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Zusammenfassung
Der Erste dieser zweiteiligen Arbeit befasst sich mit der STM Untersuchung einer Grenzschicht
in umgebender natürlicher Atmosphäre, welche sich durch die Adsorption des leitfähigen
Graphen auf einer Glimmeroberfläche ausbildet. Durch die umgebene Luftfeuchtigkeit
interkalieren Wassermoleküle in diese Grenzschicht. Durch die Variation der umgebenen
relativen Luftfeuchtigkeit gibt diese Wasser ab bzw. nimmt auf, und es manifestieren sich
sternförmig wachsende Fraktale, in denen Graphen etwa um den Durchmesser eines
Wassermoleküls an Höhe absinkt. Die STM Untersuchung, welche primär sensitiv auf die
Zustandsdichte von Graphen reagiert, zeigte, dass sich scheinbar, anders als in den SFM
Untersuchungen, zusätzliche signifikante Höhenänderungen von Graphen innerhalb der
Fraktale bildeten. Dieses deutet auf eine Wasserschicht hin, welche Domänen mit signifikant
unterscheidbaren Polarisationsrichtungen aufweisen, welche die Zustandsdichte von Graphen
verändern kann. Dies ist aber gleichbedeutend mit der Annahme, dass sich in jener
Grenzschicht mindestens zwei oder mehr lagen Wasser bilden müssen.
Im zweiten Teil befasst sich diese Arbeit mit der STM Untersuchung einer
funktionalisierten Oberfläche die charakterisiert ist durch eine leitende Oberfläche (Graphen
und HOPG) adsorbierten funktionalisierte Dyade an einer Fest-Flüssig Grenzfläche, welche
ebenfalls mit einem STM untersucht wurde. Diese Dyade besteht im Wesentlichen aus einem
Zink-Tetraphenylporphyrin (ZnTPP) und mit diesem über einem flexiblen Arm verbundenen
Spiropyranderivat. Letztere ändert seine Konformation durch die Einstrahlung mit Licht
geeigneter Wellenlänge, womit sich gleichfalls das Dipolmoment sehr stark ändert. Es zeigte
sich, dass das Schaltverhalten auf einen Graphen basierenden leitenden Oberfläche mit dem
Schaltverhalten einer Dyade, welche sich frei beweglich in Lösung befindet, vergleichbar ist.
Dieses lässt den Schluss zu, dass das Schalteigenschaften einer einzelnen Dyade auf das
adsorbierte Kollektiv übertragen werden kann, da es keine signifikanten beeinflussenden
Wechselwirkungen durch die leitende Oberfläche und der benachbarten Dyaden auswirkte.
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Abstract
The first of this two-part work deals with the STM investigation of an interface in the
surrounding natural atmosphere, which is formed by the adsorption of the conductive graphene
onto the mica surface. In this interface, water molecules may intercalate by the surrounding
humidity. By varying the relative humidity, the interface is rewetted, respectively, dewetted and
it manifests itself in a star shape growing fractals, where the height of graphene is decreased by
approximately the diameter of one water molecule. The STM investigation - which is primarily
sensitive to the density of states of graphene - shows that additional significant changes in the
height of graphene are formed within the fractal, unlike in the SFM investigations. This suggests
that there is a water layer by which the density of graphene is differently affected by domains
with significant distinguishable polarisation alignments. However, this is equivalent to the
assumption that there are two or more water layers exist within the interface.
The second part of this work deals with the STM investigation of a functionalized
surface characterised by a functionalized dyad adsorbed onto a conductive surface (graphene
and HOPG) at a solid-liquid interface. This dyad essentially comprises a zinctetraphenylporphyrin (ZnTPP) and is connected with a spiropyran derivative via a flexible
linker. This changes its conformation through irradiation with light with a suitable wavelength,
by which the dipole moment is also strongly changed. It was found that the switching behaviour
of a graphene-based conductive surface is comparable with the switching behaviour of a dyad,
which itself can move freely in solution. This leads to the conclusion that the switching
properties of a single dyad can be transmitted to its collective because it affected no significant
influence interactions by the conductive surface and the adjacent dyads.
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1. Introduction

1. Introduction
Microelectronics play an essential role, directly or indirectly, in life of human beings. Almost all
technologies and services are influenced and characterized by microelectronics. This influence
cannot be and should not be avoided. The main prerequisites in this technology for their
development are the miniaturization and, for functional units, the enhancement of functions itself.
The miniaturization takes into account the limits which are set by quantum mechanics (see Fig. 1).

Figure 1. ITRS (online report 2013) data collection and forecast of “Moore's Law”; (a) Evaluation
of the “ITRS frequency roadmap”. (b) Overlay of the ITRS frequency roadmap with data from the
Stanford CPUDB repository.
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According to the reports of the International Technology Roadmap of Semiconductors (ITRS), the
long term development will be only determined by quantum mechanics [1–4]. New materials,
manufacturing techniques and methods are needed. Due to the structure dimensions that shrink
continuously, the ratio of the surface and the interface to its enclosed volume must be taken into
account, for example. This ratio will be increased, whereby the properties of composites are
determined more and more by interface and surface phenomena. The definition of interfaces or
surfaces itself and their dimensions are mainly determined by the considered phenomenon
(corrosion/oxidation, biological membrane, diffusion, transport, catalysis, etc.). Inspired by nature,
molecular devices offer a variety of opportunities to achieve these goals. Inter alia, the
functionalized surfaces constitute a highly interesting field of organic interface and surface
physics. They are already exerting a strong influence in the fields of electronics [5–9] and biology,
particularly medicine [10–12]. Based upon the interest, success and the outstanding opportunities,
the impact will continue to increase in the coming years and decades. However, this key
technology is dependent on the knowledge about surface and interface physics, since this
knowledge is - beside other mentioned reasons - essential for the intended design and production
of micro and nano devices. When considering the established semiconductor technology based on
inorganic materials and well known production methods, it is necessary to recognize that the
combination of features and characteristics of inorganic and organic matter is a logical and
promising way to add this hybrid technology to semiconductor technology. One has to investigate
the effects, functions and interaction mechanisms on molecular and atomic scales, to design and
construct the devices in a well defined manner. The ambient conditions play an essential role (air,
water, solvent, etc.). Therefore, it is required to use suitable measurement methods, because
amongst other features in the measured signal, included details of individual events and their
interaction mechanisms will remain hidden due to statistical averaging. Decisive contributions for
studies in such small dimensions have been provided by G. Binnig, H. Rohrer, C. Gerber, E.
Weibel and C. F. Quate with the development of the scanning tunnelling microscope (STM) in
1982 [13] and the scanning force microscope (SFM) in 1986 [14].
This thesis includes two parts, at first the investigation of a graphene-mica interface and its
potential interaction mechanisms and secondly, the investigation of a functionalized surface,
determined by a switchable dyad which is physically adsorbed onto graphene.
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1.1 STM Investigation of a graphene-based Interface
Graphene, which is physically adsorbed onto mica, is determined by the surrounding atmosphere
and its conditions. Water molecules may be intercalated between Mica and Graphene and
constitute therefore slit pores, a few angstroms thin. The graphene and its local density of state
(LDOS) may be affected by the interaction with the underlying layers, whereby the mutual
influence may be indirectly measured with the STM. There are already investigations where the
influence of the relative humidity (RH) on the dewetting and rewetting process of the slit pore are
described, but its fundamental mechanisms are not yet completely understood [15–19]. An
important means of clarifying these issues is also to determine the number of water layers, which
is still an open question. An additional motivating factor comes from the fact that one also gets
more information on microscopic interactions by the macroscopic thermodynamic variables. The
water can be removed via reducing the RH, whereby structures appear in the shape of fractals,
which always have the same depth through measurements by a SFM. However, the water cannot
be completely removed via the RH rather the fractal growth stopped at a finite value unequal to
zero. This suggests a mechanism where the sum of all mechanisms and their energies within the
system have a global energetic minimum (balance of power) at room temperature, kT ≈ 25 meV.
Chapter 4.2 deals with this topic and expands the investigations, concerning the causes of this
phenomenon, by STM.

1.2 STM Investigation of self-assembling and switch behaviour of the
spiropyran-porphyrin dyad on graphene and HOPG
The production methods of interfaces and surfaces are principally distinguished in two types,
namely top-down (TD) and bottom-up (BU) [20]. The TD method is used - for example - in the
manufacturing of integrated electrical components. It constructs from large basic structures smaller
structures with functional units. This is primarily limited by the structuring processes. For
example, the photolithography is limited by the used wavelength, printing systems and photo
lacquer. However, the BU method organises and arranges smallest functional units to larger units,
components and devices. the mRNA (messenger Ribonucleic acid) is the program whereby the
amino acids - the functional units - are organised and arranged to proteins. In comparison to the
TD method, this offers the advantage that functional structures are possible at the molecular and
atomic scale. Molecules - as the smallest units - are arranged on a surface to self-assembled monoand multi-layer (SAM) by the intermolecular interaction and thus constitute a functional surface
[21–27]. The production of SAMs begins with the adsorption of molecules and their spontaneous
3
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assembling from the gas or liquid phase to a well-defined structured and - in view of the purpose
of this work, i.e. chemisorption will not be considered here - non-covalently bonded aggregation
(physisorption) on top of a molecular-specific surface, in which the intermolecular interaction
between molecule and surface plays an important role [28]. However, in this constellation, these
interaction mechanisms can lead to a change in the properties of the adsorbed molecules [29–39].
The second part of the thess is about the investigation of a switchable spiropyran-porphyrin dyad
adsorbed onto HOPG and graphene: The porphyrin derivate (zinc-tetraphenylporphyrin, ZnTPP)
works as an anchor and spacer, whereby nitro-spiropyran is covalently attached, switchable via
light with a suitable wavelength. The nitro-spiropyran has a dipole moment that is strongly
changeable via the conformational change of the isomerisation (SP↔MC) [35]. As a result, the
dyad can more or less strongly interact with the surface and the adjacent dyads and thus the
switching behaviour is affected more or less, respectively. The dyad has been investigated,
concerning the self-assembling and switching behaviour, by the STM.
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2. Basics and Methods
2.1 Introduction
This work aims to investigate self-assembled molecular layers that interact with surfaces and
interfaces. Such a system has its own, remarkable characteristic properties, which were
investigated with the measurement methods of Scanning Probe Microscopy (SPM). This chapter
is separated into two sections: the first part deals with the molecular bonds and the interaction
mechanisms, e.g. van-der-Waals (vdW), hydrogen bonds, covalent bonds, etc., and at the end of
the second part, the measurement methods are considered.

2.2 Molecular Bonding
Atomic bonds are determined via the positively charged cores and their surrounding electrons,
although this environment primarily refers to the valence electrons. The latter are primarily subject
to an interaction (compare e.g. ionisation energy IE and electron affinity EA). There are different
ways to distinguish between bonding types, depending on the bond strength, the directional
dependence of the bonds, the character of the collective electron wave function, the range of
interaction force and the number of the binding partners. An overview of the chemical binding
types and bonding strengths is shown in Fig. 2.1 and Tab. 2.1. An additional expedient way to
distinguish them is the spatial structure of molecules, which is important for the properties and
functional properties (compare it with a steric hindrance). At the first level, one defines the
chemical equation as the primary structure. In this way, a special spatial arrangement with
symmetries, helicities, etc. can be constituted, called the secondary structure. Larger molecules are
able to fold themselves, since the bonds are not absolutely fixed in the orientation. These folded
and turned molecules are designated as their tertiary structure. In an ensemble of such molecules,
intermolecular bonds are possible which are designated as quaternary structures. Here, for
example, it is important to note that for proteins the sub-division starts with the base pairsequences as the primary structure; and the additional structures and their properties are formed
during the synthesis.
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Figure 2.1a Overview of the bonding types.

Figure 2.1b (van Arkel-Ketelaar triangle of bonding) The triangle illustrates the proportions of
the bond types for a few examples. Only very few materials can be assigned a pure bond type: in
most cases it is a combination of two or even three.
Table 2.1 Overview of the most important inter- and intramolecular bond types, their energy and
the equivalent photon wavelength.
chemical bond

binding energy (eV)

equivalent photon wavelength (nm)

van-der-Waals

40·10-3 - 80·10-3

31100 - 15300

infrared

hydrogen bonds

1.0 - 3.0

950 - 410

IR, visible light

ionic bonds

2.0 - 4.0

620 - 310

visible light, UVA

covalent bonds

2.0 - 7.5

560 - 160

visible light, UVA-UVC
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Figure 2.1a shows the sub-division of the different bonding types. Moreover, the illustration
suggests that there are sharp limits of their definition. A combination of types can be found in most
systems (seee Fig. 2.1b). The metallic bonds are determined via periodically arranged positively
charged atom ions and their delocalised quasi-free, movable valence electrons, whereby the
binding electrons are described via collective wave functions over the entire crystal. The
orientation of the bonds is non-directional. This microscopic characteristic defines the
macroscopic properties such as electrical conductivity, metallic lustre and ductility. The collective
wave function manifests in an equivalent description in the k-space given by a Fourier
transformation. The real crystal is described via an equivalent crystal in the k-space where many
properties may be described or even can be read directly by means of the Fermi surface or the
dispersion relation. The ionic bond is based upon a strong ionization of atoms. As in strongly
heterogeneous systems (e.g. 1st or 2nd with 6th or 7th group of the PTE, respectively), the atoms
differ in their electronic properties which can also be determined by their parameters, such as
electron affinity EA, ionisation energy IE or electronegativity EN. The descriptive wave function
of the bonding electrons is very heterogeneously distributed between the bonding partners,
whereby it generates strong electrostatic fields which in turn contribute to the ionic bonds (charge
neutrality). The alignment of the bonds is not firmly oriented since the electrostatic fields are
homogenous and thus lead to the densest packing within a unit cell. Even here, there are tendencies
towards combinations of partially metallic and covalent bond characteristics. The third important
group of chemical bonds constitutes the covalently bound atoms. If two potential bonding partners
become closer, there is an inevitable overlap of their wave functions of the valence electrons.
Concerning single atoms, the primarily involved wave function is the occupied s-, p-, d-orbital,
etc. of each atom. This overlap is not only limited to one, but rather may be affected by several
orbitals (hybridization). At the first order of approximation, the combined wave function is a
superposition of single electron wave functions of each atom, whereby there are new mutual wave
functions and correspondingly new designations such as σ-, π-, δ- orbitals, etc. The orbitals
additionally obtain the indices u or g for unsymmetric or symmetric, respectively. However, there
are different nomenclatures of the designation of molecule orbitals, as shown in Fig. 2.2.
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Figure 2.2 The energy scheme shows the orbitals of the N2 molecule and its designation. Left and
right are the single atom orbitals (N) and in the centre the N2 with its two main designations.

Figure 2.3 The crystallographic point groups according to Schönflies. As examples: Cn contain
only an n-fold rotation axis; Cnh contain - additionally to the n-fold axis - a single mirror plane
perpendicular to the axis of rotation; Sn contain only an n-fold rotation axis mirror; Dnh (they have
the highest symmetry) contain all the elements of Dn, and an axis perpendicular to n-fold axis
mirror plane.
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The example is the energy scheme of the N2 molecule. On the left and right, atomic nitrogen (N)
is shown (bright blue). Each s-orbital is doubly occupied and the p-orbitals are singly occupied, as
indicated via the black arrows. The centre constitutes the energy level of the N2 molecule with its
different nomenclatures (Fig. 2.2; "1σg" is equivalent to "σg 2s", where the star "*" indicates the
non-bonding levels). Here, the bonding orbitals are marked red and the anti-bonding orbitals are
marked blue. This nomenclature is useable for single bonds, although with complex, large but
limited MOs as well as crystals, such as graphene or HOPG, availing the symmetry properties.
The former is described by Schönfließ (Arthur Moritz) and the latter by Hermann Mauguin. The
terminology of the symmetry point groups - i.e. the collection of symmetry operations (SO) on an
object - is shown in Fig. 2.3.
The symmetry groups are based upon the symmetry of the Hamilton operator. The action of the
Hamilton operator can be understood from the corresponding molecular symmetry point groups.
By this means, the description of several systems with symmetry behaviour is simplified without
knowledge of the exact equations of these systems. Based upon the symmetry groups, the
corresponding equations of the system can be set up. The third description is equivalent to the
description of metallic bonds over the reciprocal space by its periodical behaviour and thus allows
the description of covalent bonded crystals, e.g. semiconductors. Another bonding type is the
complex bond, a synonym is coordination chemistry. This is related to the covalent bonds.
However, in contrast, the complex is defined by its Lewis base(s) and the Lewis acid. Well-known
representatives include chlorophyll and haemoglobin, including the incorporated porphyrin
derivatives. In most cases, the central parts are metal atoms and their corresponding ions (electron
pair acceptor). The ligand frequently provides the electron pair (electron pair donator). The
complex compound constitutes a Lewis-acid-base reaction and may be electrically neutral or
charged in the corresponding solvent. Through the corresponding electron orbitals of the central
particle, the coordinative bounds are formed over the corresponding ligand orbitals. The next bond
type to be considered is the hydrogen bond. This type is primarily formed by a covalently bound
hydrogen atom - which is thus partially positively charged - and another bound atom that provides
an electron pair. This bond is primarily determined by an electrostatic effect and one of the weakest
bond types. The last type is the van-der-Waals (vdW) bond. The vdW interaction is sub-divided
into three mechanisms: the "induced dipole - induced dipole" (a), the "dipole - induced dipole" (b)
and the "dipole - dipole" (c) interaction mechanism. The former ones are formed from atoms or
molecules where the dipole moments are zero in the temporal average and when they are far away
from each other. In the near field, the pairs can affect each other by the moving electron clouds,
10
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whereby the mutually induced dipole moments and thus the related interaction and the total energy
decrease. Accordingly, the binding energy increase. The designation "near field" is based upon the
interaction range of the mechanism and has a dependency of r6 in this case. This interaction
mechanism is the weakest binding type. In case one partner already has a dipole moment in the
temporal average, it induces a corresponding dipole moment in the other partner in the near field.
The interaction range is larger than in the latter case. The strongest vdW interaction occurs between
dipole and dipole. The mathematical descriptions are shown in the following equations.
1

a)

𝑉𝑖𝑛𝑑,𝑖𝑛𝑑 = − (

b)

𝑉𝑑𝑖𝑝,𝑖𝑛𝑑 = −

c)

𝑉𝑑𝑖𝑝,𝑑𝑖𝑝 = − 4𝜋𝜀1

4𝜋𝜀0

2

)

3ℎ𝑒𝛼1 𝛼2

1

6
𝛼
𝛼
8𝜋√𝑚(√ 1 +√ 2 ) 𝑟
𝑁1
𝑁2

𝛼1 µ22 +𝛼2 𝜇12
(3cos 2 γ
(4𝜋𝜀0 𝑟 3 )2
𝜇 𝜇2
(1
3
0𝑟

+ 1)

− 3cos 2 γ)

=−

𝐵
𝑟6

[2.1a]

[2.1b]
[2.1c]

Equation (2.1a) represents the case of two atoms or molecules where their temporal averages of
the dipole moments are neutral in far distance to each other and at closer distance, with a r6
dependence, permanent dipole moments are formed. Their interaction strength and the binding
energy are primarily dependent on the mutual polarizabilities αi. Anyway, the binding energy is
very weak, with the very small Planck constant h and the electron charge e. The constant B may
be identified with the variable in equation 2.2.b. The polarizability is determined - for example according to Clausius-Mossotti’s equation or Slater-Kirkwood [36]. 2.1b (Debye energy) µ2 is the
induced dipole moment by the permanent dipole moment µ1, whereby a dipole moment is also
induced in 1.
The physical cases that occur in this work are related to the interaction between surfaces
and their emerged, intercalated molecular layers. Additional, adsorbed molecules on the top of a
conductive surface ought not be excluded and can also more or less strongly interact with each
other. All of these involved interaction mechanisms are collectively referred to as physisorption,
which primarily includes the vdW and the hydrogen bonds. By contrast, the chemisorption
primarily includes the covalent and the complex bonds. Even if the observed systems seem to be
complex, one may divide them into subsystems where each single interaction mechanism may be
considered in a simplified way. The first case is - for example - an adsorbing molecule on a
conductive surface such as HOPG or graphene. Like in the model of the vdW interaction as
discussed above, the molecule comes closer to the surface and, depending on the dipole character
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of the molecule, a corresponding interaction mechanism is engendered (compare equations 2.1).
Here, mirror charges are now induced in the conductive surface by the molecule. A peculiarity of
the vdW interaction is that it is always attractive and never repulsive, whereby the induced dipoles
always tend towards the maximum of the distance-dependent polarisation versus the own charge
separation, called polarizability, i.e. the charge separation is also always limited. The limit is
determined via the overlap of the electron clouds, whereby it comes to the Pauli exclusion
principle, a very strong repulsive force (Lennard-Jones potential, frequently about r-12 dependent).
The same observation may explain the inter-molecular interaction, whereby molecules interact
with each other along the surface.
𝐶

𝜎 𝑛

𝐶

𝜎 𝑚

(𝑛,𝑚)

= 𝑟 𝑛𝑛 − 𝑟𝑚
𝑚 = 4𝜖 [( 𝑟 ) − ( 𝑟 ) ]

(12,6)

=

𝑉𝐿𝐽
𝑉𝐿𝐽

𝐴
𝑟

−
12

𝐵
𝑟6

𝜎 12

= 4𝜖 [( )
𝑟

𝜎 6

−( ) ]
𝑟

[2.2a]
[2.2b]

The equation describes the Mie potential (Lennard-Jones-(n,m) potential) where Cn,m are the
substance-dependent constants, ϵ is the energy at the deepest point of the potential, σ is the distance
where the potential is zero, r is the distance and n and m are exponents which - in the best known
case of the Lennard-Jones-(12,6) potential - are 12 and 6, respectively.
Another approach is necessary for the complete description and thus for the overall
understanding of the interaction mechanisms, using the thermodynamic potentials.
∆G = ∆H − T∆S + µ∆N

[2.3]

Here, ΔG is the change of the Gibbs energy and the binding energy with ΔH as the above-described
interaction potential energy - called entropy - T is the total temperature, ΔS is the change of the
entropy, µ the chemical potential and ΔN the change of the adsorbed molecules. The observed
system of adsorbing molecules tends towards an equilibrium where ΔG becomes zero. In case ΔG
< 0, the system tends towards more adsorbed molecules (spontaneous reaction) and in the opposite
case of ΔG > 0 molecules desorb from the surface. For example, in the case of the solid-liquid
interface, an equilibrium will be set where there will be a defined concentration between adsorbed
(also solvent molecules) and dissolved molecules. The new additional term is the entropy S, which
is independent of the interaction potentials but depends exclusively on the symmetry character of
the system (mixing entropy).

12

2. Basics and Methods

2.3 Scanning Probe Microscopy (SPM)
Scanning probe microscopy (SPM) provides a powerful tool for measuring specimen surfaces.
Here, “specimen” refers to the part of physical properties of the substrate that act upon the probe
through the interaction mechanism(s) (several in most cases). Two of the relevant methods in this
work are scanning force microscopy (SFM) and scanning tunnelling microscopy (STM). The
former - also called atomic force microscopy (AFM) - relates to the measurement of the
topographic surface properties, which is usually based upon the Lennard-Jones potential and thus
the implied van-der-Waals (vdW) potential and the electrostatic force interaction. There are
several kinds of SFM - for example, scanning force microscopy (SFM) and scanning tunnelling
microscopy (STM) - with their manufacturer-related specifications. The latter is sensitive to the
electronic states on a surface, which represent the density of states of the substrate, i.e. how these
states reveal themselves on the surface at last. The following two sections will cover the
measurement methods STM and SFM, although only the contact mode and the tapping mode will
be applied.

2.3.1 Scanning Force Microscopy (SFM)
SFM is one of the most versatile measurement instruments. The number of operating modes is not
only distinguished by the interaction mechanisms but also by the particular manner of carrying out
the measurements. The operating modes include contact mode (CM-SFM), non-contact (NCSFM), intermittent contact (IC-SFM), amplitude modulation (AM-SFM), frequency modulation
(FM-SFM), conductive (C-SFM), magnetic (MFM), Kelvin probe (KPM), chemical force
microscopy (CFM), scanning electrochemical microscopy (SECM-SFM), force spectroscopy, tipenhanced Raman spectroscopy (TERS) and scanning near field optical microscopy (SFM-SNOM),
to name just a few. The interaction mechanisms and their related operating modes are so versatile
that the measurements and their related analysis and the interpretation of the results are very
complex. In the following, only the basics are considered, concerning the non-contact mode, the
contact mode and the intermittent contact mode.
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Figure 2.4 A conceivable schematic construction of an SFM 1.
All operating modes without the spectroscopy have in common that a sharp probe on a cantilever
scans line-wise over the surface to obtain its spatially resolved properties. The spectroscopy
measures force-distance dependencies, e.g. the strength of chemical bonds. A schematic
representation of an SFM setup is shown in Fig. 2.4. The cantilever bar is optically detected by a
laser, whose reflection is recorded via a four-segment field detector. The detector converts the
optical signals to electrical signals, whereby the relative orientation may be detected. The relative
orientation of the probe is affected by the strength of the force via the interaction mechanisms. The
relative position of the surface to the probe is accomplished by piezo(s) for fine adjustment
(angstrom - micrometre) and step motor(s) for larger movements (micrometre - millimetre). The
electrical signals are now compared with the set points given by the user, whereby the measuring
procedure is continuously adjusted to the conditions. Here, the probe now plays a central role. It
comprises a sharp tip at one end that has a measurement specific apex shape, while the other end
mostly consists of a large bulk for better handling and mounting. In most cases, the probes are
1

scheme based on Zurich Instruments
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made of doped silicon. The principle of the probe is essentially based upon beam bending. The
spring constant and the torsion property depend on the shape of the beam. The simplest interaction
mechanism that can always be found is the Lennard-Jones-(12,6) potential
Here, A and B are substance-dependent constants and r is the distance between the two partners.
The second term with the r6 dependence is called vdW potential. This interaction is not an intrinsic
property of a substance, but rather only revealed in the presence of another interacting partner. A
simple example is the nitrogen N2 molecule. The time-averaged dipole moment of an isolated
nitrogen atom vanishes. Only when two nitrogen atoms become closer, dipole moments induce
each other and thus reveal an attractive force. The characteristics of the Lennard-Jones potential
are shown in Fig. 2.5.

Figure 2.5 CThe Lennard-Jones-(12,6) potential, its attractive ( r-6 ) and repulsive ( r-12 ) part and
the corresponding force F as a gradient of the potential energy V.
The L.-J. potential (blue) may be distinguished in a repulsive term (red), whose slope is always
negative, as well as an attractive term (green), whose slope is always positive. The force F (violet)
is given by the negative gradient of the potential energy V. When the sign of the force is negative,
the force of both is oriented to each other and the force is oriented oppositely with a positive sign.
In the point of the minimum of the potential energy, the force is zero. All operation modes where
the tip is closer to the surface may be considered as the contact mode and in the opposite case the
15
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non-contact mode. While the tip is retracted from the surface, the laser reflection on the detector
constitutes the baseline or the start position. At the moment of surface-tip interaction, the cantilever
bends, whereby the position of the laser reflection on the detector is moved. When the required
point of bending is achieved - i.e. the required interaction force - the work state is achieved. During
the scan, the distance is readjusted incessantly by the controller, which in turn incessantly
compares the measured parameters with set points. This operation mode may be accomplished in
the contact as well as the non-contact mode. With the illustration of Fig. 2.6, a possible problem
of interpretation can be seen. When the surface is homogeneous in its physical properties, there is
only one interaction potential and the measured topography of the surface mostly corresponds to
the real surface topography, taking the resolution limit and other sources of errors into account.
In Fig. 2.6, two potential energies V(I) and V(II) and their forces F(I) and F(II) imply that the
surface comprises two different physical surface properties. The instrument typically measures the
surface per cycle with only one parameter set, i.e. the differing surface properties are measured at
the same interacting force between the tip and corresponding surface. During the measurement,
the tip is always in the corresponding distance to the force, which was given by points set by the
user, i.e. the same force F(I) = F(II) is acting, independent of the corresponding surface properties.
The curves for surface I and II show that different interacting distances r(I) and r(II) are possible
despiteF(I) = F(II). In addition to the "real" topographical signals, the potential and forcedependent signals are added.

16

2. Basics and Methods
Figure 2.6 A comparison of Lennard-Jones-(12,6) potentials and their corresponding forces,
whereby different heights can be measured despite the real height being the same. When the SFM
measures with the same set point - i.e. the same force (a) a surface with two different characteristics
(potential I and II) - the cantilever has several turning points (c), i.e. the SFM measures a height
difference (Δr = r2  r1) where actually there is none.
The intermittent mode provides a good solution here. This mode is also called the AC mode
(alternating current, AC-AFM) or tapping mode (TM-AFM). All have in common that the tip is
oscillating permanently vertical to the surface in a defined distance range. i.e. in most cases
between the contact with surface and a certain distance where its interacting force approaches zero.
In the following, only the mode where the beam vibrates close to its resonant frequency is
discussed, though others exist, e.g. quantitative imaging (QI mode) of JPK or the PeakForce mode
of Bruker. Each beam may be construed as a unilaterally mounted, oscillating beam with a resonant
frequency, which depends on its material-specific and geometric properties as well as ambient
conditions. For a freely vibrating and undamped beam in vacuum or air, the differential equation
is applied (Meirovitch, 1967) [40],
∂4 u

∂2 u

[2.2]

EI ∂x4 + ρB A ∂t2 = F(x, t).

Figure 2.7 Simplified sketch of the geometry of a cantilever.
Here, E is the modulus of rigidity of the beam material if it remains constant during the bending
along x, I is the moment of inertia of the beam cross-section if its shape remains during the bend,
F(x,t) is the force applied on the cantilever per unit length of the cantilever at any time, m = ρBA
is the mass per unit length, where ρB is the material density of beam and x is the distance measured
from the fixed end. The solution for the resonant frequency and its modes n can be written as
fnvac =

ωvac
n
2π

β2

EI

= 2πLn 2 √ρ

with

BA
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As can be seen, the modes of the resonant frequencies fn are not multiples of L like in the case of
a unmounted beam. However, in most cases, one has the case of a damped beam. The damping is
engendered by the transfer of the energy from the beam to the surface, the dissipation - e.g. via a
soft surface - of a water film on the surface (in air) or a measurement in a fluid cell [41–47]. The
simplest case of a damped beam is given by the equation
fd =

ωd
2π

ω0

=

2π

[2.4]

√1 − ζ2

When the energy transfer is from the beam to the surface, the damping ratio is ζ > 0 and in the
opposite case ζ < 0. In both cases, there is a frequency shift to lower frequencies. For a better
understanding of the influenc of damping, a corresponding equation of an embedded cantilever in
a medium for the flexural mode [46] reads as

fnM =
with

ωvac
n
2π

−
π W ρM

(1 + 4

1+0.74κ+0.15κ2

Γf (n) = 1+0.74+0.35κ2+0.06κ3 and

1
2

[2.5]

Γ (n))
T ρB f

𝜅 = 𝐶𝑛

𝑊
𝐿

= 𝛽𝑛 𝑊 =

(2n−1)π W
2

L

.

Here, ρB and ρM are the density of the beam and the medium, Γf (n) is the hydrodynamic function
and Cn = βnL are the eigenvalues as solution of 1+cos(Cn)cosh(Cn)=0. Therefore, one can
immediately observe that, since all values have a positive sign, the shift of the frequency is always
towards smaller values fM / fvac < 1 by the damping, i.e. there is always a dissipation from the beam
towards to the surface. Only if the tip interacts with the surface rather strongly,, deformations take
place and a positive frequency shift fM / fvac > 1 results. Interestingly, the measured interaction
force is approximately given by
𝐹𝑖𝑛𝑡 = −

𝐴𝐻 𝑅
6𝑧 2

+

12𝜖
𝑟0

𝑟
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[( 𝑧0 )

𝑟

7

− ( 𝑧0 ) ] .

[2.6]

Here, AH is the Hamaker constant, R the tip radius and r0 the equilibrium distance. The Hamaker
constant is a substance-specific value, which is dependent on the number of interacting atoms the
particle-particle interaction parameter, based upon the parameter -B/r6 (vdW part) in Eq. (2.1).
This fact was impressively demonstrated experimentally by Hölscher et al. (2000) [45]. The case
of moderate forces can be written for the dissipative power
𝑃𝑑𝑖𝑠𝑠 = 𝑃0 + 𝑃𝑖𝑛𝑡 = 𝐹0 𝑧̇𝑜 (𝑡) = 𝑘[𝑧𝑡𝑖𝑝 (𝑡) − 𝑧0 (𝑡)]𝑧̇0 (𝑡)

18

[2.7]

2. Basics and Methods
Here, Pdiss is the dissipated power, k the spring constant of the cantilever, P0 the stimulus power i.e. the intrinsic dissipated power of the cantilever, z0(t) the temporal stimulus amplitude, F0 the
stimulus force, ztip(t) the temporal amplitude of the tip and Pint the power of the interaction
mechanism between tip and surface. With the considerations about the frequency, it still does not
have an additional parameter whereby two different surface properties may be distinguished.
However, there is a corresponding phase for each oscillating beam and its resonant frequencies.
With the phase, the temporal correlation of the amplitude of the tip to its stimulus amplitude is
related. In Eq. (2.7), the difference [ztip(t)-z0(t)] is the implicit form of the phase, whereby the
equation can be written as cos(ωt+Δφ) or sin(ωt+Δφ) with a phase shift Δφ. Experience has shown
that it is not practical to calculate the phase, which may considerably change from cantilever to
cantilever, including within a batch. An important property of the vibrating beam is the large phase
change close to a resonance frequency of several ten degrees. The sketch in Fig. 2.8 illustrates the
discussed subjects.

Figure 2.8 Sketch of typical behaviour of frequency and phase of a cantilever beam in tapping
mode (or AC mode). The arrows indicate the affiliation to the unit (left the amplitude or right the
phase shift). The middle light blue curve represents the free resonant vibration of a cantilever
beam. The left dark blue and the right green curve are the damped resonant vibrations if the
cantilever beam is close and in interaction with a surface whereby the amplitude is decreased.
Corresponding to the energy transfer from the surface to the beam or vice versa, there is a
frequency shift to shorter or longer frequencies, respectively. The behaviour of phase can be
understood in analogy. The phase is very different from cantilever to cantilever and unsuitable as
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an absolute value, although the relative values are useful as rough indicators to distinguish between
different surface characteristics.
Figure 2.8 shows the range concerning the resonant frequency for the undamped (only intrinsically
damped) and the damped cases. Typically, amplitude A has the highest value and the quality value
Q the smallest. The quality value Q is the ratio of amplitude ztip to its full width at half maximum
(FWHM). In the case of damped oscillation, the amplitude becomes smaller, the Q value greater
and there is a frequency shift towards smaller values. In Fig. 2.8b, the typical relation between the
frequency and phase is shown. It should be noted that the characteristic phase course is random,
i.e. the phase jump might also be inverse. In case the interaction between the surface and the beam
is damped, there is - beside the frequency shift - also a more or less strong phase shift dependent
on the amplitude [44]. This combination of amplitude and phase shift makes it possible to
distinguish the different surface properties, whereby the measurement and analysis of the true
topography is only possible via the measurement of the amplitude changes as well as the phase
changes.

2.3.2. Scanning Tunnelling Microscopy (STM)
The scanning tunnelling microscopy (STM) is a powerful tool to study surfaces of conducting
samples and - under certain conditions - electrically insulated thin films on top of a conductive
sample [50, 51]. The strength of STM and its further developments is based on the correlation
between the tip and the local surface that enables high spatial (atomic) and energy resolution by
which structural, electronic and magnetic properties can be detected. In the following, the
techniques and the theory of tunnelling effect are elucidated, i.e. the following part summarizes
the phenomenological, physical aspects of the tunnel process with the theoretical background and
thus will provide an explanation for the advantages of the STM.
The basic component of the STM consists of a probe that scans line by line over the surface,
whereby it has preferably smallest lateral dimension and a distance-dependent interaction
mechanism to the surface. If the strength of the interaction mechanism is kept constant, the
topography is primarily measured, whereas when the distance is kept constant the strength of
interaction mechanisms is primarily measured (compare Figs. 2.9 a and b). In both cases, one has
to assume a homogeneous distribution of physical properties of the substrate, otherwise the
analysis will be very complex.
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The interaction mechanisms are based upon the probe, the electrical properties of the
surface, and the ambient conditions in which it is measured. Accordingly, it needs a unit of
measurement for the incoming electrical signals, which is also used as a control unit for the steering
of the probe, as well as a unit that visualizes the signals. The probe ideally consists of one or a few
atoms. The distance from the probe to the surface - i.e. the tunnelling distance - is typically in the
range from few angstrom to about 1 nm. The incoming signal is obviously parameterized in
voltage, current, scan speed and in its time-resolved parameters. The latter parameters are
generated by the temporal comparison of measured voltage and current with the set points given
by the user. Here, it is important to distinguish between three control loops, which can be
differently found in various applications, depending on the manufacturer. The three control loops
are the proportional, the integral and the differential controller. Note that the complete procedure
of the control of the STM is referred to as the feedback loop. All parameters together not only
control the measurement but also characterise the measurement in the two types above, called
constant height and constant interaction mechanism strength (mostly called constant current
mode).

Figure 2.9 Distinction between the constant height (a) and constant current (b) mode of an STM.
Blue is the surface where the STM tip (grey) moves along in the tunnelling distance. The tunnelling
distance corresponds with the height but is not equal to it. The measured current is not the same
as the current of tunnelling junction, since the former one results from the entire electrical "circuit
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components", where the tunnelling current is only a part. During one measurement, the
contribution of the components is mostly constant and only the tunnelling current and the height
of the surface is variable. The comparison between single measurements is more problematic since
the components such as tip, contact resistances, etc. may be different.
The constant height mode keeps the z-component of the STM tip constant and in most cases the
current is measured at constant voltage. In this situation, the tilt of the surface has to be exactly
equal to the tilt of the virtual scan surface, since the tunnelling distance is in the range of a few
angstrom. Since the measured parameters are only the current and voltage, it is impossible to
measure the tunnelling distance directly. The implementation of this mode is accomplished by the
suitable choice of the time parameters. These parameters may be interpreted as an effectively more
or less strong delay of the response to changes during the measurement, whereby the tip can follow
the surface shape only in a time-lagged manner. When suitable parameters are chosen - i.e. the
response is very strongly time-lagged - the constant height mode is apparently generated. The
second mode is the constant current mode, in which efforts are made to keep the strength of the
interaction mechanism constant. Since the tip remains unchanged during the scan, the local
properties of the surface and substrate can only change themselves, e.g. the density of state or the
height. It is not unusual that the substrate comprises different components, e.g. some molecules
adsorbed on HOPG. However, it is assumed that the measured interaction mechanism may be a
complex superimposition of single phenomena, i.e. a superposition where the single components
do not mutually affect themselves, or an interaction mechanism as a new property of the
composition, i.e. the property of the composition is different to its separated single components.
From these considerations, it has to be concluded that a high degree of presupposition and previous
knowledge have to exist about the substrate. The interaction principle of the essential components
of the STM is shown in Fig. 3.11. The piezo includes the STM tip, whereby the relative position
of the tip to the surface can be modified. The movement is along the three spatial coordinates and
implemented by the voltage-dependent shape changes of the piezo: Depending on the voltage, the
four piezos work against each other or thogether for the x-y direction or the z-direction,
respectively. Thus, there are connections for the controlling of the piezos and a connection for the
measured signal of the STM tip and its tunnelling current. The measured signal is analysed by the
detector, where a preamplifier and an AD converter are also mostly involved. On the one hand,
the processed signal is visualized via the PC, while on the other hand the processed signal also
comes to the controller unit. The user gives the set points from the PC to the controller. There, the
set points are compared with the measured parameters whereby the corresponding new control
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signals are generated. The limiting units are mostly the preamplifier (low pass), the PC (clocking
and bit number), the controller (clocking) and the piezo (piezo effect).
Essentially, the STM is based upon the interplay of kinetic and potential energy (Ekin >
Epot) of electrons in substances whereby an electron can also cross a barrier between two
substances where the potential energy is higher than its kinetic part (Ekin < Epot,barrier , see Fig. 2.11).
The transmission probability T can be calculated by quantum mechanics as
T=

4E(V0 −E)
4E(V0 −E)+V20 sinh2

√2m(V0 −E)d
ℏ

.

[2.1]

Here, E is the kinetic part of the electron with its mass m, V0 the potential energy in the barrier
and d is the distance between the two substances, namely the width of the barrier. This is the
simplest "classical" description of the tunnelling effect as it is derived in the textbooks. Some
interesting, advanced descriptions to the tunnelling effect were published by Nicol et al. [49]
(1960), Giaever [50] (1960) and Bardeen [51] (1961), i.e. even before the development of the
STM.
I=

2πe
ℏ

2

∑μ,ν{f(Eμ )[1 − f(Eν + eU)] − f(Eν + eU)[1 − f(Eμ )]}|Mμ,ν | δ(Eμ − Eν )
with

Mμ,ν =

−ℏ2

[2.2]

∫ dS ∙ (Ψμ∗ ∇Ψν − Ψν ∇Ψμ∗ )

2m

Equation (2.2) - which is a purely formal notation of Fermi's golden rule - describes the tunnelling
junction I of electrons between the two substances with statistics µ and ν, respectively. Here, f is
the Fermi-Dirac distribution, U the applied gap voltage, E the energies, Ψ the wave functions of
the electronic states and Mμ,ν the matrix elements. Since the wave functions may also include the
spin, one can recognize that spin dependence measurements are possible with a suitable setup. The
specific geometry of a STM was first described by Tersoff and Hamann [52, 53] (1983 and 1985,
valid one to three years after the development of the STM). The model makes two essential
presumptions: on the one hand it is assumed that the STM tip has a spherical geometry with radius
R in the essential surface of tunnelling junction; while on the other hand, it is assumed that the tip
and the sample can be described by the Bloch function, i.e. both have a periodic lattice structure.
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with Ωs as the volume of the sample, k the wave number of the electronic state with a work function
Φ.
−

1

Ψμ = Ωt 2 ct kRekR

e−k|r⃗−r⃗⃗⃗⃗⃗0 |
k|r⃗−r⃗⃗⃗⃗0 |

[2.3b]

with Ωt as the tip volume and R the radius of the tip apex. The wave function of the tip implies a
s-wave, since the other terms can be disregarded. Thus, the matrix element Mμ,ν can be written as
ℏ2

−

1

Mμ,ν = 2m 4πk −1 Ωt 2 kRekR Ψν (r0 )

[2.4]

With the assumption of a Taylor series of the Fermi distribution
f(Eμ + eU) = f(Eμ ) + eU ∙ f ′ (Eμ )
the tunnelling current can be calculated as
I = 32π3 ℏ−1 e2 UΦ2 ρt (EF )R2 k −4 e2kR ∑ν|Ψν (r0 )|2 δ(Eν − EF )
I ∝ U ∙ ρt (EF ) ∙ ρs (EF , r0 ) ∙ e−kd

[2.5]

Here, it is also assumed that the Fermi distribution f is a Heaviside step function, i.e. at very low
temperature, whereby the first derivative becomes the δ distribution. Equation (2.5) thus tells us
that the tunnelling current depends primarily linear on the applied voltage U and exponentially on
the distance between tip and surface at the place of the tip, albeit under the following conditions:
- the tip has a uniform density of state (Bloch function);
- the tip wave functions are approximately s-waves (R much larger than distance d);
- very low temperature (Fermi distribution as Heaviside step function);
- the applied gap voltage is very small (first derivative of Heaviside function); and
- no scattering inside the barrier (missing scattering term).
For any applied voltage U, the tunnelling junction can be analytically calculated using the WKB
approximation (almost simultaneous publications in 1926 of G. Wentzel [54], H.A. Kramers [55]
and L. Brillouin). For the tunnelling current, the following integral has to be calculated
𝑒𝑈

𝐼 ∝ ∫0 𝑑𝐸 ∙ 𝜌𝑠 (𝑟0 , 𝐸)𝜌𝑡 (𝑟0 , 𝐸 − 𝑒𝑈)𝑒𝑥𝑝 (−
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Besides the linear dependence in Eq. (2.5) at low applied voltages, the exponential dependence is
added at high applied voltages. Here, Φs,t are the work functions of the sample and the tip,
respectively. These relations are shown in Fig. 2.11.

Figure 2.11 Principle of the tunnelling junction without (b) and an additional resonant tunnelling
effect through a intervening molecule (c). In a), a simplified electrical circuit of a STM is shown
with the surface (orange), molecule (blue) and the tip (grey), where the tip and the surface are
electrically connected with an adjustable power supply. In b) (at first without molecules for a better
understanding), the dependence of the tunnelling junction and its corresponding current from the
voltage is shown,compare Eq. (2.6). c) In addition to the tunnelling junction, there is a resonant
tunnelling junction through the energy level of the molecule, which results in an increased
measuring signal where the contrast may become much more pronounced between the surface and
the molecules. However, since the set points - such as the current and the voltage - are constant,
the tunnelling distance - which corresponds with the height - is also increased, whereby one has to
recognize that the measured heights may be very different from the real heights.
However, what is still missing is the temperature and the average of the barrier. The temperature
smudges the Fermi-Dirac f(E,T) distribution around the Fermi energy, although since the
temperature equivalent energy kT is much smaller (some 10 to 100 meV) than the Fermi energy
(some eV), this effect is correspondingly low.
1

f(E, T)=

(𝐸−𝐸𝐹 )
)
𝑘𝑇

[2.7]

1+exp(

When the STM measurement is carried out on a solid-liquid interface - whereby the system
changes from vacuum with simple conditions to a medium with very complex conditions - the
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influence of the medium of the barrier to the measured current cannot be calculated analytically
any longer., e.g. due to scattering. The influence is comparable with the dynamic electrochemistry
(e.g. cyclic voltammetry), which is about the processes in current-carrying electrochemical
systems. However, every solvent and the therein dissolved molecules constitute a current-carrying
electrochemical system. In this context, the STM on a solid-liquid interface constitutes an
electrochemical cell. Electrochemical cells can be essentially sub-divided into electrolysis cells
and electrochemical elements. In galvanic elements, the electrode reactions are exergonic without
additional electricity supply (ΔG<0). In electrolytic cells, substances are decomposed
electrochemically by supplying power (ΔG>0). The central cause for the reactions is the difference
in the respective chemical potential of the electrodes and the molecules, reflecting one reason why
the electrodes - e.g. graphite, graphene or the Pl / Ir tip - have to be chemically inert. In addition,
one endeavours to choose a non-electrolytically acting solvent. However, this only succeeds
conditionally, since only in certain solvents the properties of the molecule are explicitly known
(solubility, adsorption, solvatochromism, switching capability, etc.). Even if the tunnelling
distance is smaller than 1 nm but with an applied gap voltage of 1V, there is a field strength of
about 109 V/m. Therefore, there may be voltage-dependent reactions, which may affect the STM
measurements, whereby the solution of solvent and molecules affect each other in the presence of
electrodes and the variable applied voltage [54–59].

26

3. Materials and Experimental Setup

3. Materials and Experimental Setup
3.1 Introduction
This chapter is sub-divided into two parts: first, we give an introduction to the used materials and
secondly, the experimental setup is described, i.e. the STM which is expanded via an optical
microscope and the SFM (Scanning Force Microscopy).

3.2 Materials
The used materials in this section are HOPG (Highly-Oriented Pyrolytic Graphite), single- and
multi-layer graphene and mica as substrate, elemental water (H2O) - where also the elementary
compounds OH- and H3O+ are considered - and finally the porphyrin-spiropyran dyad with its
compounds zinc-tetraphenylporphyrin (ZnTPP; 5,10,15,20-tetraphenyl-21H,23H-porphine zinc)
and nitro-spiropyran (1’,3’-dihydro-1’,3’,3’-trimethyl-6-nitrospiro[2H-1-benzopyran-2,2’-(2H)indole]).

3.2.1 HOPG and Graphene
Highly oriented pyrolytic graphite - also known as highly ordered pyrolytic graphite (HOPG) - is
a high purity and highly oriented graphite crystal produced via a pyrolysis process and growth
from a gas phase. The basic structure is determined by a hexagonal, covalent bound of carbon
atoms - also called "honeycomb" or "chicken wire" - along a basal plane (compare Fig. 3.1). The
crystal planes are oriented parallel to each other in the ideal case with a shift of a half unit cell in
a unit vector direction, which results in a ABAB or ABC structure. Precisely, the HOPG gets its
electrical and mechanical properties from the sp2 hybridisation along one basal plane (compare
Fig. 3.2) [60–63]. However, these properties differ along the perpendicular axis, where the planes
are very weakly bonded to each other via vdW interaction. Rather, the π-electron "cloud" [64],
which lies between the basal planes and where the electrons are delocalised along the planes to
constitute a collective wave function, leads to a metallic bond character.. The binding energy
between carbon atoms with covalent sp2 bondsis about 4.3eV2. By contrast, the binding energy of
the planes to each other is only about 70 meV. If compared to the thermal energy at room
temperature, kT ≈ 25 meV, the planes may be easily separated mechanically from each other in a
stochastic manner. In reality however, the ideal case of one single, infinitely extended plane does
not apply in reality. Accordingly, the epitaxially grown planes have different size, are inclined to
Please note that the basal plane effectively comprises each 1.5 double bond (~4.3eV) in temporal average and not
each double bond (C=C) with an energy of ~6.2eV (C-C single bonding energy ~3.6eV).
2
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each other, contain point, line, area and room defects (0D, 1D, 2D and 3D defects). The planes of
each domain may be also turned, i.e. misaligned to each other, i.e. they do not follow the ABAB
or ABC layering (Moiré pattern in a STM measurement [65]). The Moiré pattern of a graphene
layer on top of a HOPG provides an indication of the surface sensitivity of the STM measurements
and the underlying layers of graphene (multilayer graphene). One parameter for the classification
and evaluation is the mosaic spread angle, which is 0.4° ± 0.1° for an ZYA crystal and 0.8° ± 0.2°
in case of ZYB (Advanced Ceramics), where the individual domains of a crystal are inclined to
each other with an average angle of 0.4° and 0.8° for ZYA and ZYB, respectively. However, the
size of the domains and therefore the size of the graphene layers after have via exfoliation from a
HOPG (see chapter 4.2.1.1). An important property of HOPG is its surface lattice structure, which
makes it so useful. The surface structure is similar to a variety of organic molecules such as HBC
derivatives

(hexabenzocoronene),

dehydrobenzo

[12]

annulene

derivatives

(DBA),

porphyrinderivatives, etc. They adsorb particularly well and thus offer a wide field of manipulable
adsorption characteristics [66, 67]. This characteristic can be well observed at the system with
unsubstituted HBC (uHBC) on HOPG. Via STM, the molecule as well as the HOPG structure can
be simultaneously observed [68]. Many experiments are carried out in solution or atmosphere,
rather than in an ideal system like vacuum. The surface must not react chemically with these
surrounding materials. HOPG is a such material which is inert to the most solvents and the
constituents of air. In an obvious manner, the close relationship of graphene to HOPG - as a
monolayer - extends the experimental opportunities.
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Figure 3.1 The lattice structure of a HOPG (hcp: hexagonal close-packed), which belongs to the
D6h (dihexagonal - dipyramidal) symmetry point group. The red lines indicate the unit cell of the
ABAB package. ABAB means that the planes are shifted to each other by a half unit cell in the
same direction. The σ (violet) and π (grey) orbitals indicate the principle of the van-der-Waals
bond. The π electron orbitals - a collective effect - are freely movable along the plane axes.

Figure 3.2 Both sketches indicate different properties of HOPG between the c-axis (perpendicular)
and the pane-axes (basal).
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Figure 3.3 Phonon dispersion of HOPG (left) and (right) graphene. Experimental data are
represented by dots [70, 71].

Figure 3.4 Brillouin zones of HOPG (left) and of graphene (right).
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Graphene is practically considered as one basal plane of HOPG and is obtained by exfoliation
(mechanical cleavage). Further forms of "graphene" determined by its production methods are
epitaxial graphene (chemical vapour deposition, CVD) [72] and reduced graphene-oxide (GO, by
chemical reduction of HOPG) [73], which should be called - if any - graphene-like rather than
graphene, because the properties are only similar and not completely identical. Graphene has the
same lattice structure as the sp2 hybridisation of carbon atoms and - obviously - resembles many
properties of HOPG [74–83]. In Fig. 3.3, a theoretical and experimental comparison of the
dispersion relation between HOPG and graphene is shown. Beside the properties discussed so far,
graphene also has high flexibility and stretchability of the atomically thin monolayer [81, 82]. In
Fig. 3.4, the Brillouin zone and the band structure of HOPG and graphene are shown, respectively.
The Brillouin zone of HOPG is a hexagonal prism with some of the most important points Γ ,K ,A
and H [83]. Here, Γ is the centre of the Brillouin zone, where the wave number k = 2π / λ is zero
and thus the wavelength is infinitely extended, although this does not mean the frequency is also
zero. The point K is the centre of an edge, which connects two rectangular faces. The point A is
the centre of a hexagonal face and H is a corner. The Brillouin zone of graphene is a flat twodimensional hexagonal lattice, where - in comparison to HOPG - the points Γ and A and the points
K and H coincide, i.e. there are only the points Γ and K. Perhaps the most famous property of
graphene can be found in the K and K' symmetry points, where the electrons are massless Dirac
fermions due to the linear dispersion of cones around the K, K' points [84]. The same phenomenon
is even observable at the HOPG, not in the K but rather in the H symmetry points [85]. For better
understanding, one goes virtually from the Γ point over A to the H point and recognizes how the
wave character changes itself. The collective electron wavelength is equal to the length of the unit
vector c with the orientation along the c-axis, i.e. the amplitude has a phase shift of π (180°) from
basal plane to the respective adjacent planes. The second component of H (vector component K)
of the collective electron wave has a wave length of two times the unit vector a and is oriented
along the zigzag direction (unit vector a), i.e. perpendicular to the armchair. The phenomenon of
HOPG and the massless Dirac fermions is a collective effect of all electrons with the same energy
level with and close to the Fermi energy, extending over the entire crystal. The difference between
the K to the H point in the HOPG crystal is that the phase shift in K is zero in opposite to a phase
shift of π in the symmetry point H. Therefore, it seems that the graphene and HOPG are electrically
very sensitive to adsorbents and defects [86–91]. The mechanical load capacity of graphene is
important during SFM and STM measurements, since the mechanical tensile strength is just 1.25
 1011 Pa, albeit only in the ideal state of graphene [75]. For an assessment, one may compare the
load capacity with pressures that can occur during SFM measurements. When the forces are
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typically in the range of 1 µN to 1 nN and dependent on the contact faces of the cantilevers used,
the pressures are in the range of 1·106 Pa to 1·1012 Pa. Therefore, it is possible that the graphene
can tear during SFM and STM measurements. However, such a problem is not known for HOPG.
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3.2.2 Mica
Mica is a layer crystal and belongs to the phyllosilicates whose single layers are very weakly bound
to each other by layers of potassium counter ions [92]. In this work, muscovite mica
KAl2(Si3,Al)O10(OH)2 was used solely (Fig. 3.5). This material turned out to be a useful substrate
due to several reasons. It is birefringent and optically transparent with a common, light colouring.
Muscovite is an umbrella term: There are various species due to the differing intercalated ions
such as manganese, calcium, chrome, etc., which exhibit themselves in their bright colouring.
When the crystal is cleaved (by tweezers and razor), one can obtain a very clean and atomically
flat surface. The cleavage is mostly along the potassium ions K+, whereby it may be assumed in a
good approximation that a statistically equal number of ions should be distributed onto newly
obtained surfaces. The further chronological evolution of the ions is not entirely clear. For
example, it is known that the ions may chemically react with water in the exergonic mode. Without
the potassium ions K+ on top of the surface, the negatively charged oxygen O(δ-) constitutes the
surface, the oxygen atoms are covalently bound with Si or Al where the electron clouds are closer
to the oxygen atoms and thus a negatively charged surface is formed. Despite surface coverage,
mica has a corresponding surface charge in each case.

Figure 3.5 Mica is a layered crystal. On the left, a simplified scheme shows three planes that are
bonded through the potassium ion layers, where primarily vdW forces occur 3. The right side shows
the unit cell with its atoms/ions 4.

3
4

posted by Mark Foreman's Blog, 2012
based on Hu et al., 2003; (redesigned)

33

3. Materials and Experimental Setup
Beside the atomically flat surface, mica also has a clean surface after a fresh cleavage. These
features make mica a prototypical surface and substrate for experimental investigations of surface
and interface, such as in combination with graphene.

3.2.3 Water
Water is an omnipresent material: in all three aggregate states, water is more or less always present
with many exceptional properties [93–96]. It is almost impossible to keep the water away from
experiments or to remove it from surfaces, pores and interfaces. Water in its molecular appearance
is a sp3 hybridized molecule (symmetry point group C2ν), where the two hydrogen atoms are
covalently bound to oxygen (Fig. 3.6). The electron clouds are closer to the oxygen whereby a
negatively charged oxygen δ- and positively charged hydrogen atoms δ+ form and constitute a
strong dipole moment of about 1.85 D.

Figure 3.6 The left sketch shows the water molecule and its polar charges δ- (red) and δ+ (blue).
On the right a scheme of a conceivable water network is shown, where the hydrogen bonds (red
dots) act between the molecules. Interestingly, the average distance between the molecules is about
0.28 nm, which will be further explored in Chapter 4.2.
There is a characterisation of the adsorption property of water onto surfaces, although this concept
is not really useful since this implies a not clearly defined limiting value for distinguishing if a
surface is hydrophobic or hydrophilic. In principle, water adsorbs onto all surfaces, albeit with
more or less strong adsorption energies and forces. For example, the adsorption of water onto the
mica surface [97, 98] is stronger due to the polarised surface (dipole - dipole interaction) than onto
graphene [99] due to the delocalised π-electron surface (dipole - induced dipole interaction). The
adsorption of water onto graphene counteracts the desorption which is dependent on the thermal
energy kT and the relative humidity, which leads to a very low coverage of the graphene surface.
34

3. Materials and Experimental Setup
It is known that water forms networks where water dissociates from H2O to H3O+ and H- and back,
respectively (Grotthuss mechanism) [100–103]. Less known is the behaviour of water in a more
or less strong, electrostatic field [104–107]. The phenomenon is observable in a simple experiment
when a stream of tap water is close to an electrostatic field such as an electrically charged rod. The
dipoles of water molecules are aligned along the field, whereby an attractive force always occurs
in direction of the rod. This phenomenon is independent of the sign of the charges. At higher
electrostatic field strength above 109 Vm-1, there are further interesting phenomena dependent
upon in which state water or ice is arranged. Accordingly, the dissociation might take place, a
reorganization of the crystal structure or conversion into another phase [108]. These field strengths
are easily accessible in very small distances (109 m) m, since the revealed voltage via the surface
charges is around 1 V (i.e. 1 V / nm). As a comparison, one may consider a capacitor
E=

U
d

=

1 Q
ε0 A

⇒

Q
A

= σ = Eε0 = 8.85 ∙ 10−7

As
cm2

= 5.5 ∙ 1012

charges
cm2

[2.8]

The surface charges at those field strengths are comparable with those of mica without potassium
ions of about 2.1  1014 charges per cm² and mica with potassium of about 1.1· 1012 charges per
cm² [109–111]. Water is always present and adsorbed very well onto the polar mica, whereby
"graphene covered mica" constitutes a prototypical system where water can be intercalated via the
adjustable relative humidity [16].
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3.2.4 The Porphyrin-Spiropyran Dyad and their Components
The porphyrin-spiropyran dyad used in this work was synthesized by Chandan Maity5. The dyad
is constituted by zinc-tetraphenylporphyrin (5,10,15,20-tetraphenyl-21H,23H-porphine zinc) and
nitro-spiropyran

(1’,3’-dihydro-1’,3’,3’-trimethyl-6-nitrospiro[2H-1-benzopyran-2,2’-(2H)-

indole], which was attached via a flexible 1,2,3-triazol linker (/spacer) (fig. 3.7). The dyad was
selected with the intention to control the electrical transport through a single molecule, which
should adsorb as a monolayer onto a suitable surface such as HOPG or graphene. The most
appropriate experimental setup is based upon the STM technique that will be presented in the
following section. As mentioned above, HOPG is a very appropriate substrate for these
investigations. However, it requires appropriate requirements on the dyad. On the other hand, the
dyad should have a function whereby the electrical transport - i.e. the electrons in the tunnelling
junction - can be selectively controlled. These goals are best reached with a merger of single
molecules with the suitable functions, thus merged to a dyad. The feature of an anchor has been
accomplished by the tetraphenylporphyrin, which is from the group of heterocyclic macro cycles
and well known - with suitable substituents - to adsorb well onto HOPG [112–115]. According to
Liao and Scheiner [116], one may recognize the effect of the complex bound of the central zinc
ion to HOPG. The nitro-spiropyran takes on the role of the functionalized unit, which may change
to its isomer merocyanine via incident light with a suitable wavelength (Fig. 3.7). With respect to
its switching behaviour, the nitro-spiropyran in use is a very complex molecule [35, 117, 118].
Here, “spiropyran” refers to the closed form, where the C-O bond still exists. As soon as this bond
is detached, the open form is called “merocyanine”. There are many different conformations that
differ through the line along central five carbon atom bonds from nitrogen to oxygen. Both trans
(T) and cis (C) exist for the planar conformations and TS# (# numbers) for the turned ones. The
energy differences between the individual conformations are thoroughly in the eV range. A
peculiarity of the spiropyran turn to merocyanine is the change of the strong dipole moment of
about 10 to 15 Debye [119]. Based upon this switching behaviour and its equilibrium states, the
solvatochromism has a strong effect via the variation of polarity of solvents, which may be
explained essentially by two different mechanisms. The first one is the change of the equilibrium
states of isomers through the shift of their energy levels relative to each other, because the effects
of the solvent to each isomer are different. The second mechanism is a general phenomenon of the
solvatochromism based upon the solute-solvent interaction, determined through the interaction of

5

AG Prof. Hecht, Department of Chemistry, Brook-Taylor-Str. 2, Humboldt-Univerität zu Berlin, 12489 Berlin
Germany
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respective dipoles and their screening effect. The isomers feature a more or less strong, different
dipole moment to each other, whereby the respective effect is also different. Based upon the strong
dipole moment, the isomers also have an effect on each other, manifest through the J-aggregation
and the H-aggregation [35, 120–124]. This phenomenon is especially observable at the planar
merocyanine. J-aggregation describes a stacking that is determined through the parallel alignment
of the dipoles, while H-aggregation means that the dipoles are aligned anti-parallel to each other.
These phenomena could become interesting when the dyads are adsorbed onto HOPG or graphene,
interact with the dissolved dyads and attend through a solvent with its affects.

Figure 3.7 The porphyrin-spiropyran dyad and its isomerisation to the merocyanin dyad by means
of irradiation with a suitable wavelength. The merocyanine (right) has a TTC form and is one of
several metastable conformations of the open isomers.
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Figure 3.8 The energy schemes of some metal porphyrin derivates (MTTP). The green line
indicates the Fermi energy of graphene (for HOPG, the Fermi energy changes to about 4.6 eV).

38

3. Materials and Experimental Setup
The UV / VIS investigation of the porphyrin-spiropyran dyad in use and its corresponding nitrospiropyran derivative are shown in Figs. 3.9 and 3.10, respectively. The spectra in (a) show the
spiropyran → merocyanine isomerisation via the irradiation at 357 nm. The start spectrum (black)
has maxima in the UV region, while no intensity is observed at wavelengths above of 420 nm.
During the irradiation, the intensities are increased between (360 - 460) nm and (460 - 650)nm, as
indicated by the black arrows. The thermal back reaction at 10°C is shown in (b) and leads back
again to the start line. This switch behaviour is reversible. The results are typical for the spiropyran
merocyanine isomerisation, when one considers the solvatochromism through the solvent 1octanol [128–132]. The spectroscopic results of dyad in the UV / VIS are shown in Fig. 3.10. Now,
the start spectrum of the dyad is that of the ZnTPP. The band at 427 nm is caused by the two Soret
and B bands, whereas the peaks in the region from about 500 nm to 650 nm are those of four
possible Q bands. The latter could be understood as a transition between the a1u, a2u and the two eg
states (compare Fig. 3.8). There are simultaneously two B bands - which constitute the transition
between ground state and the second excited state, and the four Q bands. Therefore, the states a1u
and a2u are presented separately, i.e. both have different energies and the two eg states are doubly
degenerated. Based upon the equivalent absorption spectra of the dyad and its single components,
one may assume that the components connected to the dyad do not affect each another. The thermal
back reaction of the dyad has a time constant τ = (35,7 ± 1,8) min and is calculated by
t

y(t) = y0 ∙ exp (− τ).

[4.11]

Here, y(t) are the time-resolved intensities at 561 nm, y0 is the start intensity, t the time and τ the
time constant at which the intensity is dropped to e-1 times of y0. This time constant is taken as a
the reference for the comparability with the switch experiments on the surface. Since the setup,
the irradiation geometry and thus the intensities are different from the solute-solution system and
the surface adsorbed dyad, the "switch on" time constant τon is not suitable as a comparative
parameter.
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Figure 3.9 The UV / VIS spectrum of the separate spiropyran derivate used in the dyad. The left
image shows the isomerisation to the open form, dissolved in 1-octanol and irradiated at 356 nm.

Figure 3.10 Absorption spectrum of porphyrin-spiropyran dyad (c = 1  10-5 M) in 1-octanol.
Left: spectra recorded at varying intervals during irradiation with light of 357 nm wavelength;
right: spectra recorded at varying time intervals after irradiation at 357 nm for 15 sec (thermal back
reaction at 10 °C).
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3.3 Experimental Setup
The experiential setup, which is essentially used for the surface as well as interface investigations,
is a combination of our self-made STM with a commercial reflected light microscope (AXIO
Observer A1m, Zeiss). The schematic layout of the setup is shown in Fig. 3.11 and the
corresponding, labelled images are shown in Fig. 3.12. The STM comprises the STM head,
controller (Omicron) and a commercial PC with the software Scala Pro. The self-made STM head
comprises three identical drooping piezos, which are attached to the basic frame via a circular
aluminum plate and three springs. The basic frame stands firmly on the reflective microscope.
Through the drooping piezos, the sample holder can be mounted magnetically on the bottom side,
whereby the sample is accessible for the microscope. Via the three springs, both plates are held
together with flexibility, quasi free-floating. In the centre of the top plate, the tip holder - which
comprises an identical piezo as the other ones - is firmly attached and penetrates through a hole in
the centre of the bottom plate. The relative position can be set via three finely thread screws. These
penetrate through the top plate with the corresponding inner thread and thus keep a distance from
the bottom plate. Therefore, the bottom plate with the piezos and thus the sample is freely swivelmounted around the tip in all three directions (x,y- plane and in z-direction, the distance between
tip and sample). The threads have a pitch of 500 µm per full turn, i.e. a rotation of 1° has as a zshift of about 1.4 µm and thus approximately the same shift in the other directions. Since the
graphene pieces are typically smaller than 10 µm  10 µm, the pitch is relatively large to adjust
the tip onto the graphene. The tunnelling currents are amplified and converted in a voltage by a
preamplifier. These signals are used by the controller unit for their visualization, as well as
controlling the piezos via adjustment with the set points given by the user (compare PID
controller). The optical reflective microscope is a commercial device from Zeiss company, the
AXIO Observer A1m. The essential constituents are the light source, an input-side transmission
filter, an objective revolver, two polarisers crossed by 90°, camera output, an eyepiece and various
slides for changing optical paths.
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Figure 3.11 The experimental setup of the used STM, which was extended by a reflected light
microscope.

Figure 3.12 The images show the STM setup.
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4. Results and Discussion
The experimental investigation of functionalized surfaces begins with the choice of the
suitable substrates and investigation methods. In the ideal case, the substrate has a well-defined
and prototypical character with well-known and accessible properties. The combination of optical
microscopy with scanning probe microscopy (SPM) - especially the STM – provides a promising
possibility for time-resolved, high spatial resolution measurements. However, this means that the
substrate is also optically transparent and electrically conductive. Therefore, this chapter deals
with the characterisation of the sample. Besides, the investigation of interfaces with high, i.e.
atomic resolution and surface phenomena based upon mono- and multi-layer graphene samples is
considered and potential mechanisms are discussed at the end.

4.1 The Optical Properties of the GMQ Sample and the Behaviour of Solvent
1-Octanol
4.1.1 Introduction
As already introduced in detail in chapter 3.2.1, graphene is a hexagonal lattice of carbon
atoms that are covalently bonded via sp² hybridisation. Graphene is similar in the surface structure
and the electronic properties to HOPG and thus has wide usage as a substrate in science [74]. The
spatial structure results in remarkable mechanical properties, especially a large Young's modulus
(E = 1.0 TPa) and a high stiffness (D = 2TPa) [75]. The unique electronic band structure (linear
dispersion relation in the k, k' points [76, 77]) manifests itself, for example, in a carrier density (ne
= 5·109 cm-2), carrier mobility (2·105 cm²/Vs) [78] and a visual transparency of about 98% [79].
Due to these properties, graphene is an ideal material for well-defined prototypical substrates as
well as samples itself (see chapter 4.2). However, the first big challenge was the preparation of
clean and graphene, as large as possible, onto freshly cleaved mica. In the following, the sample
was characterised especially by STM.
Despite these mechanical properties, graphene has to be mechanically supported by mica
and quartz glass to be used in STM measurements. This combination of graphene onto mica and
onto quartz glass is called “GMQ sample”. Here, mica plays the role of an atomically flat and
visually transparent substrate for graphene. Nevertheless, the system “graphene on mica” is still
too susceptible for acoustical influence in conditions of the natural environment, whereby
graphene onto mica has to be additionally supported via a quartz glass holder. The graphene flakes
had a typical area less than 100 µm². As mentioned in the previous chapter, the adjustment of the
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STM tip on top of the graphene was in the same range. Therefore, the approaching had to be
supported by the optical microscope (compare Fig. 4.4). Because the optical path was through the
GMQ sample, it had to be ensured that there is distortion-free optical imaging and a sufficiently
high intensity over a wide wavelength range. Furthermore, the dyad absorbed onto graphene was
switched with light with a wavelength of 365 nm. Therefore, it had to be ascertained whether the
sample was suitable for this way of experiments for a functionalized surface.
The experiments began under conditions of natural environment (room temperature,
humidity) and were continued on a solid-liquid interface with the solvents 1-phenyloctane and 1octanol. The latter was used for the switching experiments on the STM. 1-phenyloctane is a wellknown solvent in terms of usage on a STM without significant influence on the measurements,
and was used for the characterisation of the sample as the first choice. In contrast, the 1-octanol
was previously unknown but indispensable for the investigation of switching behaviours of the
dyad. Therefore, in the following sections we consider the characterisation of the GMQ sample
and its optical properties as well as the effect of the solvent 1-octanol on the STM measurements.

4.1.2 GMQ Sample: Optical Properties
The quartz glass holder was cleaned up sequentially by dish soap, acetone and ethanol in
an ultra-sonic bath, before being purged with distilled water and then dried in air. The used mica
was from Ratan Mica Exports (V1 - optical quality). For the characterisation of the optical
properties, mainly at the 365 nm line, optical transmission measurements were carried out at
different thickness of mica. Mica has to be always cleaved for a clean surface where the graphene
can be set on top. After one-time cleaving – now called “thick” - mica had one clean surface, while
the non-cleaved opposite side was still contaminated. After mica was cleaved a second time, one
obtained a piece - termed as “medium” - where both sides were clean. The thinnest mica piece that
could be cleaved in a meaningful manner was referred to as “thin”; it was expected to have the
best optical properties. The main disadvantage, however, was the mechanical instability. The
transmission measurements were performed at natural ambient conditions. Each one of the
samples described above, quartz glass and mica pieces, were measured separately. A holder at the
instrument ensured an almost perpendicular incidence of the light onto the samples. The reference
signal of the optical sample path was obtained through air.
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Figure 4.1 Spectroscopic transmission measurements of the four samples: quartz glass (black),
thick mica (one times cleaved), medium mica (both sides one time cleaved) and thin mica
(thinnest). The red line indicates the 365 nm wavelength, which was used during the switch
experiments. The mica pieces used for the switch experiments had a transmission from 50 % to
65 % at 365 nm.
The results of the transmission measurements are shown in Fig. 4.1. The first curve (black)
shows the transmission spectrum of quartz glass. The region of the spectrum is relatively flat and
features a transmission of more than 90 % for wavelengths longer than 350 nm. For wavelengths
below 350 nm, the curve had a very steep decrease (cut at 305 nm; slope of 10 %). The spectra of
thick mica (violet) show a slight decrease, but the steepest of all shown, with a transmission from
85 % to 65 % in the wavelength range from 900 nm until about 450 nm, respectively, followed by
a steep decrease at wavelengths of below 450 nm (from 65 % to about 0 %). The medium mica
(blue) shows a slighter decrease of the transmission from 85 % to 75 % than the thick mica in the
same wavelength range. The slope is a little steeper and thus the curve always has a higher
transmission than thick mica. The spectra of the thin mica (turquoise) shows a fluctuation of the
transmission for wavelengths below 900 nm, which becomes smaller with a shorter wavelength.
The reason for this is the interference of reflected and transmitted light on both surfaces of mica
(note the short coherence length and divergence of light source and beam path of an UV / VIS
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spectrometer). The red line indicates the light with a wavelength of 365 nm, i.e. the wavelength
for a conformation change of the dyad. The intersections of the red 365 nm line with corresponding
transmission spectra indicates the weakening of the intensity at 365 nm when passing through the
sample. In summary, the transmission is 90 % for glass, 65 % for the thin, 50 % for the medium
and 30 % for the thick mica. The optical microscope generated a measured radiation power density
of Pobj = 685 mW / cm² at the 365 nm wavelength behind the objective and at the relative position
of the GMQ sample (cf. the setup, as described in chapter 3.2).
The radiation power density of 685 mW / cm² was primarily the result of the light source
(Hg lamp) and the objective "EC Plan-Neofluar 40 / 0,75 M27". The low-pressure Hg lamp has
a powerful 365 nm line and the objective increased the power density of the incident light through
the 40  magnification as well as the numerical aperture (NA) of 0.75 despite the transmission of
the objective of 60 % at 365 nm. The light had to penetrate the GMQ sample to illuminate the
dyads adsorbed on graphene. Thus, one obtains the resulting radiation power density for the
illumination of the dyads by the following Eq. [4.1].
PSTM = Pobj ∙ (Tglass ∙ Tmica ∙ Tgr )

[4.1]

Here, PSTM is the expected power density for the adsorbed dyads, Pobj is the incident power density
onto the sample and T is the transmission of each corresponding component (glass, mica pieces
and graphene). Equation 4.1 exposed, together with the transmission spectra, the strong influence
of the transmission of each component at a wavelength of 365 nm. The contribution of mica pieces
is much larger than of quartz glass (about 90%) and graphene (98%). The mica pieces had a
transmission that was very dependent on their thickness, from 30 % for thick mica to 65 % for thin
mica. Accordingly, for the cleaved mica with the thickness in use, the transmission Tmica was in
the range of 50 % - 65 %. The power density was
PSTM (λ = 365 nm)6 ∈ [ 302 , 393 ] mW / cm²
It still needs to be clarified whether the illumination power density is sufficient. We
estimate the rate how many photons encounter a adsorbed dyad. The dyad has a object field of
about Adyad = 7.85 1017 cm² and the energy of the photon with the wavelength at 365 nm is Eph
(365nm) = 5.45 1019 J = 3.4 eV. Thus, the rate is calculated by the following equation

This means that, due to the uncontrollable thickness preparation of mica pieces for switch experiments (see section
4.3), an irradiation power density from 302 mW / cm² to 393 mW / cm² was available.
6
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Γ=

PSTM Adyad
Eph

.

[4.2]

The explicit unit of Γ is photons per second and dyad (s-1). Thus, the rate is in the range of Γ ∈ [45
, 57] s-1 , i.e. one dyad may be hit by 45 to 57 photons per second. However, this does not mean
the photons interact with the dyad. The absorption cross-section - which induces a switch event is approximately in the magnitude of about σswitch ∈ (10-18 , 10-21)cm². Therefore, one may assume
that the adsorbed dyads will have a switch event within some minutes, approximately one hour.
Finally, one may assume that the irradiation power density at a wavelength of 365 nm should be
sufficient for the switch experiment with the STM because both time scales, the line wise scan of
STM and the switching events that are determined by the incident number of photons, are of the
same magnitude.
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4.1.3 The Solvent 1-Octanol: Properties and Implications for the Experiments
The used solvent 1-octanol was manufactured by Sigma Aldrich. For the measurement of
the ionic character of the solvent, a small quartz glass slide was used, a non-insulated Pt / Ir wire
(diameter 250 µm, 80 % Pt and 20 % Ir) for oneelectrode (probe), HOPG which is freshly cleaved
on both sides (ZYG, Advanced Ceramics) for the other electrode and a current-voltage measuring
device (Keithley Digital). The glass slide was cleaned up via glass slide soap in a ultra-sonic bath,
before being purged successively with distilled water, ethanol and 1-octanol and finally dried in
air. With object holders, the HOPG was attached as well as the wire in the glass slide filled with
1-octanol. The contact area of the HOPG was almost as large as the full crystal - i.e. without the
metal discs - whereby only the HOPG was in contact with the solvent. The contact area of the wire
probe was about Aprobe = 4 mm². The current-voltage measurement was carried out by pre-setting
the applied constant voltage and the subsequent measurement of the current after a suitable delay
time (in this case some ten seconds). The delay time became necessary because the 1-octanol
exhibited a polarity effect, whereby after the change of voltage the current exponentially changed.

Figure 4.2 Current I [nA] of 1-octanol in dependence of voltage U [V]. Solid rectangles are the
measured values, the red line is the linear regression of the measurements I (U) = I0 + R-1 • U with
I0 =  (0.1 ± 0.1) nA and R = (51 ± 6) MΩ. The inset shows the residuum of the regression. A
probe area of about Aprobe = 2 mm² results in a specific resistance of about ρ = 102 Ω m2.
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Figure 4.2 shows the result of the current-voltage measurement. The solid rectangles are
the measured values and the red line is the regression calculated by the following equation
U

I(U) = I0 + R .

[4.2]

Here, I0 =  (0.14 ± 0.11) nA is the current at U = 0V, U is the applied constant voltage in a region
of [0.1, 1.0] V , R = (51 ± 6) MΩ is the ohmic resistance. I0 should be close to the coordinate origin
(zero) due to the ohmic character of the measurement. In this way, I0 indicates the correctness of
the measurements being carried out, which is the case here. For the estimation of the additional
current at the STM by the 1-octanol, the specific resistance ρ [Ωm²] and resultant current have to
be calculated under the estimation that the contact area of the STM tip with the solvent is ASTM =
400 µm².
[4.3a]

ρ = R ∙ Aprobe
𝐼𝑖𝑜𝑛 = 𝑈𝑔𝑎𝑝

𝐴𝑡𝑖𝑝

[4.3b]

𝜌

The specific resistance of 1-octanol was calculated to about ρ = 102 Ω m² with a contact area of
the probe of Aprobe = 2 mm². With the estimation that the applied gap voltage of the STM was
typically in the range of U ∈ [0.3 , 1.3] V, an additional current range could be estimated to Iion ∈
[1.2 , 5.0] pA, which depends on the voltage. For comparison, the applied current was typically in
the range of Igap ∈ [ 10 , 60 ] pA at the STM in the imaging mode and independent of the voltage.
It turned out that the used solvents 1-phenyloctane and 1,2,4- trichlorobenzene (1,2,4-TCB)
- which could have been used at the STM - were unsuitable for the switch experiment, because the
switch spiropyran as well as the dyad did not exhibit an indication for a reversible isomerisation:
more precisely, the dyad and the spiropyran showed indications that the molecules were destroyed.
However, the dissolved dyads in 1-octanol revealed a stable reversible isomerisation. This solvent
had a voltage-dependent ohmic current Iion, which was about one-tenth of the applied gap current
Igap. The reason of the ionic current is that the 1-octanol may be a Lewis base as well as an acid in
combination with the applied gap voltage of the STM. Thus, the quality of the STM measurements
significantly deteriorated. The reason for this phenomenon can be found in the exponential
distance dependence of the tunnelling current and the superposed linear distance dependence of
the ohmic current. In other words, the tunnelling current depends exponentially on the distance
and forms a small tunnelling current tube between the tip and the conductive surface, thus ensuring
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atomic resolution. The ionic current depends linearly on the distance according to the ohmic law,
thus ensuring a superposition of the ionic current of a large area around the tunnelling current tube
and resulting in a significant deterioration of the resolution. At low voltage, the tunnelling current
dominates (< 0.6 V) and at higher voltages (> 0.7 V), the ionic current until the measured current
will be too strong and the tip is retracted. In the present case of the dyad, the detection limit is
approximately at values of > 0.5 V. Furthermore, fluctuations in the ion current also cause
disturbances. These are so strong that the scanning tunnelling spectroscopy (STS) could not be
performed: The noise of the ionic current was stronger than the true measurement signal. The STS
measurements would have been useful to obtain the HOMO and LUMO level(s) of the molecules.
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4.2 STM Investigations of a Graphene-Based Interface and Surface
4.2.0 Introduction
i) Graphene onto mica constitutes an interface and thus forms a slit pore in which the intercalated
water always exists at ambient conditions with relative humidity (below 4 % to over 60 %). The
interaction between graphene and mica affects the manifestation of enclosed water [16]. In this
process, mica and graphene together play an important role due to the surface properties of mica
and the electrical properties of graphene during the draining (dewetting) and filling (rewetting) of
the slit pore with water at the corresponding relative humidity. This behaviour has been
investigated well by SFM, Raman and Kelvin Probe Force Microscopy (KPFM, resp. Surface
Potential Microscopy SPoM ), but is not fully understood [15–19].
An additional investigation method is STM, which contains topological as well as electrical
investigations, as presented in the first part of this section.
ii) Functionalized surfaces constitute a special subarea of the surface and induce interface
phenomena. In particular, the intended interaction of the surface with its surroundings can be
manipulated by different external influencing factors [5–12]. The functional module spiropyranporphyrin dyad adsorbed self-assembled onto HOPG or graphene and thus constitutes a
functionalized surface, which can be switched by light with a suitable wavelength of 365 nm. This
switch mechanism may be affected by the intermolecular interaction with neighbouring molecules
and the interaction with the conductive surface, e.g. steric hindrance or quenching [26–34].
In the second part of the following section, the the switch behaviour of the adsorbed
spiropyran-porphyrin dyad onto HOPG is investigated, as well as on single- and multi-layer
graphene at the solid-liquid interface and at room temperature.
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4.2.1 STM Investigations of a Graphene-Based Interface at Different Relative
Humidities
4.2.1.1 Graphene on Mica: Roughness and Flatness
The quartz glass holder was cut via a glass cutter from a purchased ordinary quartz glass slide to
an equilateral triangle with an edge length of about (3 – 3.5) cm. The glass was cleaned up with
ethanol and three small metal plates were attached via superglue at each one of the three corners.
Thereafter, the triangular quartz glass holder with the three small metal disks at the corners was
cleaned up again via dish soap in an ultra-sonic bath and subsequently purged with distilled water
and ethanol and finally dried in air. The first mica piece was cut out from a bulk, purchased mica
piece (Ratan mica Exports, V1 (optical quality)) via scissors (no razor, due to - among other things
- the very high number of few broken, nm-sized mica pieces). In this process, the mica piece was
cracked sideways caused by the cutting motion of the scissors. This piece had to be sufficiently
large to maintain an adequately large, available area which exhibited no cracks for the subsequent
exfoliation of graphene. This mica piece was cleaved at least twice by a razor blade to obtain a
clean piece on both sides. During this procedure, the mica pieces were held with purified tweezers
and the hands did not touch the sample at any time. HOPG (ZYB, Advanced Ceramics) was used
to obtain graphene via exfoliation. The HOPG was cleaved via adhesive tape to obtain a clean
surface. HOPG may be considered as multi-layered graphene. In some cases, one end of a multilayer graphene flake was detached from the HOPG and could be handled with tweezers to obtain
a small mono- and multi-layer graphene piece. The results of graphene production are random to
a large extent: the graphite flake adheres onto the mica surface and the graphene flakes are weakly
bonded to each other with the same force. The direction of the tear off is oriented along a random
graphite (graphene) plane, with statistical fluctuations. This flake was placed onto the prepared
mica surface and gently pressed via the tweezers. For an increased chance of receiving more
graphene, the mica was covered entirely with more flakes of graphene, aside from the cracked
edges. Subsequently, the multi-layer graphene flakes were stripped onto mica with tweezers.
Nonetheless, the yield of sufficiently large graphene (several nm in size) was very low.

53

4. Results and Discussion

Figure 4.3 Typical SFM height image of a mono- and multi-layer graphene on mica at natural
ambient conditions.
After evaluating the graphene (compare Fig. 4.3) through SFM (JPK AG, NanoWizard®
III), mica layers oppositely to the graphene were removed until the remaining graphene-mica
compound

was sufficiently thin (c.f. Sect. 4.1.2; transmission at wavelength of 365 nm).

Subsequently, the thin graphene-mica sample was cut to the side of the quartz glass holder via
scissors. Now, there were also no cracks at the edges due to the cuts, because the mica piece was
too thin. The graphene-mica sample was placed onto the quartz glass holder. Through the twocomponent silver conductive glue, the metal plates were connected with the multi-layer graphene
of which the monolayer graphene was a part. Additionally, the mica was also fixed on the glass
holder with the glue. Thereby, a GMQ sample was obtained for the STM investigations, which
were carried out by the self-built STM with an Omicron controller (Omicron NanoTechnology
GmbH) with Scala Pro V5.0 software (c.f. chapter 3.3). The cap of the STM and the table of the
optical microscope constitute a closed chamber, in which nitrogen could be purged for an
adjustable relative humidity. The humidified nitrogen was prepared using a bottle purged with
nitrogen (water bubbler), which was filled with distilled water. The relative humidity could be
regulated with the flow rate.
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Figure 4.4 The image shows the GMQ sample, viewed in the direction as seen in the sketch. The
bright spot is the reflection of the STM tip, which is seen in further detail in the upper right inset.
The tip is approached on top of the graphene layer, i.e. in the tunnelling distance of less than 1 nm.
During the approach, the spot changes its brightness mutually between dark and bright, owing to
interference of the incident light between tip and graphene.
The first step was to evaluate the sample flatness and roughness by the STM, carried out at
the solid-liquid interface (1-phenyloctane) for a higher resolution. The approach of the tip onto the
graphene was carried out in dry condition at the beginning, because the visual supervision via the
optical microscope only works without liquid film on the surface. A liquid thin film caused among other effects - interference and distortions to the image of the reflective STM tip , as long
it is still far above the sample. In detail, closer to the surface but still far away from the tunnelling
distance, a meniscus would be formed out from the surface up to the tip and distorts the image of
the tip. Therefore, the approach of the tip onto the surface becomes impossible in wet conditions.
Accordingly, following the approach of the tip onto the graphene in dryness (in tunnelling
distance), the solvent 1-phenyloctan was added via a syringe7, whereby the solvent enclosed the
The used syringes were examined in advance and did not show any emission in the compound of 1-phenyloctan
and 1-octanol, which might have otherwise affected the measurements and investigations.
7
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tip as well as the surface. The scan area was from (150  150) nm² to (4.5  4.5) µm². In this range,
it had been measured with the intention to obtain the flatness and roughness of the monolayer
graphene on an atomically flat mica surface. The STM has a scale limit of about (6.5  6.5) µm²
(

1

√2

6.5 µm = 4.6 µm at 45° turning of the scan area).
In Fig. 4.5, two representative STM height images of monolayer graphene on atomically

flat mica are shown. The used parameters for the left image were Ugap = 0.14 V (gap voltage), Iset
= 59.5 pA (feedback set), LG = 39.6 % (loop gain) and v = 17438.6 nm / s (scan speed). For the
right image, the parameters were Ugap = 0.91 V, Iset = 43.0 pA, LG = 89.3 % and v = 2929.69 nm
/ s . The left image in Fig. 4.4.1 shows a scan area of 2 µm  2 µm, while the right image 4.4.2
displays a scan area of 150 nm  150 nm; both had the same resolution of (1024  1024) pixel.
The images are not drift-corrected. The right image also contains a cross-section (white horizontal
line, fast scan direction), which is shown in the inset. Both images are line-wise corrected for
flatness (SPIP; LMS fit degree 1, i.e. linear).

Figure 4.5

STM height images of graphene with a size of 2 µm  2 µm (left, Ugap = 0.14 V,

Iset = 59.5 pA) and 150 nm  150 nm (right, Ugap = 0.91 V, Iset = 43.0 pA). Both images have a
pixel resolution of 1024  1024. The two dots on the right side are particles on top of the graphene.
In the left image 4.4.1, one can see a more or less homogeneous distribution of very small
irregularities on the surface, which seems very flat otherwise. In the right image 4.4.2, about 13
times magnified, one can distinctly see two large (white) irregularities surrounded by other smaller
irregularities. The height of the irregularities was smaller than about 1 nm (compare Tab. 4.2), as
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one can see in the cross-section (0.6 nm in the cross-section). The roughness of the graphene on
the atomically flat mica surface was quantified via the root-mean-square Sq (rms; Eq. (4.4a)) and
via the ten-point height Sz (equation 4.4b), which were calculated by SPIP (ISO 4287/1).
1

n−1
2
Sq = √mn ∑m−1
k=0 ∑l=0 (z(xk , yl ))

[4.4a]

Here, it can be noted that the mean value is not subtracted from the individual values (z  z̅;
difference of one measured value z and the mean value z̅), because the mean value is subtracted
via the line-wise or plane correction at zero degrees and higher. Without these corrections, an
incorrect value is obtained.
1

Sz = 5 (∑5i=0|zpi | + ∑5i=0|zvi |)

[4.4b]

Here, zpi and zvi are the heights of the five highest local maximums and the five lowest local
minimums, respectively. However, only at a previous plane or for line-wise correction a correct
and useful value is received for Sz. Thereby, the values were calculated for the image 4.3.1 to Sq
= (42 ± 2) pm, Sz = (0.8 ± 0.1) nm and for the image 4.3.2 to Sq = (76 ± 4) pm, Sz = (1.1 ± 0.1)
nm. For a better overview, the values are shown again in the following tables.
Table 4.1 Parameters of the STM height images in Fig. 4.5
image

gap voltage

current set

loop gain

image speed

object cut-out

grid numbers

Ugap = [V]

Iset = [pA]

LG = [%]

v = [nm/s]

C = [µm]

g = [pixel]

4.4.1

0.14

59.5

39.6

17438.6

2.0  2.0

1024 x 1024

4.4.2

0.91

43.0

89.3

2929.69

0.15  0.15

1024 x 1024

Table 4.2 Roughness values (SPIP, ISO 4287/1) of the STM height images in Fig. 4.5 and the data
for its validation.
image

rms
Sqa = [pm]

ten-point
height Sza =
[nm]

grid resolution

scan resolution

relation

Rgb = [nm/pixel]

Rsb = [nm]

Rs / Rg = [pixel]

4.4.1

42 ± 2

0.8 ± 0.1

1.95

5.87

3.01

4.4.2

76 ± 4

1.1 ± 0.1

0.146

0.43

2.99

a : the values Sq and Sz have been calculated by Eq.s. (4.4a) and (4.4b), respectively.
b : the values Rg and Rs have been calculated by Eqs. (4.5a) and (4.5b), respectively.
𝐶

[4.5a]

Rg = 𝑔
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v

R s = LG ∙ f

0

[4.5b]

In Tab. 4.2, three further values Rg , Rs and their relation - with the threshold (cut-off) frequency
f0 = 7.5 kHz - are shown. This frequency is given by the hardware of the STM (primarily the
preamplifier). The values Rg, Rs determine the maximum response time of the STM. The STM
can respond to changes in the measured parameters, which also determines its resolution
capability. Therefore, these three values are used to evaluate the characteristic parameters rootmean-square (rms) and ten-point height of the measured STM height images. The time constant τ
= (LG·f0)1 approximately represents the response time of the controller on an input signal that is
similar to a Heaviside step function (1τ ≡ 63%; 3τ ≡ 95%). This time constant is converted to the
length scale via the scan speed v. Hence, the scan resolution Rs, can be derived, which
approximately defines the minimum object size that the controller device can resolve. However,
the object is scanned on a grid, i.e. the scan is discrete, whereby data of the object may be lost
(Nyquist's sampling theorem). Consequently, the grid resolution Rg should be finer than the scan
resolution Rs. This fact is implied in the relation Rs / Rg. For both images, the value was about Rs
/ Rg = 3, i.e. in the fast scan direction the minimum object size of Rs = 5.87 nm and Rs = 0.43 nm,
respectively, were sampled with three pixels (this corresponds to 3τ). The roughness parameters
Sq and Sz imply that all objects larger than 5.87 nm and 0.43 nm, respectively, have been
considered and all smaller objects have not. The electronic noise of the STM - which was measured
with the retracted tip - was Sq = (4.5 ± 0.1) pm, being one magnitude smaller than the roughness.
The electronic noise should be therefore not responsible for these values.
In both cases, the roughness of the graphene on mica surface - expressed by root-meansquare values - in relationship to the line-wise correction via SPIP implies an atomically flat
surface. Additional, the ten-point height values of about 1 nm imply that the irregularities that one
may identify as small dust particles mostly lie on top of graphene and not below, if one assumes
that all the particles that were higher than 1 nm are wiped by the STM tip.
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4.2.1.2 Graphene on Mica: Lattice Structure
The results of the investigation of the lattice structure of the GMQ sample at a solid-liquid interface
via the STM measurements (1-phenyloctan) are now presented and discussed below. The
preparation is the same as described in 4.2.2.1. After approaching the tip onto the graphene, it was
necessary to wait until the STM signal had achieved a marginal constant noise and drift (in the
lateral and z-direction) to enclose finally the tip and the surface by the solvent 1-phenyloctane.
Two types of measurements were carried out: the current images, where the height was kept
constant; and the height images, where the current was kept constant. These were implemented via
the variation of the scan speed v and loop gain LG, whereby the gap voltage Ugap and the current
set Iset were kept constant. The results of the height and current imaging of the graphene lattice
structure are representatively shown in Figs. 4.6 a) and b) as well as c) and d), respectively. The
corresponding parameters are listed in Tab. 4.3.
Table 4.3. Measurement parameters of the images in Fig. 4.6 and the corresponding calculated
resolution capabilities.
image

gap voltage

current set

loop gain

image speed

grid res.

scan res.

Ugap = [mV]

Iset = [pA]

LG = [%]

v = [nm/s]

Rg=[pm/pixel]

Rs = [pm]

a) & b)

104

641

14.03

162.760

4.88a

154.7b

c) & d)

104

641

0.370

244.141

4.88a

8799

a): Object cut-out 5 nm  5 nm and grid size 1024 pixel  1024 pixel;
b: C-C bond length of graphene is 142 pm and the length of each unit cell vector 246 pm.
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Figure 4.6 The images show four STM measurements of a monolayer graphene on mica at solidliquid interface; each two current images (a & c) with their corresponding height images (b & d).
The sign-corrected current images are shown in the respective upper right corners, whereby the
typical honeycomb structure appears. The images a) and c) show the constant height mode and the
images b) and d) show the constant current mode. The honeycomb structure is homogenously flat.
The parameters are shown in Tab. 4.3.
Table 4.3 is organized in a part concerning the measurement parameters (gap voltage Ugap, current
set Iset, loop gain LG, image speed v) and a part concerning the evaluation parameters (grid
resolution Rg and scan resolution Rs). For the respective images, height and current, the gap voltage
and current have been kept constant. Therefore, the tunnelling distance has also been kept constant.
However, what has changed is the scan resolution Rs (not to be confused with grid resolution Rg)
via the scan speed and the loop gain, i.e. the sensitivity: With high sensitivity, one scans more
height and less current, while with low sensitivity, one scans more current and less height. The
scan resolution of image 4.4.1 of about Rs = 155 pm was in the order of the magnitude of a C-C
bond length of 142 pm and the unit cell vector length of 246 pm. For better understanding, a brief
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explanation of the evaluation of the STM measurement data via the program SPIP (Image
Metrology) follows. The STM saves the current with its correct sign, corresponding to the applied
voltage which is set by the gap voltage Ugap. A negative applied voltage results from a negative
current and vice versa. Due to the feedback loop, the tip is retracted via the applied piezo voltage
by the controller, when the level of the current is too high. Via this voltage, one obtains the height
image, whereby the value of the current corresponds to the height. SPIP shows the data with the
correct sign. However, this also means that the highest negative values of current are also
represented by darkest colors (deepest). Thus, one obtains a current image suggesting that the
bright dots are associated with the highest values of current. For the correct representation, one
has to take the amount of the values of current. In the following figure, the histogram of image 4.4
c) with the corresponding response of the system (STM controller) is shown.

Figure 4.7 The histogram of the measured current-signal (one data file). Weaker current values
are displayed as higher points by SPIP than the stronger current data, which leads to a wrong
representation of data (compare with Fig. 4.4).
The histogram shows the low current values on the left side (corresponding to the bright dots in
the image) and the highest current values on the right side (darker regions). The amount values of
the current are shown in the right upper corner of the corresponding image. In these images, one
may see a honeycomb lattice, whereby the carbon atoms and the bonds have the highest current
values and thus the highest local density of states (LDOS) of the graphene. In Fig. 4.6, the
honeycomb structure - i.e. the density of states and not the carbon atoms themselves - is shown.
However, at a relative humidity below 4 %, fractals were revealed where graphene no
longer lies on the monolayer water but rather on the pure mica surface, following the currently
favoured opinion [15–17, 19, 130]. Now, one can measure graphene on different surfaces and thus
investigate the relative interaction of the surface with the graphene via the change of the LDOS of
the graphene. This will be described and discussed accordingly in the following section.
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4.2.1.3 Graphene-Mica Interface at Different Relative Humidities
In this section, the previously described GMQ sample was used at different relative humidities.
Graphene on mica constitutes an interface where the density of states is affected by the interaction
of the surface charges of mica. However, this method provides an ideal possibility for the
atomically resolved investigation of the LDOS of graphene and thus for the derivation of
conclusions concerning the interaction mechanism between graphene and mica. Therefore, the
questions which arise are: Which relative different LDOS may be measured and how insight into
the interaction mechanism may be inferred from these measurements?
The STM standard setup was expanded by a meter of humidity (testo 635 from Testo GmbH) and
a port which is adjusted to the relative humidity of the chamber via humidified nitrogen flow. The
latter comprised a bottle (water bubbler) filled with distilled water (Milli-Q) through which the
dry clean nitrogen gas was humidified. The dry nitrogen was taken from the in-house system. The
investigation focused on the different LDOS of graphene on different surfaces and not the
dynamics of the dewetting and rewetting of the slit pore itself. Therefore, the measurements were
only carried out at humidities below 4 % and over 60 % (two thresholds). It should be noted that
the STM chamber could not be sealed airtight for many reasons.
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Figure 4.8 The STM height image a) shows a fractal at below 4 % relative humidity (RH). The
star-shaped fractals had a width in the magnitude of a few micrometres. The black rectangle is the
area of the time-resolved height images b), c) and d), with a delay time between the images of
about 2 min. Just after the scan of image a), the slow nitrogen flow was steered through the water
bubbler, whereby the RH was increased. 6 min after the image a) and while the nitrogen was
purged in the bubbler, the sequential scans for images b) to d) were started. Height changes are
visible. The analysis can be found in Tab. 4.4. All measurements (a - d) were carried out at the
same parameters U= 1.05 V, I = 40.4 pA, LG = 100 %.
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In Fig. 4.8, a representative STM height image is shown for the measurements of graphene
with fractals below 4 % relative humidity. The images are not drift-corrected. The sequence of
images b) to d) shows a zoom-in area of image a) (black rectangle). Just after the scan of image
a), the nitrogen flow was steered through the water bubbler, whereby the RH increased. 6 min after
the image a) and while the nitrogen was purged inthe bubbler, the sequential scans of images b) to
d) were started. In a), one may see the graphene surface with fractal-like branches. These structures
had mostly one centre from which the structure grew star-shaped to a fractal. The branches of
indentations had a width of about (10 – 20) nm. The size of the fractals was larger than 1 µm in
the diameter. These two parameters are merely for guidance. The structures with their
corresponding characteristics are identified as fractals by Severin, N. et al [16]. The focus lies on
the "depth" of the fractals (compare it with Fig. 4.9) and thus allows inferring to the LDOS of
graphene and interaction strengths between the different surfaces and graphene. The depth of the
fractals was analysed by SPIP (line-wise correction degree zero, global correction degree one).
Here, the three height images b) to d) have been analysed. The procedure implied the mean value
determination of several subareas within a structure edge and thus of different surface types.
Finally, all mean values of the same surface type were averaged. Thus, the analysis and evaluation
resulted in three different mean values, which are shown in the following table and illustrated in
Fig. 4.9.
Table 4.4 Si are the mean values of the fractal heights and ΔSI,j are the differences of depths in
relation to SI.
mean values

SI [Å]

SII [Å]

+ ( 0.5 ± 0.2 )

- (1.3 ± 0.2 )

SIII [Å]
- ( 2.9 ± 0.5 )

ΔSI,II [Å]
1.8

ΔSI,III [Å]
3.4

For the following interpretation of the measurements and the results of the analysis, a question
emerges: What is known and what may be supposed about the present system? Graphene is a
highly conductive, atomically flat monolayer that follows very well the shape of the surface [131],
whereby the smallest atomic height changes of the surface are mapped by graphene. Mica is a
layered crystal, whereby along the cleaving plane an atomic flat and clean surface is formed. It is
supposed that both cleaving planes have a statistically equal number of potassium ions. However,
an explicit proof is not possible with respect to the distribution of potassium ions and the reaction
with parts of air during the applied preparation procedure. Here, some brief comments concerning
potassium are necessary, which are not discussed in the literature in this context. At first, it is
assumed the potassium is homogeneously distributed over the surface, although this was not yet
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proven by an experiment. It is known that pure potassium undergoes a rapid, exothermic reaction
with water and the oxygen from air (ΔHR < 0). In such cases, the processes are exergonic (ΔGR <
0), too. The significant reaction equations are as follows:
K + O2 → KO2

[4.6a]

2K + O2 → K 2 O2

[4.6b]

2K + H2 O → 2KOH + H2

[4.6c]

K 2 O + H2 O → 2KOH

[4.6d]

However, whether a reaction occurs by itself (ΔGR < 0) is dependent on the total energy balance,
which is implicitly written as follows:
∆GR = ∆HR − T∆S

[4.7]

In the case of potassium on mica, the question emerges concerning which sign the entropy change
ΔS has at room temperature. With a positive sign, the reaction is exergonic (ΔGR < 0). With a
negative sign and if the entropy change ΔS is sufficiently large, then potassium ions may exist on
the mica surface. Since the end products of Eqs [4.6] may not necessarily exist in the ambient air
on mica - i.e. the partial pressure is zero - these molecules are quite likely removed from the mica
surface by the concentration-dependent balancing processes and e.g. replaced by water. Since in
the literature this specific case is not described, the status of potassium ions on mica could not be
clarified, although all discussed processes have to be considered. Whether with or without
potassium ions on the surface, the mica surface exhibits a global as well as local surface charge
density σm (x,y) [132]. In order to verify, by which the LDOS of graphene may be affected and
how it can be measured by the STM, the following part of this section is sub-divided in two parts,
first the most likely mechanisms are discussed and secondly, a model is developed.
The determination of the locations of the potassium ions is important, because the existence of
potassium ions (K+) may strongly determine the processes within the slit pore. It is already stated
that the water layer that lies in-between is a monolayer. The height measurements of this sample
by SFM in this work exhibited no additional height difference between the water layer and a
possible K+ layer. Maybe the effective diameters of water and of K+ are consistent within the
measurement accuracy of a SFM. However, other measurement methods also did not indicate the
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location or the distribution of the potassium ions within the slit pore. The major reasons for this
"blindness" of methods are the coarse resolution capability and the superposition of signals,
whereby significant single signals are hidden as well as the fact that the water and potassium layers
are covered by mica and graphene, whereby significant signals are screened or scattered. The
effective ion diameter of potassium lies between 2.76 Å [135] and 3.04 Å [136].The size of water
ranges between 2.82Å [137] and 3.2Å [138]. Hence, the measured height of both is not necessarily
different, presupposing that this simple model is correct. The distances of the ions, molecules and
atoms (K+, H2O, OH-, H+ and products like Eqs. 4.6) to the mica and graphene depend on each
part of the ionic and van-der-Waals bond energies and forces, whereby the higher the ionic part,
the closer the molecule and the potassium ion to the surfaces. The same fact is also applicable to
the graphene on mica or a layer on mica, making it plausible that the measured height differences
are primarily determined. However, much more important is the fact that each component affects
the LDOS of graphene differently, which can be measured by STM. Here, it is useful to distinguish
between three different observable systems on which graphene may adsorb: i) pure mica
(negatively charged), ii) closest packing of potassium ions (positively charged) and iii)
homogeneous packing of potassium ions (neutral). The aspects have been described theoretically
in the publications of Rudenko et al. [139]. This involves the investigation of the surface charges
of mica in three cases of potassium coverage (neutral, positive and negative) as well as the
influence on graphene that lies on top of these surface types (without water). The calculation of
the surface charges in the special case of the "neutral" coverage led to a non-zero global field
strength that exists in the near field. This has an effect on the DOS of the on top-lying graphene,
which has a small Fermi level shift to a lower work function (WF = Evac − EF) and thus is coupled
with an n-type doping of graphene (+ 0.02 e-/cell), as well as the adhesion energy of graphene
(29.3 meV / C-atom) with a vdW part of 92 % between mica and graphene. The graphene is
doped strongly positive (+ 0.91 e-/cell; n-type) and negative ( 0.50 e-/cell; p-type) at negatively
and positively charged mica surfaces, respectively. Therefore, the three mica surfaces should be
clearly distinguishable indirectly by the coverage of graphene and the measurement by STM.
However, there is also the water layer, which changed the DOS and the Fermi level and thus the
doping of graphene. The influence of the water to graphene is described theoretically in the
publications of Leenaerts et al. [140] and Freitas et al. [141]. The publications are consistent in the
fact that the relative adsorption energy and the influence on the DOS depend on the relative
orientation of the dipole moment of the water to the surface of graphene, whereby the collinear
alignment of the H-O binding arms is stronger than every perpendicular alignment. The relative
strength and the type of the doping effect are experimentally confirmed by Schedin et al. [91]:
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water is a weak acceptor and there is a p-type doping effect of graphene. Note that the doping
effect depends on the isotropy of the underlying water layer (see Leenaerts et al. [140]). As the
doping effect of the negatively and positively charged mica surface is stronger than the water, the
STM detection of separated domains (the negative, positive and water-layered negative mica
surface) have to be clearly measurable. There is only one problematic case concerning the almost
homogeneous distribution of the potassium water layer, constituting a stand-alone acting layer.
Therefore, one has to assume that water and potassium ions may not be distinguished. The
distribution of potassium ions and water on the mica surface is described theoretically by Malani
and Ayappa (2011) [97]. The result of a 3D distribution of water and potassium ions has been
described by Odelius et al. in 1996 [142]. The major results are that there are four layers of water
and two layers at very low pressure. The first layer is at the level of the potassium ions and has a
strong alignment of the dipoles perpendicular to the surfaces. The second layer is less ordered and
lies over the first layer of potassium and the first layer of water. Both layers cannot be completely
removed by reducing the partial pressure. The third layer is mostly disordered and is only
removable at low pressure (p/p0 < 10-2). The forth layer is disordered and has a distance to the third
layer of about 2.7 Å. The preparation of the sample in a glove box takes about 10 min. In this time
and at a partial pressure of about p/p0 = 106 (p0 = 35 mbar), the average number of collisions Z
with the surface is given by
𝑍=

𝑝
√2𝜋𝑚𝑘𝑇

.

[4.8]

Here, m is the molecular weight of water, p the partial pressure, T the room temperature and k the
Boltzmann constant. Thus, one obtains for the average number of collisions Z = 1.25  1016 cms , i.e. 1.25  1016 water molecules collide onto the mica surface of 1 cm² per second. For

2 -1

comparison, after the mica cleaving the subsequent preparation time was several 10 min.
According to the above mentioned theory, one can thus assume that the first two water layers
always exist - including in a glove box - and constitute a homogeneous layer even if one considers
that water molecules can be desorbed again. Through the additional graphene layer lying on top,
one may assume that the electrostatic effect is enhanced (compare image charges over a metal
surface, or Ren et al. [143]). Strikingly, the theoretically assumed distance between the third and
fourth layer of about 2.7 Å was also measured for a fractal depth by a SFM (2.8 ± 0.5 Å). The facts
described above of a few water layers on mica match well the results of the humidity-dependent
investigation by Hu et al. [144]. Even if there are indeed these two layers, it is thus not yet proven.
In relation to the results obtained by the STM, it has to be mentioned briefy again, that the STM
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is sensitive to the LDOS. Moreover, the measured height is not the real height of the surface
structure, but rather a superposition of the real height with the tunnelling distance given by the set
parameters of the STM, which results in tunnelling resistance, respectively. The coincidence of
the measured STM height with the value via SFM is rather random here. Therefore, it should be
assumed that the results of the STM measurements can be only interpreted in two ways, either by
the aforementioned theses (primer by Malani and Ayappa [97]) or the theories are wrong and there
is only one water and potassium layer. The latter case may be excluded because there are no
experimental and theoretical counterproofs at all: note for example Beaglehole and Christenson
(thickness measurement by ellipsometry) [145] and Balmer et al. (thickness measurement by
interferometery) [146]. The former - the multi-layer of water - is seemingly confirmed
experimentally by Shim et al. [17]. The graphene on water was p-type doped (9 ± 2)  1012 cm-2
and was also p-type doped after the drying process, with much less surface charges similar to fewlayer graphene (compare: the surface charges of graphene above "neutral" mica surface are given
by Rudenko et al. with 0.02 e- per cell ≡  3.8 1013 cm-2 (n-type)). When one takes into
consideration the results presented in Tab. 4.4 and Fig. 4.8, the fractal depth of ΔSI,III = 3.4 Å is
similar to the depth measured by the SFM (2.8 ± 0.5 Å). The second fractal depth of ΔSI,II = 1.8Å
was not observed with the SFM. Therefore, it can be assumed that this effect is specific to the
STM. In relation to the fast scan direction, this phenomenon of heights was independent of the fast
scan direction and reproducible on different, locally limited areas. Consequently, the observed
additional depth is not a scan artifact. Since the STM is sensitive to the LDOS of graphene and it
was found that there are water molecule layers under the graphene, it can be concluded that the
relative alignment of the dipole moments is responsible for the change of the LDOS of graphene
and thus for the additional depth.
This chapter should not be finished without taking a position on the most striking
phenomenon of this slit pore. It is well known that the slit pore cannot be dried completely via
reducing the relative humidity. According to the above discussion with a multilayer water, the
drying process implies removing the top water layer in the pore. Accordingly, a possible
explanation should be given in the following. For theoretical considerations, the slit pore is
approximated as a spatial capacitor, as shown in the schematic sketch of Fig. 4.9. The charges of
mica induce charges into graphene, depending on the layer lying in between, e.g. water or ethanol.
Furthermore, the Fermi level of graphene is shifted according to the induced charges in graphene.
The work function WF = (Evac - EF) of graphene is equal to its electron affinity EA = (Evac - Econd)
(energies are Evac vacuum, EF Fermi and Econd conduction band), because there is no band gap.
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When an absorber - e.g. water - comes into contact with graphene, a global equilibrium is
established with a corresponding charge density as well as an alignment of the dipole moments of
water. Depending on whether the EA of water is higher or lower than the WF of graphene, an ntype or p-type doping of graphene occurs, respectively. The layer in between has been
approximated as a homogenous layer with parameters such as the dielectric constant εr,
polarizability α and dipole moment p.

Figure 4.9 Sketch a) shows a cross-section of the sample with its measured heights by SFM and
STM, which differ in their sensitivities. The bottom water layer contains two different domains
(sky blue and bright blue) of water that are determined by the collective alignment of their dipoles.
Sketch b) depicts the simplified electric circuit of the STM, where it is implied that the sample is
an ordinary capacitor, affected by the dielectric. The graphene and its LDOS are constituted as a
variable resistance, affected by the capacitor and thus the dielectric.
In Fig. 4.9, a schematic cross-section through the sample (a) and an equivalent circuit diagram of
the STM (b) are shown. The cross-section shows the mica piece that has a surface charge density
σm with the graphene sheet on top. In the slit pore, the water molecules are partially intercalated
and these domains are highlighted in different colours. Steps in the graphene layer show a
correlation with the number of water layers. In the above sketch, the cross-section of the height
images by SFM and STM, respectively, is shown. Where the height is constant but the LDOS
changes through the alignment of water dipoles, a height difference may also be measured by the
STM in the constant current mode, where the SFM is not sensitive. The equivalent circuit diagram
of the STM (b) includes the slit pore as a capacitor C(εr) with a spatially changeable dielectric part.
One side of the capacitor is charged equal to the mica surface charge σm. The other side - the
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graphene sheet - is charged by mica surface charges but is also influenced by the dielectric.That
is, when graphene lies directly on mica, the surface charges are equal, with a different dielectric
constant (εr > 1). Therefore, this capacitor is different from conventional capacitors. The plates of
a conventional capacitor are connected electrically via a constant voltage source, whereby a
corresponding potential equalisation can be obtained between the plates. When both models are
compared to each other with a dielectric constant of εr → ∞ - i.e. complete compensation of the
electric field - a conventional capacitor has an equal number of charges on both plates. In the case
of graphene on mica, mica has surface charges and graphene is neutral in charge, whereby the
electrical fields of mica surface charges cannot induce mirror charges in opposing graphene. The
electrical resistance of graphene as a function of LDOS of graphene, affected by its surface charges
(implicit by the mica and its εr), is represented by the symbol of a resistance Rg. The resistance of
the tunnelling current is represented by Rgap. Its parameters are determined by the bias Ugap and
the set current Iset. The initial equations are the modified Maxwell equations.
rot E = 0

[4.8a]

div D = ρ

[4.8b]

rot H − Ḋ = j = 0

[4.8c]

The parameters used for the following approximation and the simplified sketch are shown in detail
in Fig. 4.10. The piece of mica is sketched with edge lengths a and b. On top, two different domains
I and II are located with the variable edge length b, (a-x) and cI, or b, x and cII, respectively. The
coordinate system lies with x and y in the surface area and z is perpendicular to the surface.

70

4. Results and Discussion

Figure 4.10 The sketch shows the simplified model of the slit pore as an ordinary capacitor with
two domains and different heights. The growth of the domains is determined by the variable x for
domain I and (a-x) for domain II with the condition that the surface area of mica A = a b = x b +
(a - x) b is constant.
The surface charges of mica are not moveable, although the induced charges into graphene can be
changed via the dielectric layers. Therefore, the global charges of graphene are dependent on the
respective parts of both domains.
Di = 𝜀0 𝜀𝑖 𝐸𝑖

[4.9a]

i ∈ I, II

and in this special case the electric displacement field D is also given by
𝑄

[4.9b]

Di = 𝜎𝑖 = 𝐴𝑖
𝑖

The energy W of the capacitor is the integral over the scalar product of the electric field E and the
electric displacement field D and can be simplified by the following equation in the special
geometry.
1

1

⃗ ∙D
⃗⃗ = (EI DI AI cI + EII DII AII cII )
W = 2 ∫ d3 r E
2
A

σ2

σ2

I

II

𝑥

with 𝜃 = 𝑎

W = 2ε [ εI cI (1 − θ) + ε II cII θ]
0

[4.10a]

The relationship of the energy W and its resultant force is determined by the gradient of this
energy.
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⃗F = −grad(W)
and for the x-direction, the force can be written as
2

2

I

II

⃗ x = − dW e⃗x = b (σI cI − σII cII ) e⃗x
F
dx
2ε
ε
ε
0

[4.10b]

Now, it is not surprising that, having presupposed a model of a capacitor, one also has to derive
equations of a capacitor, although the focus lies on the parameters and its relations. For the
verification of these results (Eq.uation 4.10), the system where each single parameter is varied
successively and the others are kept constant should be considered. The squares of surface charges
σi2 are included in these equations, whereby the sign of each charge is independent from the force
direction and the phenomenological appearance of fractals. When the relation of the surface
charges is σI < σII, the total energy W can only decrease if the domain I is displaced through domain
II. In the opposite case, σI > σII, the domain II is displaced through the domain I. This fact is also
mirrored by the force. In the first case, σI < σII, the total force is positive and thus the force is
oriented in the x-direction and in the other case in the (x)-direction. Since the dielectric is beneath
the fraction line, the partial energy becomes smaller the greater the dielectric constant, and vice
versa. Therefore, the domain grows the greater the dielectric constant and the greater the dipole
moment in the electric field direction. This also applies for the force, i.e. when the domain II has
the greater dielectric constant ( εI > εII ), it cannot be displaced through the domain I. Since the
real height differences Δc are small, the effects on the energy and force are also small.
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4.2.1.4 Conclusion
The work in this section covered the investigation of the mica-graphene interface with the STM,
where the amount of intercalated water could be adjusted via the relative humidity. While recent
publications on this topic use SFM and Raman spectroscopy, exclusively providing
phenomenological descriptions, the STM investigation revealed the same characteristic
phenomenon. At relative humidity below 4 %, the fractal growth process is started. This describes
a process where the water in the graphene-mica interface (slit pore) is removed, thus leaving the
fractal structure which is nothing more than defects which were replaced by the lowered graphene.
It was not obvious until now why the growth stopped at a certain, total fractal size, independent of
the size of the graphene piece and the aggregate state of the water, as well as how many layers are
there on mica and therefore in the slit pore. Based upon theoretical as well as experimental data, it
must be assumed that the mica has a strongly charged surface, which differs in sign and strength
according to the coverage with potassium ions. The graphene that lies on top constitutes a
conductive layer which adapts the underlying charge distribution according to the model of mirror
charges. The charge distribution changes the local density of state (LDOS) of graphene. The STM
measures the spatially resolved LDOS, whereby it could be assumed that the sign of the charges
or at least the different orientations of the dipoles of water can be measured indirectly. In contrast
to the SFM measurements where only one homogeneous depth of fractals was measured, two
distinguishable depths could be significantly measured with the STM. Based upon the results of
this work and the theoretical and experimental results presented in other publications, it was
possible to develop a model that can explain the wetting and dewetting phenomenon of fractals as
well as the idea that the water dipoles and its domains have a different alignment relative to each
other. The model is based upon a plate capacitor with different distances and different dielectric
constants for the corresponding domains. Since the graphene is in the near field of the mica surface
charges, there is a very strong electrical field strength of about 109 V/m. The model revealed that
the phenomenon of fractal growth is independent of the sign of the surface charges.Based on the
strong electrical field strength, the growth of fractals may be stopped independent of the size of
the graphene piece, when the energy of the capacitor is larger than the thermal energy kT of the
water layers. Furthermore, the assumption has to be made that the number of water layers is larger
than only one. In contrast, the assumption suggests that the graphene ought to be adsorbed onto
the "pure" mica surface in the fractals based on the AFM measurements. However, if the mica
surface and the water layer also dope the graphene with the corresponding different sign, the
respective measurements would have to reveal this fact. Nonetheless, the results of the Raman
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investigation revealed the same sign. Furthermore, the STM measurements have shown different
heights (depths) of fractals, which may be described with a further water layer where the dipole
moments have different alignments, whereby the graphene is slightly differently doped but with
the same sign, which is in accordance with the results from the Raman measurements.
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4.2.2 Controlling the Electrical Transport through Single Molecules and
Graphene
4.2.2.1 Introduction
Functionalized surfaces are of particular interest not only for research but also for the economy
and medicine, since they offer a wide field of applications as, for example, transistors, sensors,
tools for medical diagnosis and therapy and many more. The customized implementation of
(multi- ) functional elements and structures is one of the most important ideas behind the
functionalized surfaces, to cope with many challenges. For the implementation of these ideas the
knowledge about the basic mechanisms is essential. The hybrid types of inorganic and organic
systems form a sub-category of the functionalized surfaces. The roles which both play are mostly
versatile and dependent on the application and challenges. The objects of this work were hybrid
systems of inorganic substrates that establish the basic structure, where functionalized
macromolecules are physically or chemically adsorbed via self-assembly. The used
macromolecule, namely the porphyrin-spiropyran-dyad, was synthesised with significant
functions, e.g. special properties of the functional unit (the switch spiropyran) and tuning of selfassembling and its suitable spacing for the switch. Nevertheless, the functional unit - an optically
switchable spiropyran derivative - might be more or less strongly affected, inter alia, by its
substrate as well as neighbouring dyads, in which the effect of different solvents initially remains
disregarded. One of the most difficult issues was the prediction of the cumulative effect of all
influences on the behaviour of the dyad and its properties. For this purpose, the dyad has been
investigated in two different systems, either dissolved in solution with a suitable low concentration
or adsorbed onto surfaces of graphene and HOPG. The former approach was carried out by
Chandan Maity, who had also synthesised the porphyrin-spiropyran-dyad in use and the results are
presented and discussed above. Thus, the following chapter deals with the behaviour of dyads
adsorbed and immobilised from the solution and the concluding discussion of both results.

4.2.2.2 Photo-Switching Behaviour of the Dyad adsorbed onto the Surface
For the investigation of the photo-switching behaviour of the porphyrin-spiropyran dyad, adsorbed
onto (multi-layer) graphene, the above-described setup (chapter 3.3) was used where the STM was
extended with a reflected light microscope (AXIO Observer A1m, Zeiss). A band pass
transmission filter was used at λmax = 365 nm, a two-way mirror 20/80 (20 % transmission, 80 %
reflection to the sample), optimized for the 365 nm wavelength. The light source was a lowpressure Hg lamp, whereby the 365 nm line was used. Therefore, an incident light power density
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onto the top side of sample (adsorbed dyad layer) of (394 ± 51) mW/cm² was achieved, which was
primarily dependent on the thickness of mica pieces (compare chapter 4.1.2). Additionally, two
polarizers crossed by 90° (as explained above) with a 50/50 two-way mirror was used during the
STM tip approach for the optical support. The used graphite (HOPG grade ZYB, Advanced
Ceramics) was cleaved freshly before each measurement and a separate graphite was also used for
each of the solvents. The preparation and the properties of the GMQ sample were already described
in detail above (chapter 4.1). For the investigation of the lattice structure of the dyad 1phenyloctane was used and for the switch experiments 1-octanol (both Sigma Aldrich).

Figure 4.11 STM height image of a) the porphyrin-spiropyran dyad and a side view (inset,
designed by MS Modelling) of a model of dyad adsorbed on graphite (HOPG) and b) ZnTPP under
the same conditions as a); both unit cells are equal. Parameters for a) U= 58.7 mV, I = 63.3 pA,
LG = 4.97 % and b) U = 0.67 V, I = 19.1 pA, LG = 10.0 %.
The dyad was also synthesized with the intention that the anchor porphyrin should adsorb
onto the surface and the switch spiropyran is directed into the solution, away from the surface to
allow an unaffected switch without e.g. a steric hindrance. Hence, the first step aimed to determine
the lattice structure of the adsorbed dyad onto the surface. The 1-octanol features a weak electrical
conductivity, which is also superimposed by the tunnelling current and thus degrades the submolecular resolution. For this reason, the solvent 1-phenyloctan was used at first as well as
graphite. The latter was used because it has the same lattice structure as graphene and allows to
carry out measurements of the lattice structure much more frequently, with the highest possible
resolution. In order to clarify the position of the switch spiropyran, the dyad and ZnTPP (zinc76
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tetraphenylporphyrin without spirpyran) were measured at equal conditions. The STM
measurements were carried out in a droplet of solution (solid-liquid interface). The analysis of the
ZnTPP was based upon five images and the dyad with the switch was based upon eight records.
Representative height images of the dyad with (a) and without the switch (b) are shown in Fig.
4.11. The analysis of these images exhibit a bright rectangular pattern for both cases, arranged in
rows. This characteristic may be identified as the porphyrin unit cell. The gaps between the rows
of porphyrin exhibit an alternating contrast of dots (Fig. 4.11 a). This pattern looks like adsorbed
alkyl chains with a head group, where the distance of the alkyl chains is not correlated with the
pattern of the graphite and thus the LDOS is different. Due to the estimated maximum length of
the side chains of the dyad of 2.4 nm (MS Modelling) and the gap width - which is smaller than
(2.8 ± 0.3) nm, it is assumed that the side chains are completely extended and lie perpendicular to
the porphyrin rows. The scaled model of the dyad with switch confirmed and illustrated this
assumption (see Fig. 4.11a). The analysis of the unit cells revealed the results listed in Tab. 4.5:
Table 4.5 The unit cell of the dyad in comparison with the unit cell of the ZnTPP. Both unit cells
are identical, whereby it can be recognized that the switch spiropyran of the dyad is not adsorbed
onto the surface.

ZnTPP

a
[nm]
1.9 ± 0.1

b
[nm]
3.5 ± 0.2

θ
[°]
76.4 ± 3.8

A
[nm²]
6.5 ± 0.3

dyad

1.9 ± 0.1

3.4 ± 0.2

78.7 ± 3.9

6.4 ± 0.3

In the table, parameters are given for each unit cell: a as the small and b large vector length, θ the
enclosed angle and A the enclosed area. The comparison of the two unit cells - shown in Fig. 4.11
– revealed that the switch is not adsorbed on the surface, because otherwise it would be necessary
to assume that the dyad with an adsorbed spiropyran has a larger unit cell, which was not the case.
In fact, the unit cells have the same size. Therefore, it has to be assumed that the switch was
directed into the solution, away from the surface, and that the switch was not steric hindrance.
However, the relative position of the moveable spiropyran to its adsorbed anchor porphyrin could
not be observed by the STM with scan speeds of 210 nm/s in the fast and 0.2 nm/s in the slow
direction. The energy levels of spiropyran are out of the applied gap voltage of the STM in relation
to the Femi level (relative energy levels will be described in the following paragraph). This point
remained unknown.
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Figure 4.12 STM height images of a), b) and c) the porphyrin-spiropyran-dyad after illumination
at 365 nm and d) the mean value of surface covering (a.u. unit) of bright spots over the time (min)
due to the measured sequence of STM height images like a), b) and c). During the measurements,
the light was switched off. All measurements were carried out at the same parameters U = 0.69
V, I = 8.3 pA, LG = 31.6 %.
The switch experiments - which also include the immediate preparation - were carried out
solely in darkness and at room temperature (about 16 - 23 °C, testo 635 of Testo GmbH). The
darkness was important as the light sensitive dyad should not be at risk of switching via external
light sources, neither during the immediate preparation nor during the measurements themselves.
The tip was approached and supported via the optical microscope. Following the approach, a
relatively large period of waiting time (some 10 min) is required for the minimization of the x-y
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drift as well as the z drift, on top of the adjacent multi-layer graphene. Via an octanol resistant
syringe, a drop of the dyad dissolved in 1-octanol (c = (9.0 ± 0.5) 104 mol/l) was dropped very
gently onto the surface close to the tip, while the lamp of the monitor donated sufficient light.
Finally, the setup could be changed to the filter set optimized for 365 nm and the intensity from
the Hg lamp, already at the operating temperature, could be changed according to necessity via a
shutter and the variable iris diaphragm. After the illumination at 365 nm, chronological images represented in Figure 4.12 a), b) and c) - showed bright dyads whose number decreased with time.
The time constant of the thermal back reaction is determined by
t

y(t) = y0 ∙ exp (− τ) .

[4.11]

Here, is y(t) the time-dependent number of switched dyads, y0 the approximated number of
switched dyads at the start time, t the time and τ the time constant. The equation implies a complete
back reaction from merocyanine to spiropyran. The evaluation determined a time constant of the
thermal back reaction of τ = (33.1 ± 2.7) min. For comparison, the time constant of the solute was
τ = (35.7 ± 1.8 ) min, thus reflecting no significant difference. The exact reason for the bright
contrast of the switched dyads could not yet be clarified, although one may assume that the optical
switching of spiropyran will cause a change of its dipole moment (spiropyran 3-5 D and
merocyanine 15-18 D). Due to the nature of the STM measurement, there is an "external" electric
field between the STM tip and the surface, which is influenced by the HOMO LUMO levels of
the adsorbed dyads as well as the dipole moments of the open and closed switch. The gap voltage
between tip and surface causes unoccupied levels on the one side and occupied levels on the
opposite side, causing the tunnelling current at the corresponding distance. The molecular energy
level lying in between the gap voltage can also cause a resonant tunnelling current. The dipole
moments also have an impact on the tunnelling current through an additional electrostatic field,
depending on its orientation. The requirement is that several energy levels of the dyad - which are
closer to graphene than to the tip - are close to the Fermi level of graphene as well as in the range
of the applied gap voltage. In the above chapter, it was discussed that the adsorption spectra in
solution provides an indication that the energy levels of the porphyrin and spiropyran together - as
a dyad - are equal to its separated forms. The starting point is the work function of graphene on
water layer(s) and mica, which has been experimentally determined to 4.70 eV (HOPG has 4.6
eV, STM tip: work function of pure Pt ~ 5.32 V, Ir ~ 5.30 eV, Pt80 / Ir20 is unknown).
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Based upon the absorption spectra of the spiropyran, the relative HOMO-LUMO gaps can be
determined by
hc

E [eV] = λe.

[4.11]

Here, E is the energy gap of the absorption band gap in eV and h, c, and e the Planck constant,
light velocity and elementary charge, respectively. Therefore, the lowest energy gap of the
spiropyran is determined as E (λ = 430 nm) = 4.6 eV. By contrast, the lowest energy gap of
merocyanine is determined as E (λ = 650 nm) = 3.1 eV. Even if the porphyrin is adsorbed onto the
graphene as a 2D crystal, the absorption spectra should serve to estimate the relative energy level
relative to the graphene at first. Thus, the energy gap of the porphyrin derivative is determined as
E (λ = 625 nm) = 3.2 eV. The used STM gap voltages were about 0.5 V to 0.7 V. The negative
voltage means the sample had an excess of electrons opposite to an electron deficiency of the Pt/Ir
tip. These energy values can now be compared with the literature for the evaluation and
interpretation (compare Fig. 3.8 and 4.13). The first molecule should be the metal
tetraphenylporphyrin (MTPP, ZnTPP). According to Lioa and Scheiner [116], the TPP has a
HOMO level (a2u, ~ 4.1 eV) above and a LUMO level (a1u, ~ 4.8 eV) closely below the Fermi level
of HOPG (4.6 eV). Through the additional zinc atom, the a2u goes to the HOMO level (4.1 eV to
4.7 eV) very close to the Fermi level and the a1u state is now the HOMO+1 (4.7 eV to 5.0 eV).
Additionally, there are five d orbitals from the zinc atom (dxy, dxz, dyz, dz² and dx²-y²). Two of them
are in the range of the gap voltage of the STM, the b1g (dx²-y²) and the doubly degenerate level 1eg
(dπ), which is close to b2u. The doubly degenerate level 2eg is the new LUMO level (2.2 eV) and
thus far away from the Fermi level. For the ZnTPP, a HOMO-LUMO gap emerges at 2.49 eV in
relation to UHV. One has to note that there is a very strong hypochromic shift of the energy level
and the band gap by the dipole moment of the solvent 1-octanol (1.8D). The comparison with the
vacuum-like situation shows a shift of peak maxima of about Δλ = 120 nm, resulting in a band gap
of about E (λ = 810 nm) = 2.45 eV ("Chemistry and Applications of Leuco Dyes" [147]), in good
agreement with the theoretical value. The second molecule is the spiropyran and the merocyanine.
As an orientation, one may start with the publications of Minkin [38], Sheng et al [120] and
Bronner et al. [121]. The latter described the relative position of the energy level of an adsorbed
nitro-spiropyran on an Au[111] surface. The Au[111] surface has a work function of about (5.3 5.5) eV and a large band gap in contrast to that of HOPG or graphene. This work function is very
sensitive to the surface dipole moments [148] (5.15 eV with SP and 4.71 eV with MC). The relative
position of the energy level of SP and MC can be only estimated, because there are no comparable
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publications. However, because the HOMO levels of SP (1.54 eV) and that of MC (1.77 eV) are
below the Fermi level, one may assume that the HOMO levels have the same relative position to
the Fermi level of HOPG (4.6 eV) and graphene (4.7 eV) and thus are also not between the gap
voltage of 0.68 V. The same also applies to the LUMO levels. In conclusion, it may be assumed
that the SP as well as the MC have not contributed to the resonant tunnelling effect and thus have
not directly affected the contrast in the STM images. In addition, this matter is further aggravated
because the local dipole moment changes via the isomerisation, also changing the relative position
of the energy level of its molecule. The approximation can be written as
∆φ[eV] =

nμ sin(θ)
ε0 εr

.

[4.12]

Here, n is the dipole density of the SP or MC, respectively, , µ the strength of the dipole moment,
sin(θ) the horizontal part of the dipole moment to the surface, ε0 the dielectric constant and εr the
dielectric constant of the adsorbed molecule (ZnTPP). For approximation, one may take the results
of Fukagava et al., in which the dielectric number of OTi-phthalocyanine (OTiPC) on HOPG was
determined to εr =1.22. With a range of 1 < εr < 5, one assumes that the energy shift is
approximately about 87 meV < Δφ < 435 meV. These strong values are based upon the strong
dipole moment change from SP to MC. The results of the discussion above are shown in Fig. 4.13.
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Figure 4.13 Energy scheme for the one explanation of the bright contrast after the illumination
(spiropyran to merocyanine). Left (spiropyran-like): gap voltage ΔU of the STM is sufficiently
strong for the resonant tunnelling through the energy level of the dyad; right (merocyanine-like):
the additional gap voltage ΔUdipole, due to the stronger dipole moment of the merocyanine, results
in an additional resonant tunnelling through the dyad energy level.
A further explanation is based on the stacking character of spiropyran and merocyanin to
each other [120–125, 127, 129]. Spiropyran has a quite strong dipole moment of about 3 -5 D
[119] (water 1.85 D), as well as a turned geometry (not planar), whereby the molecules cannot
stack, because the process is sterically hindered. The process of aggregation is different to
merocyanine. The isomer is available in a stretched form with a high probability and has a very
strong dipole moment of about 15 – 18 D. The stack is thus not sterically hindered and the strong
dipole moment significantly supports the aggregation process. The dyad is a composition of the
porphyrin and the spiropyran as well as the merocyanine isomers. The aggregation can only
comprise a dimer. From geometrical considerations, one has to recognize that the dimer is flanked
through the porphyrins from two opposite sides, whereby a third dyad cannot aggregate in addition
to the dimer. In the case of adsorbed dyads at the solid-liquid interface where these are arranged
in dense packing, the dissolved and freely moveable dyads can only aggregate with the adsorbed
dyads if both molecules are available in their stretched merocyanin form (Fig. 4.14). The STM
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measurement thus only measures the height differences between the dimers and the monomers,
whereby the bright spheres are the dimers and the dark regions constitute the monomers.

Figure 4.14 The illustration explains the process of stacking. At the beginning, there are only
dyads in the spiropyran (SP-dyad) form (red). During the irradiation of adsorbed SP-dyads as well
as the solutes with light of 365 nm, the SP-dyad becomes the dyad with the merocyanin isomer
(MC-dyad; dark blue). Only two MC-dyads can aggregate on each other. On the surface, there are
dimers and monomers due to the irradiation.
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4.2.2.3 Conclusion
In this chapter, the aim was to investigate the switching behaviour of an adsorbed porphyrinspiropyran dyad in a solid-liquid interface with a STM, where the SP is the switch and porphyrin
the anchor. For this purpose, the dyads were dissolved in 1-octanol and deposited with a solutesolvent drop onto graphene, where a balance was established between dissolved and adsorbed
dyads. It could be shown that the switch of the dyad was not adsorbed onto the surface. Rather,
the switch pointed away from the surface and hence into the solvent. This state had the advantage
over the conceivable state of an adsorbed switch, that there is no steric hindrance during the switch
process through the near to the surface. During the irradiation with light at 365 nm, the spiropyran
form was transformed to the corresponding merocyanine form. After the irradiation, the STM
measurements revealed a change in the brightness of the spherical molecules. Regardless of
conceivable explanations for this phenomenon at first, the same thermal back reaction time of
adsorbed molecules (τ = 33 ± 3) as that of the solute (τ = 36 ± 2) could be determined. It should
be assumed that the dyad on the surface switched through the irradiation as well as switched back
again in darkness. In terms of explanations, there are two conceivable possibilities: at first, the
resonant tunnelling effect through additional molecule orbitals caused by the dipole change from
spiropyran (3-5 D) to merocyanine (15-18 D) and at second, the stacking character of the dyad
(dimers) which is only feasible if the dimer is formed by two dyads in the stretched and planar
merocyanine form. It should be noted that the indication of identical time constants does not imply
that the influence is on the solute system is also identical.. In fact, it has to be stated that all
conceivable influence factors of this complex system compensate each other, i.e. the “identical”
time constants have to be considered as identical in terms of their averaged statistical fluctuations.

84

5. Summary and Outlook

5. Summary and Outlook
Nanotechnology will become a key technology in the future. Both microelectronic technologies as
well as medical products for diagnostics and therapy already show the enormous potential of a
development, in which the miniaturization of materials and functional units allow a precise design
and functionalisation. However, with this development, physical phenomena such as the surface
and interface physics gain in importance. The study of these interfaces goes hand in hand with
appropriate and convenient measurement methods by which the interfaces can be detected with
atomic resolution and their dynamics can be analysed.
The first part of this work deals with the STM investigation of an interface in the surrounding
natural atmosphere, which is formed by the adsorption of the conductive graphene onto a freshlycleaved mica surface and which is characterised by a local carrier density. In this interface (slit
pore), an a few angstrom thin water layer was formed by the surrounding humidity. By varying
the relative humidity, the slit pore is rewetted, dewetted and manifests itself in star-shaped,
growing fractals where the height of graphene is approximately decreased by the diameter of a
water molecule. The STM investigation - which is primarily sensitive to the density of states of
graphene – had shown that additional, significant changes in the density of states of graphene are
formed within the fractal, unlike in the SFM investigations. This suggests that the water layers are
subdivided in water domains with the same height in the slit pore, where the fractals lie upon. The
slit pore also affects the LDOS of graphene differently via the polarisation alignment of these
water domains. However, this is equivalent to the assumption that there are two or more water
layers, whose polarisation varies both regarding its alignment and distribution, respectively.
The further investigation of this system should be continued using liquids with slightly up
to distinctly different geometries, dipole moments (alignment) and dielectrics. The measurement
methods should be primarily AFM, Raman and, under certain preconditions, surface enhanced
NMR spectroscopy. The obtained phase diagrams may reveal dependencies between physical
variables.
The second part of this work deals with a functionalized surface, characterised by a functionalized
dyad adsorbed onto graphene at a solid-liquid interface, which was also investigated by STM. This
dyad essentially comprises a zinc-tetraphenylporphyrin (ZnTPP) and is connected with a
spiropyran derivative via a flexible linker. This changes its conformation through irradiation with
light with a suitable wavelength. In that way, the dipole moment is also strongly changed, whereby
the behaviour could be investigated with an STM at a solid-liquid interface. It was found that the
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switching behaviour of a graphene-based conductive surface is comparable with the switching
behaviour of a dyad which itself can move freely in solution.
Even though the switch has been shown, the true reasons and mechanisms which caused
the measured STM signals, are concealed.. There are three possible ideas for an explanation, which
might not be necessarily independent of each other. The three separate mechanisms are : i) the
Fermi level shift by the additional dipole moment (see Eq. 4.12); ii) the stacking effect on the
surface of the dyad (dimer) by the stretched merocyanine which has a strong dipole moment; and
iii) the central ion Zn2+ of the ZnTPP could form a complex bonding (octahedral six-fold
coordination) with the merocyanin, whereby the energy level of the dyad will be shifted (compare
it with the spin-stateswitch, and spin-crossover of azopyridine-substituted Ni-porphyrins,
respectively). Here, further measurement methods should be performed in the UV/VIS, as
fluorescence spectroscopy and magnetic resonance imaging which are carried out in solution and
on the assumption that the mentioned three phenomena also exist in the two systems (as solute and
on the surface).
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List of abbreviations
ITRS
- International Technology Roadmap of Semiconductors
STM
- Scanning tunnelling Microscope
SFM
- Scanning force Microscope
SPM
- Scanning probe microscope
LDOS
- local density of state
RH
- relative humidity
TD
- top-down
BU
- bottom-up
mRNA
- messenger Ribonucleic acid
HOPG
- Highly oriented pyrolytic graphite
ZnTPP
- zinc-tetraphenylporphyrin
SP & MC
- are the isomers Spripyran SP and Merocyanine MC
EA
- electron affinity
IE
- ionisation energy
EN
- electronegativity
vdW
- van-der-Waals
FWHM
- full width of half maximum
AD
- analogue digital (amplifier)
eV
- electron voltage
GMQ
- graphene mica quartz glass (sample)
G, H, S, T, µ, N - thermodynamic variable: Gibbs energy, enthalpy, entropy, temperature,
chemical potential, number of molecules; respectively
LUMO
- Lowest Unoccupied Molecular Orbital
HOMO
- Highest Occupied Molecular Orbital
LG
- Loop Gain
v
- scan speed
c
- object cut out in µm in the STM scan window
g
- grid number of the STM scan window
Ri
- resolution of STM
Si
- roughness; rms
f
- frequency
t
- time constant
PTE
- periodic table of elements
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