = Rg——F——=—

) C.
(iorfioa) (©6)

which describes the diffusion in the electrolyte, where Ry is the diffusion resistance of ions and wq
is the characteristic frequency of the diffusion. The counter electrode and the interface between
the anode and the electrolyte are described by simple RC elements with impedance Zp; and Zpp,,

respectively.

C.3.5. Simulation using Matlab
Simple Mathematical Model

The previously described processes can be used to build up a mathematical model of DSCs.
A complete description would contain the rate equations for all the different charge carriers in
the cell, i.e. electrons in the titania, dye molecules and electrolyte ions, thus giving a set of
coupled differential equations.?®! Here we only consider the most fundamental part, which are
the electrons in the conduction band of the titania. The model equation that also accounts for

an exponential tail of trap states below the conduction band is given by26!

ot Ngﬁﬁ Meb w? Ox? 70
(C.7)

This model only considers recombination of electrons in the conduction band to the electrolyte

0 N, _ 1—9 0? —
(1-9) <1+mﬁ T 1) B Do an+/TFTOUinjase_(as+ar)$¢d)\_an Debl,

and assumes that this process is of first order. Furthermore, it is based on the quasi-static
approximation, that assumes that hopping between the conduction band and the trap states is
fast compared to other processes.?61:262 To apply this model we have to determine the parameters.
The transmission of the F'TO cover glass TrTo as well as the absorption coefficients from the dye
and the mixed electrolyte-titania phase, ag and «;, can be easily determined by transmission
measurements of single components and dummy cells.?®” From quantum efficiency measurements
one can deduce nipj and the diffusion length L. L is directly related to the recombination lifetime
70 and the diffusion coefficient Dy of electrons in the conduction band. The tailing parameter 3

of the trap states is defined by the trap state distribution given by

N, E—Eg,
tﬁeﬁ

where Vi is the total density of trap states and Er the Fermi energy level in the TiO,. The

parameter 3 can be determined from charge extraction measurements.?®3 The non-ideality factor
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m describes the deviation of the density of electrons in the conduction band ng, from normal

Boltzmann statistics.
Erp—FEy

new(Er) = Nepe ™8T (C.9)

Here N, is the density of states in the conduction band. The cell voltage is the difference between
the redox energy level of the electrolyte Fry and the Fermi level in the titania Fr, divided by

the elementary charge ¢
EF,n - EF,redOX

V = C.10
. (C.10)
Together with Eq. (C.9) we can express the cell voltage in terms of carrier densities.
kgT
V=" ( fcb > (C.11)
q Nch,0

From this it follows that m can be determined by measuring the dependence of the open circuit

voltage under different light intensities I and using

dVoe  mkgT
dinl ¢

. (C.12)

Estimation of the Diffusion Length and Injection Efficiency

The approach for the determination of the diffusion length and injection efficiency is based on the

common diffusion equation for conduction band electrons under steady state conditions, which
follows directly from the model in Eq. (C.7).257-264

1—-9 _ 92 _
— Do b | Topommjase(@stonrg - Db — bl _ (C.13)

ox To

The porosity ¥, the tortuosity w and the constrictivity + are material characteristics that account
for the structure of the titania layer. We note that they are not explicitly needed. We can simply
define a reduced diffusion constant Dj = t—Qﬁ’yDo, which can be used directly for the simulations
later on. This model strictly assumes that ni,; and Dy are constants. In reality D and n,j might

depend on the Fermi level and the absorption wavelength, respectively. Eq. (C.13) can be solved

analytically using the following approximate boundary conditions.??7
(0) = —nep(d) =0
n n, n
cb cb,0 9z cb

Here it is assumed that the electron transfer to the substrate is fast enough to keep the excess
of electrons close to the dark equilibrium value.?®% An assumption that is sufficiently met for
measurements done at short-circuit conditions. From the solution we readily calculate the EQE
using Eq. (C.3) together with Fick’s first law.

D} dnep(0)
— 20 27cbl) 14
QR = (C.14)
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C.3. Methods

The values for ag and a; can be determined experimentally. If we substitute the diffusion length

L = /(D{m), we receive neqe as a function of injection efficiency and diffusion length.?®7

TFTOLninj Oéseiat‘)td ((Latot — 1) e(a‘°“+%)d + (LOétot + 1) eo‘“’“d — 2Lat0te%>

NEQE (L, Ninj) =
(€% +1) (La2, — 1)

(C.15)

where aior = ag + . A fit to this equation allows retrieving the injection efficiency and the

diffusion length as fit parameters.

Estimation of Remaining Parameters

For the simulation of IV curves there is still one missing parameter, which is the electron lifetime
7p. This parameter can be obtained by fitting the open circuit voltage decay to Eq. (C.16) from
Peter et al. that has the from?>63266

. kaT
‘/;Z)C = —m In (Cl + CQt) (016)
—1)qV5e(0
c1 = exp { (mB mk])qu ( )} (C.17)
.| Ny Teb,0 1-mp
co =15 (1—mp) NomB ( Nt > (C.18)

For this we assumed that the conduction band is 0.85V above the redox energy level of the
electrolyte. Using Eq. (C.11), we can directly give Nep/ncpo. With this guess we additionally
calculated the total trap state density Ny, thus the number of fitting constants in Eq. (C.16) was

minimized to two, namely 79 and Np.

Simulation of IV-Curves

For the simulation of IV-curves we used the steady state form of Eq. (C.7)

>+ /TFToninjase_(as+ar)””¢d>\ — Db — b0 (C.19)

70
and solved it on the desired interval of voltages using the ode4b solver function from matlab. For

each voltage we used the mixed boundary condition

7Voc
ncb('x = 0) = an,OekaT7 df’fhﬁ(.’ﬂ == d) = 0
X

Since the solver can only handle boundary conditions of the type nc,(z) = a and nl, (z) = b we

applied a shooting method on the solver which uses an estimated initial n, (0) to calculate the
corresponding n., (d). The estimate is iteratively changed till the calculated n/, (d) fits with the
desired boundary conditions. In this case the solver outputs the correct solution for our boundary

value problem due to the uniqueness of the solution of this differential equation.

127



Appendix C. Dye-Sensitized Solar Cells

C.4. Results and Discussion

C.4.1. IV-Characterization

Tab. C.1 shows the IV-characteristics of the DSCs without any additive. Cells that use ZnCPPs
with more than one carboxylic group have lower efficiency than ZnMCPP. Due to the number of
carboxylic anchors the other dyes can have more binding modes, that also support flat adsorption
geometries that are more coupled to the substrate and maybe not that efficient (or even inactive).
One could further argue that those modes need more space thus less dye can be bound. This
would be consistent with the lower short-circuit current densities and open circuit voltages of the

cells.

In order to avoid m — 7 interaction of the porphyrins we optimized the ZnMCPP cell using
chenodeoxycholic acid as co-sensitizer. The TV-characteristics of the DSCs made with different
ratios of additive to dye concentration are depicted in Tab. C.2. We observed that the efficiency
increases up to a certain additive-dye ratio. The peak efficiency was obtained for the cells with
40 % additive. n was improved by 11 %. Thus by decreasing the dye loading with co-adsorption
the single molecules get more efficient, implying that the interaction between them was indeed
lowering the cell efficiency. If the amount of additive is further increased (more than 60 %) the
cell shows low efficiency because of too low dye coverage. Application of the additive to the other

ZnCPPs did not boost their performance. The parameters from IV-measurements are gathered

Table C.1.: IV-characterization of DSCs sensitized with different ZnCPPs (without additive)

Dye Vo [mV] Joe [227] FF %] n %]

ZnMCPP (1) 545.1 £+ 3.5 2.04 +£0.19 68.7 £ 0.8 0.76 + 0.07
cis-ZnDCPP (2) 473.8+13.6 0.96 +0.17 99.9 £ 2.8 0.27 4+ 0.07
tr-ZnDCPP (3) 440.3 £ 17.3 0.51 +0.02 49.14+6.5 0.11 +0.02
ZnTrCPP (4) 487.1 £ 7.3 1.454+0.11 61.8+3.9 0.44 £0.07
ZnTCPP (5) 454.1 £3.5 0.76 £0.07 95.7+ 3.1 0.19 £0.02

Table C.2.: IV-characterization of DSCs sensitized with ZnMCPP and different amounts of cheno.

Dye [mM] Cheno [mM] Voe [mV] Jse [25 FF %] n %]
0.5 0 5945.1 £ 3.5 2.04+0.19 68.7 £ 0.8 0.76 £0.07
0.4 0.1 550.8 £ 7.1 2.04+0.14 68.7+ 1.7 0.78 £0.07
0.3 0.2 550.0 4.2 2.20+0.16 69.9 £ 0.6 0.85 £ 0.07
0.2 0.3 540.8 +£10.4 1.81+0.30 67.8 £ 3.8 0.67+£0.16
0.1 0.4 5102 £ 7.7 1.06 +0.14 63.2 + 3.8 0.35 4+ 0.07
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Table C.3.: IV-characterization of DSCs sensitized with 0.3 mM of different ZnCPPs and 0.2mM cheno.

Dye Voc [mV] Jsc oz FE 7] n 7]

ZnMCPP (1) 550.0 £ 4.2 2.20 £ 0.16 69.9 + 0.6 0.85 £ 0.07
cis-ZnDCPP (2) 391.2+38.5 0.37 £ 0.09 37.7+25 0.06 = 0.02
tr-ZnDCPP (3) 407.7 £ 42.2 0.36 & 0.22 40.9 £ 9.6 0.08 £ 0.07
ZnTrCPP (4) 480.1+ 8.8 1.02 +0.12 60.1 =+ 3.0 0.30 £ 0.05
ZnTCPP (5) 449.6 + 7.4 0.59 & 0.09 51.9+4.1 0.14 £ 0.03

in Tab. C.3. This is presumably due to the case that there is hardly any stacking because of flat
adsorption geometries. Hence we conclude that the co-adsorption only decreased the dye loading

but did not change the injection properties of the sensitizer molecules.

C.4.2. Electrochemical Impedance Spectroscopy

Spectra were recorded for five different light intensities in order to evaluate the variation of the fit
parameters versus the cell potential. Three DSCs were assembled and measured for each config-
uration. Fig. C.5a shows a typical impedance spectra and the corresponding fit to the complete
transmission line model (see Fig. C.4). The most important fit parameter is the recombination
resistance R;, which is given in Fig. C.5b. The main conclusion from this graph is that R, in-
creases with the addition of the co-adsorbate, meaning injected electrons recombine less. Thus
the open circuit voltage could also be increased by about 30mV for the case of the optimized

DSC with 40 % chenodeoxycholic acid. It has to be noted that this increase mainly comes from
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Figure C.5.: (a) Typical EIS spectra of a ZnMCPP sensitized solar cell. (b) Dependence of the re-
combination resistance on the cell potential for a ZnMCPP cell without and with cheno as co-adsorbate
(dye:cheno=3:2).
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the improved recombination and injection kinetics, since the conduction band was hardly shifted
by the addition of chenodeoxycholic acid, as was found when plotting the chemical capacitance

vs. the cell potential (not shown).

C.4.3. Simulation of DSCs with Matlab
Optical Characterization

The optical absorption spectra of the different DSC components are shown in Fig. C.6a. The
titania as well as the electrolyte only show absorption for short wavelengths, i.e. below 450 nm.
The porphyrin shows its main absorption at 430 nm with two smaller side bands at approximately
565 nm and 610 nm. We note that in order to get the correct spectra for the sensitizer it is essential
to measure it on the titania together with the electrolyte. For accurate absorption values one has

to use thin films with thicknesses d < 1pm. Otherwise, saturation effects are likely to occur.

Quantum Efficiency

The experimental EQE as well as the fit to Eq. (C.15) are depicted in Fig. C.6b. Fitting of the
whole experimental curve was not possible with the applied model. Fit to different regions of
the spectra imply that 7;,; increases for shorter wavelength. For the simulation we used only the
fit that matched with the long wavelength region. The physical origin of this observation could
be that highly excited electrons from the sensitizer are directly injected to the conduction band

without thermalizing to the LUMO thus using an additional injection channel.

Charge Extraction

Charge extraction measurements were done in order to determine the tailing parameter 3 of the
trap state distribution described in Eq. (C.8). The fit to the experimental results, which was done
in the low voltage region to avoid contribution of charge carriers from the conduction band, is
shown in Fig. C.6c. We note that the received $=0.175 is lower than common literature values
by about a factor of two.?61:266:267 Gince our cells did not employ a blocking layer at the FTO
front contact our 5 might have been underestimated, then in this case not all the charge carriers

from the traps are collected.

lllumination Dependence of Open Circuit Voltage

The non-ideality factor m was determined by a linear fit of V¢ vs. illumination intensity curves.
The slope of the fit is related to m by Eq. (C.12). As can be seen from Fig. C.6d the slope of
the experimental curve is not constant. For medium light intensities the fit gave m=4.12 +0.31

For the high intensities we got m—=1.85. We note that the first value is quite large compared to

literature values of around 1-1.5, which is most probably due to recombination via the FTO at the
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Figure C.6.: (a) Absorption coefficients of the different components. (b) Fit of the experimental EQE
to Eq. (C.15). The fit results apply only for a limited fitting interval of 450-650 nm. (c) Extracted charge
carrier density of traps states and corresponding fit for the determination of the tailing parameter 3.
(d) Ilumination dependence of the open circuit voltage.

anode contact as observed by Peter an co-workers.?®® Since the influence of this recombination
is small at higher voltages we used m=1.85 for the input of the simulations. For more detailed
studies one should consider to prevent the recombination at the photoanode contact by depositing
compact TiO, blocking layers on the FTO.

Open Circuit Voltage Decay

The electron lifetime 7y was determined from the open circuit voltage decay by using Eq. (C.16).
For this fit we used a total trap density of 2.7 x 108 cm™3. The density of conduction band
states and the electron lifetime were calculated to Ng,—2.17 x 10 cm™ and 7=1.56 x 10745,

respectively. Compared to the value of Ng,=7.26 x 1017 cm ™3, which was calculated from the
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Figure C.7.: Comparison of an experimental and a simulated IV-curve for a ZnMCPP sensitized DSC.

literature value of the averaged effective mass of m}/me=0.0948,'%% our value is too high. This
could mean that our guess for K¢, — EF redox=0.85 V was slightly too high. Nevertheless, we found

that modifying this assumption did hardly influence the outcome of the simulated I'V-curve.

Simulation

The experimental and simulated IV-curves are shown in Fig. C.7. We observe that the experimen-
tal current density and open circuit voltage are higher than the simulated ones. The difference
in current might be due to the fact that the injection efficiency for the high energy photons was
underestimated. This could also partly explain the difference in V.. Additionally we found that
the V; strongly depends on m. As shown in Fig. C.6d the non-ideality factor m is not constant.
We only used the value that applies for high cell potentials. One could argue that an effective,
meaning average, m should be used instead. This would increase the V;. and lead to a better

match between experiment and simulation.

Somehow, it is clear that an effective m would not lead to a better description of the DSC. To
further improve the simulations we have to reconsider the assumptions of the model. For the
recombination order of electrons to the electrolyte we took b = 1. This is just the simplest way to
describe the recombination. In reality, the chemistry and kinetics of the recombination are more
intricate and could be modeled with b # 1. The b can be determined from the effective electron
lifetime 7;,, which can be calculated from open circuit voltage decay measurements. The lifetime
is defined by?%?
1 1dn

T ndt
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Together with Eq. (C.11) we obtain

(C.20)

Tp =

mkpT [ dVy.\ !
q dt '

In order to determine the reaction order we remember the general model for the recombination

given by?69

~

dn b
- = _knlc)b,

dt

where k is the reaction rate constant. Using Eq. (C.20), the effective electron lifetime becomes

1
Th = —— .
knggl
Combining this with Eq. (C.11) yields
mkgT dln T,
b=1- . C.21
q  dVoc (©.21)
If we consider b in our model it can be shown that Eq. (C.12) is modified to
d‘/oc - m k‘BT
dinl ~ b ¢’ (€.22)

and thus m can no longer be determined directly from the illumination dependence of the open
circuit voltage. Nevertheless, m can be calculated by combining Eq. (C.22) and Eq. (C.21). The
received m can be used to get b.

For more accurate calculations one would have to consider that b and k depend on the potential.?5?
The physical origin comes from the possibility of changing recombination pathways with respect

to cell potential.?58

C.5. Summary

From the investigation of the zinc-carboxyphenylporphyrins in DSCs, we found that the best
conversion efficiency is achieved for ZnMCPP. From the experiments with chenodeoxycholic acid
as co-adsorbate we concluded that this dye most probably adopted a standing adsorption config-
uration that minimized the coupling of the substrate with the sensitizer and that allows a higher
coverage. The insights from the simulation elucidate the general cell setup. We found that the
non-ideality factor m is not constant as assumed by the model. This was generally interpreted as a
high recombination at the photo anode contact, which should be prevented in future experiments
by deposition of a compact blocking layer on the FT(Q.26% This presumably allows getting more
accurate results from the other experimental methods that could then be analyzed using the ex-
panded model with non-linear recombination. Another drawback of the model is the assumption

of constant 7;,; for the evaluation of the quantum efficiency spectra. The fit results imply that
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there are at least two injection channels. However, this finding cannot be implemented easily
into the model since more information about the electronic structure at the interface is necessary.
Overall the simulation helped to get a more detailed understanding of the ZnMCPP sensitized
cell. The examination might be time consuming. Nevertheless, this combined experimental and
mathematical approach is beneficial. Even though the model might not apply to the experimental
facts in the beginning it facilitated a more complete and systematic analysis of the DSCs and their

working principles.
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