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‘If we knew what we were doing,
it wouldn’t be called research,
would it?’

A. Einstein






Zusammenfassung

Die elektronischen Wechselwirkungen von organischen Halbleitern nach der
Selbstanordnung auf Metallen, oxidierten Metallen und ultradiinnen Isolatoroberfldchen
wurden mit Hilfe von komplementiren Messmethoden wie Rastertunnelmikroskopie und
-spektroskopie, Beugung niederenergetischer Elektronen, Rontgenphotoelektronen und
Ultraviolett Photoelektronen Spektroskopie untersucht.

Zwei verschiedene Modellsysteme wurden ausgewéhlt und untersucht: Das erste
Modellsystem umfasst die elektronischen Wechselwirkungen und die Selbstanordnung von
Pentacen auf der Cu(110) sowie auf der oxidierten Cu(110) Oberflache. In einem zweiten
Modellsystem wurde die Grenzfliche zwischen Octaethylporphyrin und ultradiinnen
Isolatorschichten untersucht. Die Adsorption von Molekiilen auf Isolatoroberfldchen ist von
besonderer Bedeutung, da diese sowohl die elektronischen als auch die chemischen
Wechselwirkungen der Molekiile mit der Oberflache deutlich reduzieren kénnen.

Bei der Untersuchung von Pentacen auf Cu(110) konnte ein komplexes Phasen-Verhalten
beobachtet werden, das durch Verbiegen der Molekiile, unterschiedliche Anordnung der
Molekiile, unterschiedliche Bedeckungen und die Molekiilmobilitdt charakterisiert ist.
Weiterhin wurde der Einfluss der adsorbierten Pentacen-Molekiile auf den Shockley-
Oberflichenzustand der Cu(110) Oberfliche untersucht. Durch ein komplexes
Zusammenspiel mehrerer physikalischer Phdnomene wie die Pauli Abstossung,
Ladungstransfer, Hybridisierung von elektronischen Zustinden sowie die Polarisation der
Adsorbate im Dipolfeld der Oberfliche wird der Oberflichenzustand zu grdsseren
Bindungsenergien verschoben. Bei der Adsorption einer Monolage Pentacen nimmt zusétzlich
die Besetzung des Oberflichenzustandes zu. Ein dhnlich komplexes Verhalten von Struktur
und elektronischen Wechselwirkungen wurde bislang fiir kein anderes Molekiil/Metall
System gezeigt. Das Adsorptionsverhalten von Pentacen auf der oxidierten Cu(110)
Oberflache zeigt, dass sowohl die elektronischen Wechselwirkungen als auch die
Oberflachenkorrugation eine grosse Rolle bei der Selbstanordnung spielen.

Das zweite in dieser Dissertation studierte Modellsystem befasste sich mit den
elektronischen ~Wechselwirkungen von Kupfer-Octaethylporphyrinen (CuOEP) mit
ultradiinnen Isolatorschichten. Die Hauptfragestellung bei diesem Projekt war, wie die
elektronische Wechselwirkung zwischen Molekiilen und Substrat mit zunehmender
Isolatorschichtdicke abnimmt und ob es bei sehr geringen Schichtdicken (eine oder zwei
Monolagen) moglich ist, die Molekiile vom Substrat elektrisch zu isolieren. Eine detaillierte
Wachstumsstudie von NaCl auf unterschiedlichen Metallsubstraten fithrte zu homogenen,
eine Monolage dicken NaCl Filmen, die mit nicht-lokalen Analyse-Methoden wie UPS und
XPS untersucht werden konnen. Mittels Tieftemperatur STM und winkelaufgelostem UPS
konnte festgestellt werden, dass die Molekiile stark mit der Cu(111) und Ag(111) Oberfldche
wechselwirken, was zu unbesetzten elektronischen Zustinden in der Bandliicke des Molekiils
sowie zu einer Ausloschung des Shockley-Oberflichenzustandes fiithrt. UPS- und XPS-
Messungen an diesem System zeigten einen starken Einfluss der chemischen Umgebung, was
zu einer Verschiebung der Bindungsenergien von CuOEP auf NaCl verglichen mit CuOEP
auf der Metalloberfliche fiihrt. Diese Verschiebungen konnen auf eine unterschiedliche
Abschirmung des Photoloches zuriickgefiihrt werden.



Abstract

The electronic interactions of self-assembled organic semiconductors with metals,
metal-oxides and ultrathin insulator surfaces have been investigated by complementary
analysis techniques comprising scanning tunnelling microscopy and spectroscopy, low energy
electron diffraction, x-ray photoelectron spectroscopy and ultraviolet photoelectron
spectroscopy.

Two model systems have been chosen and investigated: The first model system comprises
the electronic interactions and the self-assembly of pentacene molecules on the Cu(110) as
well as on the oxidized Cu(110) surface. In a second model system the interface of octa-ethyl
porphyrins with ultrathin insulator films and metals has been investigated. The adsorption of
molecules on insulator surfaces is especially interesting due to the strong reduction of the
electronic and chemical interactions between the molecules and the substrate.

The investigation of pentacene on the Cu(110) surface revealed a multi-phase behaviour,
which is characterized by molecular bending, molecular mobility, different relative
orientation of the molecules and different packing densities. Furthermore, the influence of the
adsorbate layer on the Shockley surface state of the Cu(110) has been investigated. A
complex interplay of different phenomena, like Pauli repulsion, charge transfer, mixing and
hybridization of electronic states as well as the polarization of the organic adsorbate in the
surface dipolar field, lead to a shift of the surface state to higher binding energies.
Additionally, the occupation of the surface state is increased for the adsorption of one
monolayer of pentacene. This particular behaviour has not been reported for any other
molecular/metal system so far. The adsorption of pentacene on the oxidized Cu(110) surface
reveals that the electronic interactions and the surface corrugation determine the self-assembly
of the molecular ad-layer.

The second project in this thesis comprises the electronic interactions of porphyrin
molecules, another representative of molecular semiconductors, with ultrathin insulator
layers. The main question here was how the electronic interactions between the molecules and
the substrate change with increasing insulator thickness and whether it is possible to
electronically decouple the molecules from the substrate for one or two monolayer thin
insulator films. A detailed growth study of NaCl on different metal surfaces led to samples,
which were homogenously covered with 1 ML of NaCl and thus could be investigated by
non-local analysis techniques like UPS and XPS. Low temperature STS and angle-resolved
UPS data showed that the CuOEP molecules strongly interact with the Cu(111) and Ag(111)
substrate leading to unoccupied electronic states in the band gap of the molecule on Ag(111)
and to quenching of the Shockley surfaces state for the adsorption of CuOEP on Cu(111).
Further UPS and XPS measurements revealed a strong influence of the chemical environment
on the binding energies, as identified by shifted peaks for CuOEP on NaCl compared to
CuOEP on the metal surfaces. These peak shifts have been related to strong screening of the
photoelectron hole.

vi



List of acronyms

2D Two-dimensional

3D Three-dimensional

5C Pentacene

AC Analysis Chamber

ARPES  Angle-Resolved Photoelectron Spectroscopy
a.u. Arbitrary Unit

CoOEP  Cobalt (II) octa-ethyl porphyrine
CuOEP  Copper (II) octa-ethyl porphyrine

DOS Density of States
Ebind Binding Energy
Er Fermi Energy
Exin Kinetic Energy

ESCA Electron Spectroscopy for Chemical Analysis
(O)FET  (Organic) Field-Effect Transistor

FFT Fast Fourier Transformation

HOMO  Highest Occupied Molecular Orbital
IPES Inverse Photoelectron Spectroscopy
LEED Low Electron Energy Diffraction

LiCl Lithium Chloride

LT Low Temperature

LUMO Lowest Unoccupied Molecular Orbital
ML Monolayer

NaCl Sodium Chloride
NEXAFS Near Edge X-ray Absorption Fine Structure

OEP Octa-ethyl porphyrine
Pc Phthalocyanine
PES Photoelectron Spectroscopy

PTCDA  3,4,9,10-perylene tetracarboxylic dianhydride, C,4HgOg
QCMB Quartz Crystal Microbalance
RHEED  Reflection High Energy Electron Diffraction

RT Room Temperature

SIS Surface/Interface Spectroscopy

SLS Swiss Light Source

SPM Scanning Probe Microscope/Microscopy
STM Scanning Tunnelling Microscope/Microscopy
STS Scanning Tunnelling Spectroscopy

TSP Titanium Sublimation Pump

UHV Ultra-High Vacuum

UPS Ultraviolet Photoelectron Spectroscopy

XPS X-ray Photoelectron Spectroscopy
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1 Introduction and outline

1.1 Organic molecular electronics

Organic molecular electronics can be divided into two fields: (i) organic electronics and
(i) (single) molecular electronics. In this thesis the latter term will be used in the context of
single molecules in electronic devices as storage units or as single molecular switches. The
first term — organic electronics — represents organic molecular thin films in electronic devices
like photovoltaic' or organic light emitting diodes®. The exploration of organic materials for
electronic applications has already started in 1963, when Weiss et al. reported first about a
conducting polymer, namely Polypyrrole®. Organic electronic devices already found their way
to applications like e.g. mobile phone displays and flexible displays, while the concept of
molecular electronics is still a topic of basic research and remains far away from application,
to date. The research reported in this thesis, which is based on the study of
molecular/substrate interfaces, may lead to a deeper insight into both fields of organic
molecular electronics.

Moore’s law predicted that the number of transistors per area doubles every 18 to 24
months. Astonishingly, this prediction has been valid over several decades, but it is facing
new challenges at the moment because fundamental physical properties lead to a minimum
layer thickness of the silicon dioxide gate of five layers*’. Muller et al. predicted the end of
Moore’s law in the year 2012 because the current gate oxide thickness is already getting close
to its minimal value, which shall be reached by then®. This raises the attention of researchers
and technologists and asks for new concepts and new materials to satisfy the continuously
increasing demand for fast, highly integrated processors and devices.

Today, silicon transistors are made with photolithographic procedures by the fop-down
approach, starting from the homogenous surface of a silicon wafer. The photon energy used in
photolithography techniques has been shifting to ever smaller wave lengths, to manufacture
devices with ever smaller size of the minimal transistor channel length, which is at 32 nm
today®. In spite of other predictions, optical lithography is used to date and alternative higher
resolution lithography techniques like electron beam lithography are not yet established in
device manufacturing. The particular disadvantages of this sequential technique result from
the time consuming and therefore costly processes, which have so far always motivated the
further development of optical methods. An alternative way to reproduce well defined and
identical structures is by botfom-up self-assembly. This completely new approach, however,
has so far failed to make structures large enough to allow for reliable top-down contacting and
integration. However, this bottom-up approach may contribute to further decrease the size of
well defined atomic or molecular structures in electronic devices. Ultimately, bottom-up self-
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assembly and top-down manufacturing have to be combined in order to contact and integrate
complex devices’.

Next to the possibility to use bottom-up self-assembly, organic materials exhibit several
advantages also for current day organic electronic devices. These advantages include their
applicability to a huge variety of substrates including flexible layers®. In contrast, the silicon
technology is restricted to hard crystalline solid substrates, which usually consist of SiO; on
Si. Further advantages of organic materials for electronic applications are the low temperature
processability, the fairly low-cost of materials and processes and the low specific weight’.
Advancements in the fabrication of organic thin film devices led to charge carrier mobilities
of more than 1 cm”*V™'s", which are comparable to those of amorphous silicon thin film
transistors'".

The performance of organic FET strongly depends on interface properties'’, which
determine the charge carrier mobility, as well as the charge injection at the source and drain
electrodes'”. Lately, it has been shown that by specific design of the gate dielectric charge
carrier mobilities of up to 5.5 cm*V™'s™ could be obtained for pentacene. These high charge
carrier mobilities were related to the interface characteristics and not to different growth
modes or different defect densities of the pentacene thin film'’. For further improvements of
organic electronic devices the fundamental characteristics of the interfaces — the organic/gate
dielectric as well as the organic/metal drain and source interfaces — have to be studied and
understood in detail. This research on interface properties may lead to specially designed
active interfaces for organic electronic devices with characteristic performance.

1.2 Organic molecular self-assembly

The idea of reducing machines and computers down to the scale of atoms and molecules
was already stated in 1959 by Richard P. Feynman’s famous talk “There’s plenty of room at
the bottom” at the annual meeting of the American Physical Society at the California Institute
of Technology'®. Since then, many improvements in the formation as well as in the
characterisation techniques of very small structures have been obtained. A decisive step
towards the atomically precise positioning of atomic or molecular objects, which was already
proposed by Feynman, was made by the invention of the scanning tunnelling microscope
(STM) in 1982". This very unique technique provides the possibility of imaging and
manipulating atomic structures on surfaces'®. For example, by atomic positioning of xenon
atoms switching systems accessible by the STM tip have been realized'’. However, it should
be noted, that the piecewise arrangement of single atoms or molecules to complex electronic
devices by means of an STM tip as realized by Heinrich et al. with CO adsorbates on
Cu(lll)18 is time consuming and thus seems to be hardly feasible for technological
application.



1.2 Organic molecular self-assembly

To avoid piecewise assembly of individual atomic and molecular components, self-
assembly, as demonstrated in supra-molecular chemistry'’, provides an alternative. In a more
technological sense, self-assembly has been introduced for the design of nanostructures by
tuned physical growth processes in semiconductors. More recently, the definition of
molecular self-assembly as the “spontaneous association of molecules under equilibrium
conditions into stable, structurally well-defined aggregates joined by noncovalent bonds™*
has been brought about. This definition is used to differentiate self-assembly from self-
organization, which requires external energy from an open system and is usually far away
from equilibrium. Although self-assembly and self-organization can be clearly distinguished
on the basis of thermodynamics®' they are also often used as synonyms by some authors and
in some scientific communities. The patterns obtained with both processes can be quite
similar, but usually the time and length scales required for assembly of the structures are
different™.

Self-assembly at surfaces crucially depends on intermolecular and molecular/substrate
interactions and on the registry or corrugation felt by the particular adsorbate on the particular
surface. The deposition of organic molecules on low-reactivity metals or semiconductor
substrates leads to a higher degree of ordering by self-assembly than on reactive metals or
highly corrugated surfaces. On reactive or highly corrugated surfaces the diffusion is
insufficient to allow for self-assembly, as the molecular adsorbate cannot find the position
with minimal energy before immobilization.

On ultrathin insulator films on the other hand, the typical adsorbate/substrate interaction
is quite low, which leads to mobile molecules at room temperature for low coverage.
Therefore, molecular/insulator/metal systems in comparison to molecular/metal interfaces
provide very good model systems to study the electronic interaction of the adsorbate with
substrates of different characteristic properties. By using ultrathin insulators with their
thickness varying from one to some monolayers, the relevant interactions for self-assembly
and electronic interactions can be tuned and studied in detail®.

The work presented in this thesis is the result of a step by step approach to obtain detailed
insight into the specific properties at the molecular/substrate interface. Surfaces with different
reactivity and different electronic structure have been used to study the self-assembly as well
as the electronic adsorbate/substrate interaction.

In the first step the highly interacting system of pentacene on Cu(110) has been studied.
In detail, the influence of the molecular adsorbate on the substrate electronic states in different
self-assembled phases®* and vice-versa the influence of the substrate on the self-assembly has
been investigated. For the first time a complex multi-phase behaviour of pentacene in the first
molecular layer has been observed by a systematic study on this very intensely studied
systemzs.
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In the second step the molecular/substrate interactions have been modified by oxidation
of the Cu(110) substrate prior to pentacene deposition, which changes the molecular/substrate
interaction considerably”®. Additionally, it was possible to reduce the intermolecular
interactions by separating molecular chains with CuO adsorbates.

In the last step a series of experiments has been performed, where octa-ethyl porphyrins
have been adsorbed on ultrathin insulators, which are used for a further reduction of the
molecular/substrate interaction. This approach was especially challenging because it required
a suitable system, which could be analysed by local and non-local techniques like STM,
LEED, UPS and XPS. The application of non-local surface analysis techniques like XPS and
UPS asks for homogenous surfaces, which can usually not be provided by evaporation of
insulators on metal substrates because these typically grow in a Volmer-Weber (island)
growth mode. This task has been successfully accomplished and homogenous layers of NaCl
have been grown on the stepped Cu(311) surface.

1.3 Outline

The presented work is organized as follows: After the introduction to organic molecular
electronics and molecular self-assembly the most important aspects on thin film growth will
be reviewed. This part serves as a basis for the discussion of the growth phenomena and their
optimization towards homogenous ultrathin alkali halide films on metal surfaces; reported
about in chapter 5.2. The experimental techniques and details including the sample
preparation are described in chapter 3. In the fourth chapter the monolayer self-assembly of
pentacene on Cu(110) as well as on the oxidized Cu(110) will be described. At the beginning
of this chapter a brief motivation is provided, which is then followed by two full papers

2425 The first paper covers the influence of pentacene

published in Physical Review B
adsorption on the Cu(110) Shockley surface state. The second paper reports about monolayer
multimorphism for pentacene on Cu(110). Chapter 4.4 reports about the interaction of
pentacene with the p(2x1)O reconstructed Cu(110) surface and chapter 4.5 about the influence

of oxygen exposure on the self-assembly of pentacene.

The fifth chapter deals with the interaction of octa-ethyl porphyrins (OEPs) with metals
and ultrathin insulator surfaces. After an introduction to ultrathin insulators and organic
molecules on insulators the self-assembly and growth of LiCl on Cu(001) and NaCl on
different metal surfaces is described. Results on the electronic interaction of OEPs with NaCl
and metal substrates by scanning tunnelling spectroscopy (STS), ultraviolet photoelectron
spectroscopy (UPS) and x-ray photoelectron spectroscopy (XPS) are shown and discussed in
chapter 5.3. The final chapter with concluding remarks will complete the main part of this
thesis.



2 Thin film growth

2.1 Nucleation and epitaxy

Epitaxy is the deposition of a single crystalline film on a single crystal substrate®”. Thin
films are layers of material on a substrate with thicknesses ranging from a fraction of a
nanometre to some micrometers>. Thin film properties often differ from bulk properties due
to different defect structures, their quasi two-dimensionality (ultrathin films) and the strong
influence of surface and interface effects. Thin film growth is influenced by a large variety of
physical effects like thermodynamics and kinetics, crystallography, as well as electronic,
mechanic and magnetic properties. The grain size of the thin film or the domain size of the
first layer is mostly determined by the deposition rate and the substrate temperature, which

affect the nucleation and diffusion of the adsorbates®

. High temperature and/or low
deposition rate result in large crystal grains/domains, while low temperature and/or high

deposition rate lead to small grains/domains.

In UHV conditions, three steps in the deposition of material on a surface can be
distinguished: (i) emission of the material (e.g. atoms, molecules or ion pairs) by sublimation,
(i1) collision free transfer of the material to the surface, (iii) condensation on the surface. The
third step mostly determines the thin film growth and can be viewed as a multi step process™:
(1) energy loss of the impinging particles to stay on the surface, (ii) binding to the surface
(either physisorption or chemisorption), (iii) surface diffusion and cluster formation, (iv)
nucleation, (v) island growth, (vi) coalescence of the islands, (vii) continued three-
dimensional growth of the islands. During the nucleation small numbers of particles meet and
arrange in a crystalline pattern. Thereby, they form sites where additional particles can be
trapped and initiate the growth process®. The initial nucleation usually takes place at defects
like steps, kinks or dislocations due to the lower coordination sites, which exhibit a higher
desorption barrier of the particles at these defects.

2.2 Growth modes of thin films

In general, there exist three different growth modes of epitaxial films as illustrated in
Figure 1. These growth modes depend on the lattice misfit, on the differences in the binding
energies between the particles and between particles and the surface, on diffusion and on the
surface tension. For the Volmer-Weber (island) growth mode (cf. Figure 1, right) the
interaction between the particles is stronger than the interaction between particles and
surfaces. In contrast, in the Frank van der Merwe growth mode the adsorbates bind more
strongly to the surface which results in a layer by layer growth (cf. Figure 1, left). The
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Stransky-Krastanov growth mode is an intermediary process, where a layer-by-layer growth,
i.e. the formation of a wetting layer with thicknesses up to several monolayers, is followed by
island growth on top of the wetting layer (cf. Figure 1, centre). Stransky-Krastanov growth
usually results from the strain, induced in the fist monolayers, due to the lattice misfit.

Frank van der Merwe  Stransky-Krastanov Volmer-Weher

Figure 1: Different thin film growth modes as described in the text.



3 Experimental techniques and set-up

3.1 Experimental techniques

In this thesis several complementary surface sensitive techniques, like STM and STS,
XPS, UPS and LEED have been used. This chapter provides an introduction into these
techniques and into some particularities, which are necessary for the interpretation of the data.

3.1.1 Scanning tunnelling microscopy and spectroscopy

The scanning tunnelling microscope (STM) was invented in 1982 by Binnig and Rohrer'”,
who were honoured with the Noble prize in 1986. The invention of a microscope, which
provides a three-dimensional real space image of a surface with atomic resolution, allowed
spatially localized investigation of the electronic and geometric properties of surfaces. The
invention of the STM gave rise to several further scanning probe techniques like atomic force
microscopy, magnetic force microscopy and chemical force microscopy, which expanded the
field of surface science. With the wide parameter-sets possible for all scanning probe
techniques, like variable temperature and variable pressure, different physical and chemical
information can be acquired. SPMs are used (i) to access electronic states of surface
adsorbates with a very good lateral resolution®’, (ii) to directly investigate chemical reactions
at the solid liquid interface®” and (iii) to laterally and chemically manipulate® adsorbates on
surfaces. For a detailed description of the various scanning probe techniques the reader is

referred to several text books >,
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3 EXPERIMENTAL TECHNIQUES AND SET-UP

The set-up of a scanning tunnelling microscope is shown in Figure 2. An STM tip usually
made of electrochemically etched W or wire-cut Ptlr is attached to a three-piezo scanner (x, y
and z) or a piezo tube. A bias voltage is applied between the tip and the sample to establish
a tunnelling current, when the tip is in close proximity to the surface (~1 nm). By using
piezoelectric actuators the tip scans the surface line by line with a very high local accuracy.
The tunnelling current measured at each point is amplified and compared to a reference value.
Using the z-piezo actuator to adjust the tip elevation above the substrate the tunnelling current
can be kept constant. Thus, a topographic image of the surface can be acquired by plotting the
z-position in dependence of the x- and y- position of the tip, as seen in the display in Figure 2.
This measurement technique is called constant current mode. Another measurement method is
the so called constant height mode. Here the z-position of the tip is kept constant and the
current in dependence on the x- and y-position is displayed directly. For the latter technique
higher scanning speeds can be achieved because the z-displacement does not need to be
adjusted via the feedback loop. Therefore, a higher resolution can be obtained, but it is limited
to very flat surfaces otherwise the tunnelling contact may be lost or the tip may crash into the
surface. For atomic resolution a sufficient damping and vibration isolation between the
microscope and the environment is necessary.

In the following, a brief overview of the electronic nature of the tunnelling process will be
given. Figure 3 shows schematically the energy diagram of a vacuum tunnelling barrier
between an STM tip (T) and the sample (S). The density of states (DOS) of the tip is assumed
to be featureless near the Fermi energy whereas the density of states of the sample varies with
energy, which is usually the case for semiconducting samples or organic adsorbates. In Figure
3a the absolute value of two wave functions with different energies are displayed and both
decay exponentially in the vacuum with the decay length of the lower lying states being
smaller (cf. equation 1). When the tip and the sample are separated the vacuum levels of both
are equal; the position of the Fermi level (Eremi) is given by the work function (®) of the tip
and the sample, respectively. When both are brought to close contact (usually 0.5-5 nm
distance between the tip and the sample for STM measurements), tunnelling of electrons
between both materials is possible and the Fermi levels in the thermal equilibrium are aligned,
resulting in a change of the vacuum level of the sample with respect to the vacuum level of
the tip (Figure 3b). When a negative voltage V is applied to the tip a rigid shift of the energy
states of the tip with respect to the energy states of the sample by approximately el occurs.
This results in a net tunnelling current from the occupied states of the tip into the unoccupied
states of the sample (Figure 3c). When a positive voltage is applied to the tip a tunnelling
current in the opposite direction, i.e. out of occupied states of the sample into unoccupied
states of the tip occurs (Figure 3d). The arrows in Figure 3¢ and d indicate the tunnelling
probability depending on the energy of the electrons according to equation 1. Thus, the main
contribution to the tunnelling current results from the highest lying states due to the energy
dependent decay length of the electron wave functions as indicated in Figure 3a.

Y =~ exp(—«d) k=2v-2mE/h 6))



3.1 Experimental techniques

By changing the applied bias it is possible to spectroscopically measure the occupied and
unoccupied states of the sample. Figure 3d shows that it is difficult to detect the lower lying
occupied states (HOMO-1, HOMO-2) of the sample because the biggest amount of the
tunnelling current results from the states near the Fermi energy and the contribution of lower
lying states to the tunnelling current is comparably small. In consequence, the unoccupied
states can be easier detected with scanning tunnelling spectroscopy (STS) than the occupied
states. To directly acquire the DOS of the sample scanning tunnelling spectroscopy can be
performed by placing the tip on top of the point of interest, switching off the feedback loop
and measuring a current/voltage curve. Due to the dependence of the tunnelling spectra on the
DOS of the tip it is often advantageous, if not essential, to compare the scanning tunnelling
spectra with complementary analysis methods like UPS, NEXAFS and/or IPES.
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Figure 3: Energy diagram of the vacuum tunnelling barrier between the STM tip and the sample a) tip

and sample separated, b) tip and sample in close contact, ¢) negative voltage applied to the tip, d) positive
voltage applied to the tip; from™.

To estimate the tunnelling current the Wentzel-Kramers—Brillouin (WKB) approximation
can be applied as shown in equation 2: d is the distance between the tip and the sample, m is
the electron mass and V is the applied tunnelling voltage.

2 2eV
i(dN)s%[f—mJ Jp.(B)p,(E—eV)T(d,V,E)dE @
0

Thus, the tunnelling current density depends on the DOS of the sample (p;), on the DOS
of the tip (p;) and on the transmission function 7, which is given in equation 3.
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3 EXPERIMENTAL TECHNIQUES AND SET-UP

Equation 2 shows that the tunnelling current directly depends on the DOS of the sample,
as already discussed in the previous paragraph. Thus, to study the DOS of a sample one can
differentiate the tunnelling current. Assuming a constant DOS of the tip and a slowly
changing transmission function the derivative of the tunnelling current can be approximated
according to equation 4. The tip quality and the density of states of the tip is usually
controlled by measuring tunnelling spectra on the clean well-known substrate.

AL < b, Op, (BT V.eV) @

3.1.2 Photoelectron spectroscopy
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Figure 4: a) relation between the energy levels of a solid and the resulting electron energy distribution;
b) electron mean free path depending on the electron Kinetic energy; from®’.

The phenomenon of photoemission of electrons from materials was already discovered in
1887 by Hertz*® and in 1905 Einstein delivered the explanation of this so called photoelectric
effect using the quantum nature of light3 ? The photoemission process and the resulting
photoemission spectrum is schematically depicted in Figure 4a. A sample is irradiated with
photons with a well defined energy %w. The energy is transferred to the electrons of the
material and as a consequence the electrons can leave the material with a kinetic energy (Exi,)
which is given in equation 5, where Ep;,, is the binding energy of the electron with respect to
the Fermi energy and @ is the work function of the sample. Due to the relatively small
electron mean free path for electron kinetic energies between 50 and 1000 eV (cf. Figure 4b)
this technique is highly surface sensitive and thus very well suited for studying adsorbates on
surfaces. Due to the element specific binding energy of the electrons this technique is also
called Electron Spectroscopy for Chemical Analysis (ESCA). One main application area for
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3.1 Experimental techniques

ESCA is the determination and quantification of the elemental composition of unknown
materials.

Ey=hv—E_ ,-® 6)

The photoemission process can be described by a three step model. In the first step the
photo-ionization takes place, i.e. the electron is excited. In a second step this electron is
transported to the surface and finally the electron escapes from the surface into the vacuum in
the third step. During the transport of the electron to the surface inelastic scattering of the
electron can take place resulting in a decrease of the kinetic energy. This results in an
increasing background with increasing binding energy of the photoemission spectra. The three
step model is a rather simple picture and the photo-ionization, i.e. the first step of this model
is actually more complex because it has to be viewed as a many-body process. After removal
of the electron from the N-electron system a positively charged hole remains which leads to a
(N-1)-final state. Usually the binding energy of the emitted electron calculated by equation 5
is smaller than the real binding energy due to the different energy of the (N-1)-system
compared to the N-system. During the relaxation of the excited system the relaxation energy
is released and can be transferred to the photoelectron to increase its kinetic energy. In
consequence one has to rewrite equation 5 like it is done in equation 6:

Ey, =hv—(Ef "' -E)-® ©)

The measured effective binding energy (Eycr) depends on several terms as shown in
equation 7%:

Eb,eff = Eb(atom) + AEchem + AEMad + AEr,int + AEr,ext . (7)

The chemical shift AEpem describes the effective charge of the atom and the influence of
the nearest neighbours to the binding energy of the electron. If the atom is surrounded by
electronegative neighbours, the electrons are attracted by the neighbouring atoms which
results in a higher binding energy of the core electrons. This effect can be well seen for
halide-containing molecules. For example, the binding energy of the Cls electron of CF, is
296.7 eV compared to CHF3 which has a binding energy of 294.7 eV*'. The chemical shift is
a very important factor for determining the chemical composition of unknown materials,
especially for polymers and organic molecules.

The Madelung term AEy,q is only valid for ionic crystals and describes the electric
potential of all lattice components at the central atom. For ionic crystals the Madelung term
can often completely compensate the chemical shift.

The relaxation energies consider the multi-particle effects which lead to a larger kinetic
energy of the photoelectrons. Generally, the relaxation can be divided into two factors the
internal relaxation AE;;, and the external relaxation AE,.. The latter term considers the
polarizability of the medium surrounding the atom. The local positive charge of the photohole
can be screened by attraction of the surrounding electrons. The internal relaxation (AE; in)
results from a shifting of the electronic orbitals towards the core as well from relaxation of the
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3 EXPERIMENTAL TECHNIQUES AND SET-UP

exited system by filling of the photohole with an electron from a higher orbital. Parts of this
relaxation energy can be transferred to the photoelectron which results in a higher kinetic
energy and in consequence in a smaller binding energy.

3.1.3 Low energy electron diffraction

Low energy electron diffraction (LEED) is a very valuable tool to determine the surface
structure of a sample***. Electrons with a kinetic energy of 20 to 500 eV are used, which
results in a de Broglie wavelength in the range of atomic distances (A= 0.05 to 0.3 nm).
Electrons with low kinetic energy interact strongly with the surface atoms. As a consequence
they penetrate only 1-5nm into the surface (cf. Figure 4b, page 10), which renders this
technique highly surface sensitive. In the special case of ad-layers on surfaces the adsorbate
unit cell can be determined with respect to the known substrate unit cell provided that the
adsorbates show a long-range periodic ordering on the surface.

Figure 5a shows the set-up of a LEED system consisting of an electron gun, which emits
electrons with variable energy, the grounded sample and the detection unit (four grids and
a fluorescent screen). The first grid (counted from the sample) is grounded to insure a free
field region around the sample. Grid two and three are held at slightly smaller biases than the
kinetic energy of the electrons to repel the inelastically scattered electrons. Thus, only the
elastically scattered electrons can pass the fourth grid and are then accelerated to the
fluorescent screen, which is set to a high positive bias. Behind the screen a window in the
UHYV system equipped with a video camera allows direct recording of the diffraction pattern.
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Figure 5: a) LEED system with the electron gun the crystal, the four retarding grids and the fluorescent
screen; b) Ewald’s sphere construction for diffraction from a 2D lattice; from™*.
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3.2 Sample preparation and experimental details

Due to its very high surface sensitivity we can consider the LEED pattern as a diffraction
from a two-dimensional (2D) lattice. When this 2D lattice in real space is transferred to the
reciprocal space, which is actually displayed in the LEED pattern, the reciprocal space
consists of lattice rods because an infinite distance in the third dimension in real space leads
to an infinitesimal distance in the reciprocal space. The Ewald construction to find the Laue
conditions for constructive interference for a 2D reciprocal lattice is shown in Figure 5b. The
initial wave vector k;, which is given by the wave length of the incident beam (ki = 27/))
defines the radius of the Ewald sphere. Constructive interference is given, if the scattering
vector Ak = k; - k¢ coincides with the reciprocal lattice rods, which is always fulfilled when the
initial wave vector is large enough to intersect with a rod. The fact that for different electron
energies some diffraction spots disappear and reappear for other energies can be related to the
simplification of the third dimension being infinitive, which is effectively not the case.

3.2 Sample preparation and experimental details

All single crystals were purchased from Mateck® and the initial preparation was carried
out by Ar' sputtering/annealing cycles with increasing annealing temperature for each cycle.
After the successful initial preparation of the single crystals three sputtering/annealing cycles
with decreasing sputtering energy were performed as shown in Table 1, until neither carbon
nor oxygen were found in the XPS spectra and the samples exhibited flat surfaces with big
terraces as imaged in the STM. Before evaporation of organic molecules or oxygen exposure
the samples have been cooled to approximately room temperature with a gaseous nitrogen
stream. For evaporation of the insulators, which was most times carried out at elevated sample
temperatures, the annealing temperature was reduced after the last annealing step and the
samples have not been cooled to room temperature.

Table 1: Single crystal preparation procedure.

Sample: 1* sputtering 2" sputtering 3" sputtering Annealing

Ag(111) | 1.5keV, 20 min | 1.0 keV, 20 min | 0.8 keV, 20 min | 770 K 20 min
Cu(111) | 1.5keV, 20 min | 1.0 keV, 20 min | 0.8 keV, 20 min | 770 K 20 min
Cu(100) | 1.5keV,20 min | 1.2 keV, 20 min | 1.0 keV, 20 min | 810 K 30 min
Cu(311) | 1.2keV,20 min | 1.0 keV, 20 min | 0.8 keV, 20 min | 770 K 30 min
Cu(110) | 1.5keV,20 min | 1.2 keV, 20 min | 1.0 keV, 20 min | 810 K 20 min

Both, organic molecules and insulators were evaporated with a rate of 0.2 - 0.5 ML/min.

The evaporation time was estimated by the frequency change of a water-cooled quartz crystal
microbalance (QCMB) before evaporation. For molecular deposition the frequency was also
controlled after the evaporation to view possible changes of the evaporation rate during the
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3 EXPERIMENTAL TECHNIQUES AND SET-UP

deposition. The coverage was calculated by the main XPS peak of the adsorbate (Cls and/or
Nals, CI2p, Ols) and the substrate XPS peak (Cu2p or Ag3p) as well as by the STM images.
1 ML refers to the amount of material necessary to produce the most densely packed
monolayer. The oxygen exposure was accomplished at oxygen partial pressures of 2.5-
7.5%10™"° mbar in the STM chamber.

After the sample preparation, the STM measurements were usually performed before the
LEED and XPS studies. This analysing sequence was chosen to reduce electron and/or photon
beam-damage before the STM images were taken.

The XPS and UPS data were recorded with a PHOIBOS hemispherical electron energy
analyser from Specs. The acceptance angle was 16° for both UPS and XPS measurements. All
XPS spectra were recorded with a non-monochromatized Al Ka-source and the UPS spectra
were taken with a non-monochromatized Hel source. For the determination of the secondary
electron cut-off the samples were biased with 9 V, whereas the other UPS measurements were
performed without sample biasing.

The room temperature STM measurements were performed in a commercial Omicron
UHV STM/AFM with electrochemically etched and in-situ sputtered tungsten tips. The bias
voltage was applied to the sample. All STM data were analysed with the WSxM free
software™.

The LT-STS measurements shown in chapter 5.3.1 were performed at the University of
Basel using an Omicron UHV LT-STM (Omicron NanoTechnology GmbH) at 5 K. The STM
was operated by the Nanonis SPM control system (Nanonis GmbH), which also provides an
internal lock-in amplifier. For the measurements wire-cut Ptlr tips were used. The bias voltage
was applied to the tip, but all voltages given in this thesis refer to a grounded tip i.e. negative
bias voltage indicates the occupied states, to keep the usual sign convention. The differential
conductance spectra (dI/dV vs V) are directly recorded with the lock-in amplifier. The sample
preparation was carried out as described above, with slightly different sputtering and
annealing parameters. The NaCl was evaporated from a home-built evaporator, while the
samples were kept at room temperature. The CuOEP was evaporated with a commercial three
crucible evaporator with the samples kept at liquid nitrogen temperature (approx. 78 K). The
quality of the tip was controlled by scanning tunnelling spectra recorded on the clean metal
surface state.

3.3 Experimental set-up — the Nanojunction Laboratory

Most of the experiments were performed in a multi chamber ultra-high vacuum (UHV)
system, called the Nanojunction Laboratory, which is schematically depicted in Figure 6a.
The UFO (1) has two major functions. First it serves for the storage of all transportable parts,
which are needed in the UHV system, like samples, STM tips, AFM cantilevers and
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3.3 Experimental set-up — the Nanojunction Laboratory

evaporators filled with organic molecules or insulators. The second task is the distribution of
this material into the different vacuum chambers with the UFO manipulator arm. The UFO is
equipped with a quadrupole mass spectrometer for leakage detection. The samples can be
heated on the UFO manipulator arm, which can be rotated by 180°, so that the samples are
facing downwards during the evaporation procedure.

a)

Figure 6: a) Sketch of the UHV system of the Nanojunction Laboratory: 1) UFO, 2) analysis chamber,
3) STM chamber, 4) molecule evaporation chamber, 5) salt/metal evaporation chamber, 6) electron beam
evaporation chamber, 7) transfer chamber, 8) portable vacuum chamber. b) photograph of the analysis
chamber with x-ray monochromator on the right back side.

The sample preparation was carried out in the analysis chamber (AC) (2), which is
equipped with an Ar'-sputtering gun for sample cleaning, as well as for sputtering the
electrochemically etched tungsten tips. The samples can be heated via a filament attached to
the sample holder and cooled via gaseous nitrogen. Additionally, the AC is equipped with an
x-ray gun (Mg Ko and Al Ka) and a UV lamp (Hel and Hell), for photoelectron spectroscopy
(PES). Since beginning of 2009 an x-ray monochromator (SPECS) with a twin anode
providing Al Ka and Ag La radiation is attached to the chamber. The electron energy analyser
is a nine channeltron SPECS PHOIBOS HSA 3500 hemispherical deflection analyser (HDA).
In Figure 6b the electron energy analyser, the manipulator and the x-ray monochromator
(right in the back) are visible. A LEED optics completes the instrumentation of the analysis
chamber.

The STM chamber (3) consists of a transfer part for the samples, a tip storage carousel
and the Omicron UHV STM/AFM. It is decoupled from the rest of the system via a bellow
which is fixed with spacers made of a special silicon material called age ® to reduce
vibrations. With this decoupling system it is possible to obtain molecular resolution while the
turbomolecular pump of the STM is running. The STM chamber is additionally equipped with
a dosing valve.
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3 EXPERIMENTAL TECHNIQUES AND SET-UP

The molecular evaporation chamber (4) is separated from the salt/metal (S/M)
evaporation chamber (5) to prevent contaminations of the high melting point materials with
low melting point organics. Both chambers are home-built and the chimney evaporators can
be transferred in and out of the chamber via the UFO manipulator without breaking the
vacuum. Figure 7a shows a photograph of the molecule evaporation chamber equipped with
four chimney evaporators. Both evaporation chambers are equipped with a quartz crystal
microbalance (QCMB) for calibrating the evaporation rate. The molecular evaporation
chamber can host up to four different evaporators, the S/M chamber can host two different
evaporators and is additionally equipped with an electron bombardment heating stage and a
gas inlet for sample preparation at high temperature in oxygen atmosphere. The home-built
molecule evaporator can be exchanged by a commercial three crucible evaporator (KENTAX
TCE-CS) with temperature control, cooling system and shutter. This evaporator is mainly
used for synchrotron measurements, where homogenous, reproducible adsorbate layers are
necessary, or for co-evaporation of different molecules because it is possible to determine the
evaporation rate of each molecule separately by using the shutter.

Mo-spring

Sample plate

a)

Figure 7: a) photograph of the molecule evaporation chamber equipped with four chimney evaporators;
b) photograph of the sample and sample holder as used in the Nanojunction Laboratory.

For the evaporation of metals with high melting points like cobalt the UHV system has
been equipped with an additional electron beam evaporation chamber (6) with a commercial
four crucible e-beam evaporator (EGCO4 from Oxford Applied Research) with integrated
shutter and flux control. This chamber also contains a QCMB. During the evaporation in all
three evaporation chambers the samples are on the UFO manipulator and can be heated by the
sample holder filament.

The transfer part (7) was in former times used as a portable vacuum chamber but is now
replaced by a smaller one (8), which can be easier transferred between the SLS and the
Nanojunction Laboratory. The transfer part is equipped with a load-lock were samples, STM
tips and evaporators can be transferred into the vacuum system.

16



3.3 Experimental set-up — the Nanojunction Laboratory

All single crystal samples are attached to commercial Omicron sample holders, called
“paddles”, either by means of a small sample plate which can be fixed on the paddle via two
screws (cf. Figure 7b) or by direct spot-welding to the paddle. The single crystals which are
attached to the paddle via the sample plate are 8 mm in diameter whereas the samples directly
spot-welded on the paddle are 10 mm in diameter. The small 8 mm samples can be unscrewed
from the paddle and can be fixed to a Swiss stub in the transfer chamber (7) for measurements
at the beamline of Surface and Interface Spectroscopy (SIS) of the Swiss Light Source (SLS).
The Omicron paddle is attached to a sample holder called “Kl6tzli” by means of a
molybdenum spring (cf. Figure 7b). The Kl6tzli and therewith the sample can be resistively
heated by a tantalum filament, which is placed below the molybdenum spring.

Most UHV chambers of the system are equipped with several vacuum pumps. For
pumping after venting each chamber has a turbomolecular pump, which can be started by a
scroll pre-vacuum pump. After starting the turbomolecular pump its pre-vacuum can be
switched to the main vacuum line, which is additionally pumped with a turbomolecular pump.
This leads to a very good pre-vacuum pressure (1*10” mbar) which can lead to pressures
below 1*¥107'” mbar after bake-out of the chambers. Most of the turbomolecular pumps are
separated from the chambers by gate valves, such that they can be switched off and vented for
regular operation of the chambers. This venting of the turbomolecular pumps has several
advantages e.g.: (i) it reduces noise in the lab and consequently leads to reduced noise for
STM measurements (ii) the maintenance time of the turbomolecular pumps can be increased.
Additionally, most of the chambers are equipped with ion getter pumps, to pump the
chambers, when the turbomolecular pumps are switched off. Most chambers are pumped once
a day via a titanium sublimation pump (TSP). The base pressure in the analysis chamber is
below 1*107'” mbar. The pressure in the other chambers is below 1*10™ mbar also during
evaporation. Thus, the cleanliness of a sample covered with a monolayer of adsorbates can be
guaranteed for several days.
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4 Pentacene on Cu(110) and oxidized Cu(110)

4.1 Motivation

The fact that more than 3160 publications containing the word pentacene could be found
in the Web of knowledge, is a sign of the importance of this molecular semiconductor for
basic research as well as device application. Pentacene has several advantageous properties
like a high chemical stability and a comparably high hole mobility which can be up to
5.5 cm®V's™" 1. Without doping, hole transport (p-transistor) dominates in pentacene devices
due to the higher hole mobility compared to the electron mobility'’. However, by doping the
pentacene/gate dielectric interface with calcium, an n-type transistor could be realized with
electron mobilities of 0.19 cm®V™'s™ *7. The possibility to use pentacene either as p- or as n-
type semiconductor is another important property of this molecule, which is not very common
for other organic semiconductors.

For pentacene it was shown that the performance of thin film devices strongly depends on
the pentacene/gate interface'’, on the metal contact interface'’, on the structure of the
pentacene thin films'' and on defects like gas inclusions™. Since the growth and the thin film
structure are determined by the pentacene/gate interface as well as by the pentacene/metal
contact interface, the study of the interface properties plays a crucial role for understanding
the relation between the interface structure and the resulting transistor performance.

The alignment of pentacene on the surface strongly depends on the DOS of the substrate
near the Fermi energy. Thus, pentacene molecules are lying flat on metal surfaces whereas
they are standing upright on insulators or semiconductors®. A more detailed overview of the
growth of pentacene on different surfaces as well as on the Cu(110) surface can be found in
the corresponding Introduction sections in the following chapters.

Up to now pentacene has been studied on different substrates with respect to the
50,51,52’ stepped

Cu surfaces™, Ag™ and Au’>”*", (ii) the modified electronic structure of pentacene by
58,59

following points: (i) the self-assembly on different metal surfaces like Cu(110)
adsorption on metal surfaces and (iii) the device performance depending on charge
injection and charge carrier mobility'®". In contrast, we investigated the influence of the
pentacene molecules on the metal surface, i.e. the changes induced by the adsorbate/substrate
interaction in the metal electronic structure. This new approach together with the study of
molecular orbitals can lead to a more detailed understanding of the pentacene/metal interface.
For this purpose we used the Cu(110) Shockley surface state as a direct probe for the changes
of the electronic states of the metal surface induced by pentacene. We found a strong
interaction between the pentacene molecules and the Shockley surface state, which results in a
shift of the surface state away from the Fermi energy. Additionally, we also studied the
influence of the coverage on the surface state and found that the occupation of the surface
state depends on the adsorption structure and the coverage. This observation of the
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4.2 Modification of the Cu(110) Shockley surface state by an adsorbed pentacene monolayer

dependence of the surface state on the adsorbate structure has not been reported yet for any
system and shows that a detailed investigation of the adsorption structure depending on the
coverage is necessary to understand the adsorbate/substrate interaction. Although there are
already several publications on the adsorption of pentacene on Cu(110) we found two
additional mobile phases and three different condensed phases, which have not been described
in detail, yet.

A major aim of this research is to study and control the electronic adsorbate/surface
interaction by using substrates with different reactivity and different density of electronic
states near the Fermi energy, like e.g. different noble metals, semiconductors and insulators.
Towards this aim, specifically to reduce the interaction of pentacene with the Cu(110)
substrate, we also studied the adsorption of pentacene molecules on the oxidized Cu(110)
substrate. A different adsorption behaviour of the molecules in the context of self-assembly,
mobility and interface interactions has been observed. A possibility to change the
intermolecular interactions is the separation of molecular rows by oxygen exposure. This
leads to a reduced intermolecular interaction and is an alternative way to discriminate between
substrate mediated intermolecular and molecular/substrate interactions.

4.2 Modification of the Cu(110) Shockley surface state by an adsorbed
pentacene monolayer

The following chapter is a copy of a full paper, published in Physical Review B>,
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4 PENTACENE ON CU(110) AND OXIDIZED CU(110)
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skl of e warface sale o higher binding energies. Different
mechanisms for the modification of the serfsce stole by aid-
wombales, sach a8 Pauli repulssom, moxing amd hybrdizanin
of clectronic states, dharpe tramster, and polareation. will ke
discessad In e coment of the lpe orpanke ssorbae peir-
tacene Notabl, cur sy aims o fevesl the mole of e
werfnce state in the pentnoens on copper odsorplion, which
las beem recenily unmvelsd o deviate from the simple
:hullli.buﬂl.itml'pl'rylip.tplkm shemes  For pimlscene on
Cul1 190 The modification of surface states depends om the
properics: of both de organk Bodeciles and the metallic
wehsirmles and strongly relies oo the nolure o the s
of the honding sl the electronie coupling ai il Inierface.

Il EXFERIMENT

The ARPES mscasurcancts Bave boon parlorined al Use
tagh-respbation phoincleciron speciroscopy (HEPES) end
sration of ike suricelinieriace speciroscopy (5151 beam|ine
b the Swisk Light Soarce (S1.5), Pawl Scherrer [mmine, Vil
ligen, Swiizerlax]. The dara have been resorded with a Sci-
anla SES 2000 ebecirom enemgy analveaer in the snpaler moeds
with the sample kept 82 room demperature. The anxbyrer was
oFwemled i sl o way thal the :.llﬂ.l.ﬂ-:l' -l]|#l¢ﬂ-l'i'¢ UbFaE L
witk perpendicolar o the polar rofalon axs of the sample
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4.2 Modification of the Cu(110) Shockley surface state by an adsorbed pentacene monolayer

SCTEY DAL er o

manipulator {ie. the theta axish. Therefore. a All 1w
dimessional (21¥ Fermi-sarioce (FS5) map ol ihe surfsce
slalg was ohlmned by perfommnng sabsogquent heln seans
with the ammuth of ke sample kept lixed along the I'-Y
dimestion. Adl data peeseined in this paper were eiaipe] with
a phalom gnomgy of LR ¢V imsing pepodaniecad lighi. Thas
panicular pholon energy was sebecied for apiimum signal-os
Backgresnd miso ol the sirface siete, Tl energy and angular
resalulon were eslimated o bhe aboul 200 meY and 017, me-
spectively.

The Owll 11K sample crvelals wiere eleaned by repscabiosd
cyches of Ar* spullering and =ehsogoent annealing 1o 750 K
uncil mo corbos ond mo oxygen wene foand i plustoemmission
spucira The penticene was thermally evaporaled onlie e
Cul 110} cryseads while they wene kepl of room lemperaiure.
Al preparation and chargterization by koa-cnemgy oheg-
tron diffrsetion ILEED} and STM, the pestacene-caverod
samples were iramsierned in s poriable yoecusm chamber o
e MRS emd siation, Typical mamsier hmes wese 3-6 1,
during which the pressure stayed in the low 107" mbar
TRREE.

Ihiring the ARPES mcasureimsnis b cipemung lime of
ke mamplh #o the eynchroiron light was aplimised in ok o
avidd rediation demege. Addicionally, for each new thein
waliig the agmple Wil moved By 0,1 min alosg e Dheti 4%
o always provide a fresh sample surface. Adber the AR
measuremeals the samphe qualicy was chwcked agmn hy
STM and LEEID. which conlmmad the absere of sigmilicam
sample degradation. Fariher. labormiory-hased x-ray photoe-
clociiom S ITeac oy IXPS) and ubraviole Husceleoran
speatrascapy (UPS) measurements were perfommed 1 doter-
miing the pemiscens coverage and the work: Fancrion.

T FHASE BEHAY IR OF PENTACENE O Ol 110}

The hene neperied 51 sy o the sdsoqplios of penli-
come an Ol 110} agroes well with cardier mesulis™" amd dis-
closes a complex multiphase behavior a8 room femperaiure,
descrihed (8 maere detml elsewlaere ™ |8 comrast o earlicr
sivlivs om pontscene on Cul 1100 1he samples bave always
boecn kepd al room lemperamre, botl derisg and after the
penliyne deposition, For eoverapss below (R& monolayers
(ML, ST revedls a disordered phase of kaghly mobile pen-
lacene meokecules. Al 0F ML coversge exiended, ondered
fideilar layvers with himitad lomg-funps onder can B jdiii-
tafied im whech dhe moleoales are onemied with ibeir loag axis
poralbe 1o [| |-Il] dhireciion, The sidbe-by-side disam of
Uk miodecules = twice the sabstrabe laflice spacing. which &
cavilrmmel by sharp LEEL balf-order spols, Along the [lr(l]
direction e spacing of he molesisks deras sosm: vamaban
with an average disiance of 7 Cu={"y atom disiances. [eace,
LEFLY shoms & (721 sruciure where the L et TR T

spots abong [ 110] are smeared out along [0 0] A1 higher
coverage {1 MLL o0 wellorderad (f =1, | 4) siruciine o
Formasl, whach appscars in bwo mimor damains Wk by = 9°
with respect to the [0 1] direcibon. The 518 and LEED
dain as well & the cormesponding sinoeronl models of ibese
i pleses are shown im Fig. 1

HIYSICAL REYW DTS, )15 (2|

FEi. 1. Colod aslaiie) Clbacrved adlaver siiciines B sibimodio.
Raver omd menolayer coverages of penilacese on Cul11H: {a) 03
Bl (B L0 ML Tege STH images 300X 30 min’. Insels: oo
spoading LEELD pamenis aken o (60 335 and |b) 6300 =Y. Beaein:
srnctimal models wish mil cells marked in pale gray (vellowl

V. Cud 110 SURFACE-STATE MAFPING A% & FUNCTIORN
OF FENTACENE PHASE

In Pz, 2 we presem e ARPES datn of b surface siale
apmind e ¥ opoist of the sarfise Brillouin 2one 1SBAF ob-
taired win the clean Cul 110} surlfhee. A parabolic shape of the
sarToe-slate Pamkl B observed along hotle high-symamery «i-
rections T=F and ¥-5 with a hinding-energy minimum of
Fome 3ir me. [HITerent elfective masscs wene messansd in
the two bigh-syimmsiry dirolions; ﬂr_i.'m__:ﬂl.-il-li' G0 il
weplant =il 30 2 00 alosg P8 and PF direciions, respec-
rively fae Fig. 23 These valis arg im poosd agrecment with
daia available in the Bieraiure™ and reveal s anisotrapy in
the S comtouwr appearing in ellipical shape witls 1l bong
axis along F&. which was also coafirmed by 5TM studmes.™
The P8 anisomrogy s clissely relsted o the Cul 110} sarfoce

< [3
e

i
b bl e O0F oF
Aimdirg Cragy Y _ C

& i

casn Saf 100} B
£ us
[T T RE

[ R LT LE
mim e

L E R T T T
[ |

FKIL, & fColer onlineg) [Rapermcn of the ¥ umiacg siaie of the
clan U1 simloce. (o} Depersion along P () Ot thirciigh
the | weiaee stake 2l the Fermm onorgy. Insi: skoich of @ uppar-
right spadant of ihs sudsee Bnllovin sone with the Fermi ne of
e sl sale inaked in pray (eall. (<b Degeren ahing [
The grayscake plols pepicscsl (he plestnclesiion wiknsily aler -
maktid by & Feiiia skj DiScteon ol codveisen b L-Vadkd
scale (dark cormespondds & lngh ingemary L The pale gray (vellew]
Bmes renk the 11 ol 4 pasalediond w e e penimenilal dota,
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4 PENTACENE ON CU(110) AND OXIDIZED CU(110)

BHAIFRCATION OFF THE Cuf 110y STHCRLEY SURFACE..

L
o
18 1

0.B ML Perigoana
Ta2)
E,= (481 & 11 j mald

m, Jm, =037 001
e, e, = 03 2007

MIYSICAL REYVEW O T8, 15806 (X009}

o8 08 04 02 00
Binding Enengy i€V}

1.0 ML Panacana

)
E, ={515 a7 ) mat

m,im, =042 & 0.02
g i, = 0w 000

PR 3 i00lod il ) Diipersssi of i F srinee state of & Cul 110 surface, eoveped with [aj-lc) 1.3 ML Periadiie aial (-1 1.0 KL
peiscene. Tl straight bees markod m pale pray (yellow) marik the 1l of o poraboked w e expermental data. The doned lines mafkal in
ooy dred) compiml s e paraboloid el o de eoperimental ot of e clean Cuf 1108 seelase from Fig. 2.

puomaelry prosenling a wilold symmeiry, Indoal the bolk
kand gap projecved on the (110F SBE results is ansaropic
behavior. v, a gap diamcker shorler in the T-F directiom
thian 0 the ¥-5 direcilon ™

Aalsirpiiaon of punlaesne al ooverages of 108 and | ML
lesdds 1o g shift of the surfece-sue hand 1o higher hinding
vmrgics and 1o a change im the clodive masses of the
surface-stabe elecirons. In Fig. ¥ ihe comespondme ARPES
dlata are presenied. The ot hasd cscrgy was fousd ar 45
e Gor b 17 3% 20 phase and al 515 me'V for the {6 =1, 1 4}
please, While the effective mass in the I-F dwoction de-
creases [or both the (7% 21 aml the (6 =1, | 41 plases, the
clfective miss in the F-5 drection decresses for the (7220
plaase and inergases For the 16 =1, | 4) pleise, A= 8 G-
guence. the Fermi wave veciors of the Shockley surface siale
pre similar Tor thee (T 521 pluse compaial tis the anes ab-
taimedd on clemm surfoces, wheneas For the (6 =1, | 4] phase
the Fermd wave vector incresses aloag the -5 direciion,
leading 10 a hagher amasotropy of the FS. Therchy the Formi
lare fow the {& =1, | 4} phase enclises o larger Fractics of the
SEZ than for the chean smfece [Fig, Meil which means e
the papulation of the sorface state is increased. These resulis
ane sbso comdirmed by Manisez-Blanco er af 7%

Provwsded that the arca of the whale surface Brillomin 2one
comesponds to wo electrons ey surface copper slom {span
up aed spin dowsl, ihis  lserease  comesponds
AR ARG glectrons por surface copper abom. Assuming
for the pemnascene surface dessiiy the valoe of 008 penincene
mckoules o sup e copper alom Laken Troms s presenisd
meadeld [Fig. 10h4]L this wonkl cornespond o 043 + 000 dlec.
s per penlaens milecake,

In wdditiom 1 (e ARPES mecasurcments on the surfao-
stale modificalions, the chage inithe work Fanction has been

mcsalred, By mweasuning the positsons of the ool in the
secondary electirons” backgroand in the P8 spectra belone
and afer sdsorpliom of a penlaeess maonslayer, We obserinl
a reduction im the work function of abowt 029 ¥ which s
coirirmead in Bel, W0 sd indicses e fwmaica of a sarfece
dipole, likely induced by a charge tramsier firom the meokcule
1 Ehie sulbesirale.

V. DESCUSSION

Ohnly few syslems bave been reporied yol where the sur-
Toce stabe sarvives upon depestion of an adsorbaie witly con=
sdemable je.p., #-imelal) miefaction, & the subenannlayer i
o e highly pockod monolaver covemge. For example, o
bas recestly beca reporied thel adscopoon of o FTCDA
mnrilayer <n Al D) leads 0§ huge skall of the sarlise
siahe up io {kf eV ghove ke Fermi level, induced by ihe
arang bondisg at the merfce” 18 conims), the i of
pentacemefCol 10 shows g amaller shall. which imfiales
that the metallic ebecironic stales are nol strongly affeciod by
e presene oF T pestlasene Baver. (ki the oiler lail, 1=
misdification of lhe surface-staie propertics thinding eoergy
and effective miss) implies that the inierecion & the imer-
liw canmod bo considorod weak aml thereline suggesis a
comphex isteraction hetween the metallic siaies and e mo-
Eeviular arhitala, beang agitler pang (s ner chiemisomm,

Far the here prosestod experimenis of penlscene on
Cul 110} dhe modifcation of the surface stale emerges from
the complex interplay of &Eiferenl phenomena. In T, when
an ailsorbate is resting on a surface, the sorfos depale can b
miodified by £1) ihe different charge distrdinfons of posiive
core amd negative chectroniv chages (eliom model ) il
charge trassfer.™™ (il miving aed bnbediztion of elec-
promie s, (v} Panli repulsion," 7 amd (v) “manial
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4.2 Modification of the Cu(110) Shockley surface state by an adsorbed pentacene monolayer

SCHYRAL o o,

polarization."* ™ These are all simplified interaction
schemes which are interdependent and therefore diflicall g
scparale. Additiodally, compling between reighbarmg adeor-
Beilies, which com inflvenc: e elecromic slales, may oripi-
milg from (vl the increasiog dedoculalion of molecular
shales wilh Peresad moleculr pocking and (vidl Bamd align-
ment o bl bonding. " The complex inerplioy of
difierent phencmenn affecring horh the peametry and The
electrons siructure @ oo laege umil el wakes calculanioss
wery coanplen and tine eotsaming. The relalive Lnponssce
off 1 Eectome: inlReenicing e surlace sale in Ul ciper imseiils
i therefone discessed qualitatively in the folkisiing para-

In ke lirst pan of the discussion we are goag 12 conden-
trale on the infleenee of e coupling baiween reight=uing
mddenvbases on the surface state. The cata presemied im Fig.
el exhibit an increase in the anisctopy o e Fermi-
surface shape (increase in &y along the F-% direcison). Thes
ETeise appews mode signalicant al e (wll menokyer cov-
erage than ai .0 ML sy ohservarion which cam be related to
the peckimg of 1he molecala sllayer Specifically, @& shown
m Fig. 17k a well-orderad. kmg-runge perivdic siruciure &
obtsined st maximum packing density of the first peniscens
mEmilaver, Advng the [00 1] disestion the dislanes betagen
e penlacerss molocules. Lo, e packing cermily, is e
same for the (T < 21 phase amd the (6 =1, | 4) phase, which
cofmeapoinds to the separaion of meo Co atoms i this divee-
tiamn. In the [100] dérection. which corresponds o the P8
dircction In SEE instesd, the packing density incresses with

mEreasmp coverape. i, the dislance between wo neighbor.
g molecules is 1576 A for the (6 =1, 1 4) siructure cam-
pared 10 179 A for the (7 = 2) stractars.

In o recenl calculation Gor wo adjaced penlocens mol-
ecules held in the vacuwm, the crset of meermolecular ime-
action in vacuum i [oend # a separation af 16.5 A between
the two molecales.™ Thes, intermolecular intersction aong
e _IT“! ilireclion has o b expected also lor sarinoe-
supparted makecules within the (6 =1, 1 4 lzyer and polen-
tadly lesds te e Formation of mn clevironic banl, Such an
clectromic hard may modify she clectronic poleniaal felt by
the surface-stabe chectroms amd may thus affect the pocupation
of the sy face state. The corvespondence of the close-pocked
direction i 11101 of strompess inietaction with the induced
chanpe in the Fermi wave vector in the ¥-§ dircction pro-
wides suppart for soch o relation

Three disrinet meckanisms have heen proposed foe he
madifiention of noble-metl surfnce shales by adsorbod rare
gnses (Poull repulsion), alkali metals dcharge tramsfers, ond
cifer noble metals (change of (e noble-mstal chargis), ™
Faor mlsorbed raro gascs on poblo-metal (1011) sarfaces tho
Ehockley surface stabe shifis to lower banding energy, which
b b attribinad wn the Pauli mepulgion Betwees e
surface-siste clectrons nnd the closed shell of the mre-pm
aloiis. This pepulsson pushss the surfase-sale glestrons 1o
ward the bulk, therchy destabilizing the surface state and
e boweriigg it% hinding enerpy.

Fom alkali metals adsprhed on (1700 and ©1100 noble-metal
siirfmces, the sarface dale shifts 15 higher hinding etergios @
oo as there & mo adsorbate-induced surface reconstruction

P RICAL RENIEW B OTH, | 506 (000

fermed M The highly electropesitive chamcter of the alkali
mctals leschs 1o an cloctron trasefer Framn the adssrbale b e
wshstratc, thereby decreasing the clectrostalic potantial m the
werifnoe regim. Comsoguently. the clecrom af the werfie
wiabe are pulled towand the surface so that e warfeo: siate is
stahilizcad ol its bencling eerpy incresess

Simdlar 10 e case of meeegie adeeption, the surfaoe-
mabe lecirone oo repelled by the valsnde elasrone of Hw
petlacerse ahiochad on Cull 116, Howevar, this is fen lw
maan eominbeiion o the modilieation of the surlase daie in
thie cise. as i1 slifls to higher bisdling enerpies indes] (o
ward i Fermni kevel ag ik @ ease For rare pasgs, In conir s
00 Fa-jan alapion, the frostics oribitals i oogaris mol-
eoules are encrgelically closer o e Fermi level, which -
ables misraction wall the secironiy stales of e abstaie,
Therefore, charge fransfer, mixing of electronic stafes near
the Fermi bevel and covalent bonding berween the adeorkaie
and the suhstrate are possihle.

Chir chservation of an merssed popalation of ik sarfao
sasbe for the (6 =1, 1 d) phase may indicme o dharpe ronsfer
berweon the pemacens mosecale and the sufae stae. Ch
the other band. the populalson incremse coukl alse be mdeced
by the bighly packed moleouar layes, which mey only als
et the mixing herween surtace asel bulk siates. Motahly, e
fact that the papulalion af the wirface slale is nol meresad
for ghe (7 ¥ phase with respert to the clean surface, al-
rherugh the bisckng-cnengy shift s almest 25 hiph s for ds
{6 =1, | 4) phuse. cun be an inclicalzon thet the shisl of the
peface stz B more prohably due in the mixing ol the eles-
tropric states than doe o pure charge transfer.

The direction of a poasible charge tramaler between the
mit e de and the surface can he estimared from the chemical
potontial of the mdsorbate md e sobsirate m roportad by
Lindell @ al™ This estimale, however, does not consicer
kel asrfacs phveieal propertics, mich as the sirfacs and slep
sisfes. The chemical pobenfial of metals i the opposite of the
work fonetion, e, in the case of Ool 100 ey e
—4.5 oV * Far organic moleaskes the dhemival potential can
b estimaied by = =(TP+EAN L For peniacens the ionizs-
o petential (IF} rappes from 5.9 w0 66 &% Y The cles
treed affimity (EAJ ie meported 1o Be between 1.1 ad 1.3
eV [y hese values the chenvical poleniial of penincens:
ranpid hetwaen —208 and -3.80 W, A possible deciron
tranafer will oocur in the direction from the species with
lagher chemical poiential o the one willy lower chemical
pobertial, in our case in the directm rom e ponlacens 1o
the Cwl 110) subsirmie.

I B I poerias o fe T Bhe change tranelor herarsen i
ndsorbale and the substrate does not exchasively invohe the
sarfnee sinte. Some chage could nlso be trnsferred divectly
b e bl statess 6. BabBacchani er ol ™ shewel thal then:
i a sirong nberachiom of the perfacens & orbitals with
Cul1EF ani Cw(119) o hancs. But this is 3 phenamenin
which it only 16 be ssesad in a detailed umerical sudy
which goes far bevond the scope of this experimential repont
on i ralher servell slestmoms ik rs e,

In the following we compare the case of FICDA on
A1 E aned om Aud 111} wiith cur chservations. [n comtrass v
prtidacete: adsorplion on Cul 1000, for FICOIA sdsamlen on
Aucl17) the sarface sinde ix shifted to the oppociie direction,
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4 PENTACENE ON CU(110) AND OXIDIZED CU(110)

SCHAFICATION OF THE Caf110k SHOCKLEY SLUREFACE

ie., o lower binding evergy. and remains ocospied."** For
FICOA :.taphm ors Agd 1110 the surface stnte i srongly
sluifbad abone e Fermi level ™ This ahows thal oar oloer-
valion af & hinding-cnergy moresse afier uborption of a
lrpe orparec moderule s ounexpevied, For PTCDA on
Aul 1115, LHED A wode-Tunctiom measuremeras, ' and 2-ray
standing-wave experimenis™"" indicale tha PTCDA &
weakly plyesorbad. Therelore, e pdeaction biwesn e
malocules ard the substrale = consdershly different com-
pared o the pentacere®Cal 110) system. In contrast, FTCDM
= arongly chemisorbed on Agi1115 via the cepiral earbon
ring. "® which resulis in an electrim transber from the subsimale
to Ehe molecube A5 Motably, the U'PE specirum of FTCDA
wlsorbed on Agill1) reveals an addilional band noar e
Fermi level onsing fram the parmbly filled [owest unoccu-
pread molecalsr orbiial (LUMOY of the acsorbed inclecules
duc 10 o cloctron fransfor from the substmle w0 the
molecubes ™ Moreover, ® has been reported that fres
electron-Lie uncceupied staes ane developed in the FTCOW
everlaver mediated by be valence elecirons of the Api111)
subwirate. ™ |_aier, hese ehertranic states bave boon identified
1 e il Shesckley stares imnhiBed vpon the sdsorpiem of the
PICTA moralayer™ Thas, we conclude that the interactsm
strengih of dhe pentacers: widh Co(1106 B stronger than the
o of FICDA A 1110 and weaker than e one of FTCDAS
Agilnn

The eamples mloaschon machaniams of he penlaceno
with e Tull19 surface make il diffcull b classily the
adsnrpiiom i terms of physissrpiion of chemisarprion. On
of Do, of thsere i change trassfer etwesn e modecnk:
uni the subsmle or mixing of the substrule and odscobale
elochiomic alales, i & Drpically assoceied 1o weik cheml-
worpliim. U b odbwer hamel, i the mochlication of the surfsoe
siate is induced by mixing ard hybridemion of electronic
bulk stwies with the surfsce sine in e prosties af the al-
soobale, ghis may be sssocinted © strong plivsisorpisan.

Besickes direct measurements af the local dersaty of stales
withits the suaface stae by ST ARPES & an ideal probg
for lewmang aboul he inleraction st the inder{nce and pros
wides fearnred Information. For FICRAMMRITLT, the major
factor for the moedification of the surlace =lale is the Pauli
repraksion beading b0 o sheft of the bottom bared by abost 440
e 1o kwer bimding cnorgy. This energy shift is much
bigher for & FTCDA monolayer on the Agdl1]) sorfoce (off
ahoul &40 met i doe wn the saromp nersstion s the nteriace.

PRIV SICAL REVIEW B T9, | 15606 {309}

I the s of pentacess on Cul110) the comples mibsirane-
malecule and imtermalecular intersctions lead to 5 shifl of thee
Paniling svwergy s well & 1o @ ikress 0 e ceupalon of
tha murfaes state for the | ML covered sample.

VI CONCLLUSION

In concluskm, thw petacmedCut 1190} interface provides. o
madel sysiem exhibiiing 2 shift of the Cwi 1100 Shockley
parface stane 10 hiphir binding enerpics upon adsorpiion of a
well-ordered molecular monclayer, Besides this knding-
CNCTPY iNCreise W ale ofeerve N inoresse in il populs-
tion ol e surface gale for the (6 =1, | 4 phase, which we
assrciate efther to an electron mransfer 1o the substrate or 1o
sarfice stalebulk state mixing.

The complex mierpliy of serfsce md molecular sisles bas
been related b0 the combinatzon of & numter of plenomena:
Paali repulaion, change iramler. miving s hybealizaion of
clectromic sinles, and polaiestion s well ns couplmp of
reighisoring modernles. The imerrelation of these phenomens
as they manifiest themsebves in the here presented experis
ments mokivates alr imine caloulations to ceepen the under-
starling hewomel the curmenl disdissim,

Furihermsre, the memsuremend of surincessimle modficss
rlona upee aSsnrpeion B oa complemeneary s direer peode nfd
the eleeironic prociases ceoarring o the orpanic-metal inicr-
foce compared o the more common i.m-:sl'gu.ims al mo-
becular orbltals at surfaces b STM™ ST al (inverssl
pEtsamission toclngecs. Tha bchavior of the sarfooe
siste cam thes e usedd as s probe for the sdsorbenefu betrale
meraction. therchy providing additional information shom
the properties of elecironic interfaces toward applications in
oganie elemnonic deyise,
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4.2 Modification of the Cu(110) Shockley surface state by an adsorbed pentacene monolayer
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4 PENTACENE ON CU(110) AND OXIDIZED CU(110)
4.3 Multimorphism in molecular monolayers: pentacene on Cu(110)

The following chapter is a copy of a full paper, published in Physical Review B>,
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4.3 Multimorphism in molecular monolayers: pentacene on Cu(110)

PHYSICAL REVIEW B 79, 43420 (200

Multimorphism in maelecular monclayers: Penbacens on Cuoi L1

Kathrin Miller.! Abdelkader Kora,” Timer K. Kim®* Roll Bertschinger," Anclreas Scheybal,” Jirg Osteraalder,” amd
Thomas A, Jumg!
"eabarrantewry fior Micres oo Mrmoteckmobogy Pran' Soleerrer faanior, CTRI202 Willigen PEL Swirze rland
:rj-;-qn-.i.nrm'.ql'Ph.q:r.n, University of Cendrad Flonda, Gdands, Flardy F3A14, 154
by silvay Matinie Gor S Some Researck, W Deeaden, TLOIT77 Dvesden, [iermany
Surichii of Phyaics, Deveeraiiy of Zanch, OH-3007 Aymick, Seaitoerkond
tRegeied 21 Jamary 20040, revised memuscrigs reseived | Moy 2000 publsted 18 Jume 20040

The selrieciog of g cmtacting inkeiles belaen apuss melecalar senmeondicion sul metalls o
imsniaiing subsites determines it cooperative properties such as the charge imection and e charpe-camier
malvibily of oepaiee dun-Ilm deviore, The papuer aoiribies 3 sysiimiaiic sppioach i eveal B evolusom of
e dhlferent srucioml plmses of peniscene o Cul D100 while wing e sane groswih condinons. Copleinemn-
Ly Melsoremenl iechnigoes sach 1S SCanning ornefing microsooy Ml howeenerey electron diffiction
iogeiber with ab deiio caloulaivoss. are applied b reveal e omnplex. multiplese belonvior of this sysem ai
poon demperaline. For coverages beiween 002 and | mosolsyer iMLI 0 complen, moltiplose bellaor coms-
poising live differeni phases §s cbserved which is assodaisd to e mierplay of moleceleimalecle and
mkcaleimbairik: imeractions. Mulimorphiam catically depends on the deameshmamics and Kinctic deen
mimed by the growih parameiers as well as the sysiem disell and arises from shallow energy minmm for
AR ] TeATEInpeTne T, 1N colseguenoe, the mokET plism sfTects e inenac: sirscose and e foee B

imteTine properiies.

IHH: 1 EPwysRevE 79 2954630

L INTRODCTION

COrganac semiconlsckors have been allmcling mereaging
aienibon revetly due io iheir spplisatiin in orgass clee-
tranic dievices such os orpamic light-eenitting deodes and or
gamic field-effect trensisiors, 1< Compared 1o amorphous silk-
oon, which is ofm used in thin-flm rarsisoon, e
devices have several acdvartages such as low-iemperabore
procesahiliny, |low-cosl fabricatan, amd e compatihility
with a wide variety of subsirates including fAexible I:lg,rer:."-"
For high quality orpmnic electronic devicss, high charpe-
carrier moblivy, and good conductivity sre reguired. A prom-
ising cogumsc semscondecior stowing Lese ciarscieristios is
penincene which shows high virinsic charpe-cammer moh| iy
willkroul dlopang.®

The cegomicfimorganic interfaces hetween ihe argansc
sembcotctoctar and the gale diclodric 58 well as the contac-
ing electroddes ploy a crocial rede for the perfarmance of o
panic electronk devices ™ Specifically, e adsorbeted
substrate intersction during the mitiation of growth affects
the struciure <f the firsl mokecular laver and ks inflleimces
coopeTalive propertis such s the chisge ingection at the
metalisemiconductor erince and (he charge-carmer mohil-
ity. Hence, it i sn important sk o uniferstand the intersc-
lom between melallic or msulbating substrates ad the sl
laper af the sdsorbate in dependerce of growth pammeters
by enudying the imerface strociure. For example. Thawer o
al.” heve reparsed ihat the ariemiation of adsorbed penincens
strongly depends on the cleciromc snciune af U substrale,
Pentacens molecules prefer to le flst on metallic subsmies
tue to their 7 decirons inlerscting with e near Fermisbevel
electromic sisies of the meatal. I cortrast, the molscules stand
uprigl on inselvkors sl semiconducion el as 5i0.,F o
gamically termivabed 51 ar BitdoeL).®

TR DT 20T 24 2 3 21T

2487741

PACS oumbensy: 5485 —h, 68 57 Ef, 6 T3 Y2

Thee (F10j-nrtemied (ace-centored-cahic single-rrvatal sur-
faces ae particolaly [wevesiing substrates becase ek
rarcifide] symmetry probabitg the formation of rofational G-
iaiee for adsorkaies which abso exlohil a ealok] symmeiry
such m polyocaes. For example, Lukas e o' have ob-
servid leng-runge self=omderimg by e Gormstion of widely
spaced rows of chse packed pentacene molecules on
Cai 11O afler annealing the pentacene covered sampls bo 400
K.

More recenily Sohnchen er @l ™ and Lukas er @l have
repartad the coexksiencs of & pi6.8 02 anciure with &
ci13 22 strocture of @ penbacene morolaver (MY oo
Cui V10, hy armealing the sumple dusing evaporation in 430
E. Ar these temperatunes the second kayer formation |s ther-
ey namically ke Tavocabls than the nsckaation of a highly
opdered menclawe witl few defecis. Pentacene lavers will a
simikar slrucure have been sherwn by Chan er ol For mul
lalmvers avaparated on e monclaver pressambled as de-
scribed abernve, the molecales are tilted around the long axis
by n angle of 28 with respect to the Cul 1100 substmte for
llckmesses below 2 nme. With increasimp penlavens coverige
this crientation becomes unstable and o new phase with mod-
equlss sianding upright cxhibiting a iih angle of T3° devel
ope. which is oheerved comsigently for multilayers ard thin
films up o al benst 50 nm thickness. M

The charwristically differees two-dimensiceal (21 ar-
ranpements observed for pemscene i the monodwper—the
wilely gpracad rows of chsed pecked molacules! amd ibe
P65 ) structure!™  show hat the phase hehavior of pen-
lcere om Cul 110w so Gor ool well ercerstinnd. Thees, b
shadly reporied here contribuies o sysiematic spproach 1oore-
veeal e growth ol pentavene on Cad 10} fro the nucleation
al o few percenis of o monolsyer i the evolution of dhe
different stroctural phisss up 10 tie mos dersely packed
momaloyer while usmg the snme growth conditions. Specifi-

CON0E The Amencan Flysicsl Socieny
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cally, the study reporied here has been camiad oot al roam
temperatune withont swmealing of e penticeise adkyer.
Therefore, this stucly provitdes an essentil base & unider-
sland beew the molesule/subatrite and (b ntermalesla e
lerection alfect dhe loyer sructure ol this technologically rel-
Evan inlerface

I EXFERIMENTAL SECTION

The experimants Were camied oul ina mulscdamba UHY
system with 3 hase pressure of less than 30 0107™ mhar,
CudBI0F simple eryelals parckased from Matedk'™ wens
cleaned by repeated cycles af arpon-ion spetiering mnd sub-
sl annealing to T30 K. The spaliny el cleustingss of
the single crystals were checked with x-rmy phiicelectron
epoctroscopy (KPR low-meney cletrem dillosction
(LEELDY, and scarming turmeding microscopy (STME Adter
the firal smealing @ep, the cmples were cooled 1o ream
iempersture anid then the peniacene was thermally evapo-
ratad o The samples Bapd o1 roam emparaiing. Tha v
ration mate (205 Mldmml was controdled by o quartr
cryatal microkmbinee, For mtes o this rasgs it was foursd flei
the adsorhate strocture does not depend on the depasition
rte Afler evaparation of be mlecales, e smgles wne
examined by STW, LEEL, snd XPS. 8TM immges wene ne-
cordad wilh an Omicron UHY-5TMMAFM al anbient om-
perature in constand coment mewde wsing electrochemmically
el il aw ity pumencd Turgson Lps,

The x-rey phofoelecirom spectra were used to determine
ihe chemicsl compestion of te oganic allayes (e, o
oxygen contamirabtion was found in the XT3 spectm) and i
quaimily e meoleoulas coverage. One ML coverage in this
paper corresponids (o The masl densely packed monolmeer we
ohserved derng our studes, e e 0h =1, 1 4F laver as
specified mmd shown below.

T COMPUTATIONAL METHOD

A compretensive sty of enerpetics anid elecironic sree-
re was made by solving Kotm-Sham eyualzes®™ in a
plane-wave basis set using the Vienm alv sas simulabion
package (vaseh 1Y Exchanpe-comelation imeractions ans
included withim the penerslized gradiom  spproximation
(GOGA} in the Perdew-Burke-Ersertsal form ™ The electro
ion interactim s described by the projecior augmenied wave
melbxl inils implemaniation of Kresse ancd Jouwbert = 4
plane-wave energy culedl of 40 eV wis used for all calou-
Intioms. omdd i found 80 be safficient For these srstems. The
bulk Inttice constant for Ca was found 1o be 3655 A wxing o
g-paint mesh of 19 = 140 = L0, Thie value |8 by about 1.1%
larger than the experimental one (3615 Al a typical rend
when using ColiA. The elab supereell approsch with period:
boundaries is emploved o model e surface amd the
Drillouin-gome samplang i basad on e lechnigqee deviesd
b Mdonkhorst and Pack.™ The slsh consisis of five layers of
Cud 110} each contaming 14 sloms (7 20, The doics of [ve
layers was made on the assumpeion that the adeorbed moi-
ceule might iniscdacs sabsianiiad siruciural perurbaiions e
the substrate, hence only the botiom layer was kepl fixed os

FHYSICAL REVIEW B T 245421 420005

in balk copper: Tn all our caleulations we used a k=point mosh
of 26 1.

Initiadly, the umpertarbed (i pentacene noleoale was
placed ab abowul 1.5 & above (e subsirale ol an abelrary
lmlerad position. A few lateral positions of the molecubes have
Been triedl a8 starling positions and he ninissum enerpy was
found 1o ke the same for all configarations.

IV, RESULTS AND DISCLUSSION

Figure 1) dbotiomb shows s ST image of a sample
covered Wit 0.5 ML of penitacene. Molocalar sdiofhatet ane
rarely resohved indiviclually due to their high mohilaty rels-
fve 10 ik scamuing spead of te STM tip (approx. 03
sflinei, The clarscteristic lines exiending aleog the (810
diroction which are visible in the STM imape correspomd 16
peniacene molecules anisoiropically  diffusing along the
provves af e Cut 1100 crysial. Al sbep odpes or kinks of the
subsirae individual pestacens moleculs are ohserved inoa
pirmed state. Thie shows thal the peniocete diffusion gener-
ally ddres mod procesd] acros (e subserale sheps. The pinred
molecules are oriented with their long axis along the [110]
directiom which aprecs well with aarlier anslics of pentacens
on Cui | 1.5 1 BRI dots [Feg. 1in. iop left] taken on this
sample coversd by 05 ML of pentacese exhibisg oval halos
mrondd. whe |0 0 1 | spots. These ovnls omoss the |00 1] direc-
1®m al 13 ol he subsirale reciprocal lalse voclor whach
cormesporkls o an average disfance of three Cw-lattice oo
stants between [110] diffusion channels cccupied with pe
facere. Thus, this structure will be called & mobile (s 3)
pliase. The Sree Cu-laltice constasie gpacing and be diree-
1san of the ighest mobility ore also in e sclweame
off the adsorption strectune in Fig. 1ad, o right. This mobike
adlloyer structure was ahserved for penlacone coversges up 1o
05 ML, A wek long-range ondaing ax well & tp el
mahility were afse shown far tetracene on Cal 1001,

ChiTermncee in e dillesion constanls depeichng on e
relative substrate crysiallographic direction and the moleou-
lar oremtation were alss shown for other crganic molecules
en the Coill0) sefece =mwh o decocyckens ond
|b=l‘!l—liltl'l.-H.'-l_'l'|--|]|F-|.=i-|.=!|'|l:I'I-F.":I mickereene,™ o well a8 e
soucalled “violet lander™ modecule (ol oph *7 For o] these
maleeules v diffesion alesp the [0 0 1] divsetion has heen
vhserved, whereas they ae diffusive olong the [ 110] chane
nele Speeifically, Linderoth o ol ™ showed that an b -
prerabane {1301 M0 B0 the i ustom b e [110] divceetion for
szohengene oriented with the ong axis paralie] i the (8 100]
diredtion is six lime faster e for malecuks orienbal per-
rendicubar to the diffusion chanmel. In fhe case of penfacone
reprortedd here, the molecules are also oriented with their long
wees parallel o s [1190] direesion, which s o similar situs-
1san to the mobercens ariemation with highest diffesion
This explaing the conshderahle diffmion along the [110] &
rection for low covernpes of periscens ol room lemperabone.

This bigh degroe of dilfusion for low-malecular coverage
shows that the dilfusion bwrer of @ indrvidusl molecule

akeng (b [1100] dhirecitiom is ralbwer low al reom omperabure

241712
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PHYSICAL BEVIEW [ M. 254611 {20000

FICE, 1, (Ceor omding ) Semuctures of e ponlscene adlbiyers om Cul1 1940}, Boedlom: STM images 75 % 15 nm Toop right schemes of the
salvcption drucime B scheme m () eovere o larger ares b sharw Thi degree of dmerden; for claniy only omse marmor dmain idivmain | Fms
whoswm in s fdl Top lel: LERED pasems al ap amd {hp 8 ¥, dol 53 oWV (d) &3 @V fa) 105 ML of pertacesas; STH mmage seveals
dhillmsive moleculs m the ek chamnck aml some mokecules pinmed al the slep odgos, 1he adsonpion seociumg shiws o e Ce-alonms
distance beiwean e nosghbonng diffesion chamnele Thi 06 ML of penisene: the diffusion channels arg closer ingeiber (o Cu-aioms
spacing | than i dad; fch 08 ML of pemacons: the S TM imape shows wo Sffoeni adsorpiion siructeres marked wiith wheie recimgles (see
dhscmaon m ihe fexih LEED meveals a slighthe discoderod (7= 20 sirpcieee: (d | ML of peniscese: STW mage showing meooky ombered

modeibes in two miner domains, indicated by the white numbers, revealmg a {0

shified by one O aiom aleng the [0 1] dinestion

Chr cakeulafions showmad a dhilusion barrier of 150 meV. Adl-
ditionally, we can conclude that the isteraction belween the
pontimene molooukes alsrbad in the s [II-I:'] o s
sineal] and ne such lincer condensmios is induced. The sepa-
ration of the diffusion chanmels by three Coaboms spacing
relisces the inleraction Between e maolecakes in e [0 1]
direction and indicaies o weak inleraciion between ihe ndsors
hates an meighboring diffusics ¢hannele. In contrast, O
forms ordered 21 amrays also for coverages below 1 ML on
miohle il sasriie L'-.-Il'}' amel one-dhinensionsl arreys al siep
edpes™ due i iis considerable cobwsive energy. For the case
of peiitagens om Ual 1100, the ineraction belvwoss the peila-
cene molecakes aler adsorption is boo small © mmobilize
e molecwles on e surlace For low coverages, [T eXs-
lenee of & higher density maohile phise (see hadow) kaids 1o
e conclisiom tha e (Eerimokeculer (Sleroct i Peiween
maodecules in meighboring diffusion channels 83 repulsave.
e pchilay of the molbeviles in e o) Masion clanngls of
tha Cul 1101} subsirate can b reduced by additional exposure
12 oxygen, Wiech serves &8 pinmang cemcrs Hor e e becudes
aml as nuehstion stes for the condensod phase.”

A second medile pmse eXisls or coverges belwoss s
and 0.6 ML [cl Iig 1iBFL Here, the LERD pattern also
shows vl halos b these cross e [06 1] direction at § ol
i sihatrale recaprocal Lt veios I..1' Fegg, Tkl 1 h.'ll]
Thiz indicaies thal due g the higher coverage the distance
betwseen cogmipied diffasios channels deareases s we Op
st instoad af theee Cu atoms ax shown in Fig. Dal, Thus,
s plsdrptios samocoone cas P ocalked o meohile o X 20
phise. In the ST mmage in Fig. 106} the diffusive molecules
mre choset ogether in e I_':l il 'IJ derectios chas wm Fig, 1a),
Thiz = also indicaled in the schemalic ropresentaizon of the
slsorpliom stmcine g, 1, top rght), Additsonsd]y, Tew -

1. 1 43 sireiure. each pow of peniscene molecubes i

dividually comdenecd molocules can ke ohsorved not caly an
deffocts such w0 slep olipes and Eanks bal alzo on (e [lal
boraces imdicabing the omsel of molecalar mscleainon, The
foct that the occupied diffuson channels move closer Lo
geither whale maintaiming the mobility of the malecules in ihe
['I I-Ilj' cluinnels (sbcates thal the repulsive INeremne he-
pweeii M medevules i neightogmg channsds ang gofmparah|y
linw

P govegrppen Fgher thas 06 M, e delfusism o the
pentacens moloonles decreases due io the higher cooapam:y
ol iy avalabe hoplion sigs amd dusg s saig blascKing of
mearcsd neighhars within the adaom rows. Conseguanily,
aingly molecales are mostly ressdved pn e STM images
[Fig. lic), bittom] while few sill exhibit a limited mobiliey,
The Baver sirugiine & this goverage i cluiragierisal by a
distance corresponding 1o Iwice e Cu-lalise constant along
the I':I (] || derecton, Phis chaervatica 8 the 51TM das s
al=n comfirmed by the spote ohservad @ 7 of the substrae
reciprocal-laitice wector imihe [0 1] direction in the LEET
it 'II'.I.F. Lk, s ||_'|I] I this ¢oversgs range—Iif L
08 ML—differem amngemenis of the moleosbes can e
wlentificd, [ scane pans of the 5TH dnage the mokeules
pemed b0 orm rosws. alomg the [04F 1] direcion [highlighied by
the while contintsis reclangle s g |I|_';l-j on okt pans
they do not show a specilic ondering [highlighied by he
wiiie dashed pectangle in Fig |||.';IJ e presenss of diller-
enily arramped mokecules marked in the T8 image demone
wiraen the lack of long-sange ofder, wlhich 2 also well -
resenied in e LEED data which exbibilz diffrection siripes
alomg b |_|:l 0 |J aliFegt o [l,'l'. Fig. Ied, top ||,'|I] The #jx
stripes in betwees the fundamemal spoes in the [ 110 disee-
v iwlicate thial 1l average distasse beiwesn seaghboring
miecules in ihis direction is corresponding o seven Ca at-

Fa il R4 B
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FIA I fCoker caline) Caleulation of the penlscess alsorpinm
wibes o Cul TV Tor e (73 26 swuenine: light gay (vellowe O
sloms, wmall and derbcr pray (bluet Foskms, daok gray (roadl
wirlaee Cu alens; (a0 kg view; U glomis of e melecule adsork on
lop ol the Cu sl of The Fesd layer; (b)) sale view indicaling
berding of the molecelc by spirogimately 4 AL

mmz, herefore we call this siruciere a 172 2) suciere de-
spite b absence of long-rasge order. A sketch of the ar-
rasgermeenl of the pentncene mobkscules for coverages belwoeen
6 a8 ML s shown o s 1op righe of Fig. el

DFT cabculations for a simgle maoleoale o Col] 103 show
that the penmacene modecules adsorh preferably with the ©
sams o iop of the Cu stoms of the fese bayer [of. Fag. 3al,
thaz firs1 layer aloms are colored dark gray tcalor caling: red)
lar ulunlg.',] Because of the good match baween e Cu-
Lt conamt aml the phony] spacing in the penlicens mol-
ecubes cach plenyl neg & in ihe same position with respect
Toa Wit O Lo, The saleiibilmons abhiliomally slevw il the
modecules are bent o of the surface plane by 04 A ie,
the cemer of the moleaale i ckoseal b e mial =ubsirale
[cf. g 2ibi] The adsorptioa emergy was calculaled 1o be
1539 &% Faor the sleghily dilFercnn L0 21 adsoapdion sirug-
ture reporicd in Bef. 12 an adsorplion energy of 2.0 ¢V has
hecam deterinined By thenmal desomplion, [his considershle
difference probably resalis frinm (he G2t that cur caloulstions
have hezn performed Tor a single malecale while the slsorp-
licen wrerpy was experimentally determancd For | ML ol pun-
incene, Le. also including ihe imermolecalar interaciion. For
comparises the adsorption emepy of mlening an Cal 10} =
calculated 10134 ¥ (Rel. 32} and 1he adsonptios energy of
NITTRA 1L 4. 5 H-mapbitalese-leiracarbonylic-dianbydride
o AL and  Ag(l0] s k5% eV oand 1D eV,
||_—_..,|-|_-|_-||,l.-|_-|_||'] X Thia aliwa i e piskeciles bl inede
stromgly with the Cu substrate than in the case of weakly
physmserhed sysigms, An allinond wdicstion For the sromng
modeculefanhsirale interaction B8 that &l molecules seem 1o
Db Mot oo (b Ol 1 0EDF suir o wilniles i Deas Beaen dejioried fhas
& imaad Ly of [Lal lvmg aml Giligd By W7 around the lomg
axis ) molecubes cam be ahserved for pentecene on Aui 1140,
Thix sireng nleraction between the molecules aml the =ub-
sirmle 1 abso observed in anglesresol ved phoioelectron spec-
Irmsgopy messbiremenis of pealacens on O] 141, 5% Ty
caleulated hemfing of the medevules s also consistest with

PHYSICAL BEVIEW [ M. 2Sa1 (30000

FHe 3 ok ciiline) 1a) 507 ML pemacese on Cul [EXE 5TM
wiage 2% H e indcanng e Pensding of (e pemacene mileoules
By e while s ol the inokecules: () calildlal ST inse

Bhe FTM daa shown in Fag, ol where the ends of ks misd-
eciluos are imaged brighter thas the comldérs; an abservalion
winch fis well with the calenlaled 5T image i Fig. 3k,

Thee AT 24 2} siruciure nepromed here shows a slighaly lower
pacKimg  demsily copgareed 1 Ihe  proviedasly  peporial
P65 21 siructure.'” The small dilference in the packing
dens=ily alomg the [110] daection (6.5 vx T Cu atoms) and 1he
Boweer degres of ling-renge ordering of the (7 2 2 siructure
s adiribubad B the slighly smaller coverage of our samples
and 1o the dilferent parnmeiers used doning sample prepars-
B, From the dessribed observations it e plamsibBlke il a
pumber of {732} phases [;=6," 65" and T (thi= work)]
can by prepuired See Lo b clpicled smiall ey dillerence
betwveen sach phases and in dependence of proparation pas
ramelers such s coverags, annealing lemgsTmung,  aml
vvaporstion rabe.  [iffereni assealing  lempersiuees  and
evaporatios maics |end 1o p change (& e mollity of the
mulecules, winch consequently may change the spacng af
the mokadiles i e [l I-HJ dhisgti=m, Wi e Lo paidl il
that the distasce of seven Cu aboms is an averape and the
mnelecular separalion (2 varvang arouiml sy 0 eight o seains
in our daia

Civwverage of o full monsayer keads (o s charmcensticnlly
diflfizrent highly orderod strictune wilh vory Few delicts. The
midecules are ariemed in riws wiich one islied by =% aul
al the [0 1] darection leading to fwa mimmoer domains, while
muniainang the mokecular anemaion of e ||II:|!:: axis parak
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MULTIMORPFHESM [N MOLECULAR MORALAYERS
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4 PENTACENE ON CU(110) AND OXIDIZED CU(110)

4.4 Interaction of pentacene with a partly and fully oxidized Cu(110)
surface

The following chapter is a manuscript, which will be submitted soon.

4.4.1 Introduction

Organic molecular semiconductors and their contacting interfaces have been attracting
increasing attention recently due to their application in organic electronic devices, such as

1
6061 and solar

organic light-emitting diodes (OLEDs)?, organic field-effect transistors (OFETS)
cells'. Their main advantages compared to silicon technology are low temperature
processability, low-cost fabrication and the compatibility with a wide variety of substrates
including flexible layers™®*. One promising organic molecule showing high intrinsic charge

carrier mobility and good conductivity is pentacene®.

The performance of electronic semiconductor devices, like thin film transistors consisting
of pentacene, crucially depends on the structure of the molecular layer'' as well as on
inclusions of impurities like water®®*, oxygen®® or other gases**’. It was shown that water
and oxygen do not react noticeably with the pentacene molecules but that they form trap states
in the pentacene layer, thus reducing the charge carrier mobility and increasing the contact

65,68

resistance” " . Hence, oxygen and water inclusions lead to a significant degradation of the

pentacene electronic device.

Unfortunately, cross-sectional scanning tunnelling microscopy (STM) and spectroscopy
(STS) as they have been established for the visualization and characterisation of dopants and
defects in GaAs” and GaAs/Al,Gaj.As™ cannot be applied in a straightforward way to
organic materials. This motivates the search for model systems of organic semiconductors in
contact with metal or insulator interfaces to investigate the interaction of defect states and
surface adsorbates also in the context of the interface.

Ideal model-systems consist of large m-conjugated molecules on single-crystal metal

L7 7 and on nano-structured templates™”>"°. A lot of

surfaces’ ', on ultrathin insulators
research has been performed to study the physical’' and chemical”” properties of
organic/inorganic interfaces. Chemisorbed oxygen on Cu(110), which forms the so called
p(2x1)O reconstruction, provides an ideal template for the investigation of the interactions
between the molecules and the substrate and can additionally be used to control the

. . . 77
orientation of large organic molecules’".

For all organic molecules studied so far on the p(2x1)O surface at room temperature it
was shown that the molecules preferably adsorb on the bare metal and they only adsorb on the
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4.4 Interaction of pentacene with a partly and fully oxidized Cu(110) surface

oxygen reconstructed Cu(110) surface after the remaining bare metal patches have been
covered with molecules” . Furthermore, significant changes in the adsorption geometry of
organic molecules on the p(2x1)O sample compared to the clean Cu(110) have been

reported” e,

Very recently, the growth of 30 nm thick films of pentacene on the p(2x1)O surface has
been investigated’®. Interestingly, the growth of the first monolayer of pentacene on the
p(2x1)O Cu(110) surface has not been studied, yet. Here, we report that the pentacene
molecules interact strongly with the p(2x1)O surface, in spite of their preferential adsorption
on the clean Cu(110). The molecules do not show long-range ordering on the p(2x1)O
surface. We assume that the highly corrugated p(2x1)O surface leads to reduced diffusion and
hinders the close packing of the molecules. The lack of long-range ordering may also affect
the structure and properties of interfaces within devices.

4.4.2 The p(2x1)0 reconstruction of Cu(110)

Figure 8: a) 0.6 ML oxygen on Cu(110), inset: scheme of the adsorption structure, red: Oxide ions, blue:
additional Cu-atoms, p(2x1) unit cell marked in green (Uyi,s =—1.7 V, I =0.11 nA, 20 x 20 nm?). b) 1 ML
oxygen on Cu(110); the vacancy island in the centre shows the depletion of Cu-atoms due to the
added-row reconstruction (Up,s =-1.1 V,1=0.18 nA, 15x 15 nmz); inset: LEED pattern taken at 71 eV.

Figure 8 shows the partly and fully oxidized Cu(110) surface. The LEED inset in Figure
8b clearly shows the diffraction spots at % of the Cu reciprocal lattice in the [110 ]-direction,
which correspond to the well-known p(2x1) reconstruction of oxygen on Cu(110)”. For
clarity the substrate diffraction spots are marked with black circles in the LEED pattern. The
inset in Figure 8a indicates the adsorption structure of the p(2x1)O added-row reconstruction.
The oxygen superstructure patterns in Figure 8a differ by their width and their spacing. This is
a consequence of the limited diffusion and equilibration due to the oxygen exposure being
carried out at room temperature. Performing the deposition at elevated temperatures can lead

to a more regular distribution of the reconstructed areas’ ™.
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On the sample fully covered with oxygen some rows with a wider spacing can be
observed (cf. black arrows in Figure 8b). At these positions two areas of the p(2x1)O
reconstruction converge resulting in a domain boundary, which is characterized by a distance
of three Cu-atoms spacing between adjacent CuO rows instead of two. The white, streaky
areas in Figure 8b indicate some residual mobility due to Cu and oxygen ad-atom diffusion.

The STM image in Figure 8b displays a 1 ML deep vacancy island. This indicates that the
additional copper atoms, which are required to form the added-row p(2x1)O reconstruction
are not only supplied from the steps but also from the flat terraces. For each p(2x1)O unit cell
one additional Cu-atom is necessary which is usually supplied from the steps due to the high
ad-atom mobility of Cu on Cu(110)*"*2. There are two reasons for the supply of copper atoms
from the flat terraces, which we suggest for the system studied here: (i) The reduced mobility
and reduced number of copper ad-atoms at room temperature compared to the usual annealing
temperature during fabrication of the oxygen added-row reconstruction (> 450 K)*** leads to
the need for additional Cu sources on big terraces. (ii) For increasing CuO coverages the
diffusion from the steps is blocked by the CuO rows, which also results in reduced mobility of
the Cu ad-atoms and in the need for an additional Cu source™. Also, in this vacancy island in
Figure 8b the oxygen reconstruction is present.

4.4.3 Pentacene on a partly oxygen covered sample

Figure 9a shows the adsorption structure of 0.5 ML of pentacene on a partly oxygen
covered sample. The pentacene molecules preferably adsorb on the bare metal (no clean metal
was visible anymore after the pentacene adsorption) and only after complete filling of the free
metal the molecules start to assemble on the p(2x1)O reconstructed areas. An analogue
behaviour has been shown for porphyrins on insulating NaCl layers® as well as for various
molecules on the partly p(2x1)O covered sample’™®. Thus, we conclude that the adsorption
energy of pentacene on Cu(110) is higher than the one on the p(2x1)O surface. To prove this
assumption DFT ab-initio calculations are currently in progress.

Two different geometrical orientations of the pentacene molecules can be observed in
Figure 9a: Most of the molecules are oriented with their long axis parallel to the [110]-
direction (cf. blue and red rectangle in Figure 9a). They form rows of close-packed molecules
aligned along the [0 0 1]-direction. The other molecules are oriented perpendicular to this
direction. Comparing the STM image of pentacene on the partly oxygen covered surface with
STM images of 0.8 ML of pentacene on the clean Cu(110) (cf. chapter 4.3, Figure 1c), where
all molecules are oriented parallel to the [110 ]-direction, we can conclude that the molecules
oriented with the long axis parallel to this direction are adsorbed on the bare Cu(110). The
orientation of pentacene adsorbed on clean Cu(110) with the long axis parallel to the [110]-

o . . . 50,51,52
direction was also reported in earlier studies™ ™ ~.
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4.4 Interaction of pentacene with a partly and fully oxidized Cu(110) surface

Figure 9b was recorded after a sudden tip change, which led to a different contrast. The
metal areas covered with pentacene appear dark whereas the p(2x1)O areas still appear bright.
All molecules which are still visible in Figure 9b are most likely adsorbed on the p(2x1)O and
are oriented with the long axis parallel to the [0 0 1]-direction. Thus, we conclude that the
molecules on the p(2x1)O surface are rotated by 90° around the axis perpendicular to the
surface compared to pentacene on clean Cu(110). Noteworthy, most of the molecules in a
30 nm thick film also grow with the long axis parallel to the CuO rows’®. Relative orientation
changes for molecular adsorption on Cu(110) and p(2x1)O reconstructed areas have also been
reported for other organic molecules, like a-Quinquethiophene” and para-Sexiphenyl’®. The
appearance of the pentacene molecules on the p(2x1)O surface in Figure 9a is the same as on
the clean metal surface, which leads to the assumption that the pentacene molecules are still
lying flat on the p(2x1)O area. This flat orientation of the molecules indicates a rather high
interaction between the molecules and the substrate.

o
-
N
w
N

= height [A]
o N

—h

X [nm]

X [nm]

Figure 9: 0.5 ML of pentacene on Cu(110) covered with 0.6 ML of p(2x1)O; a) and b) are taken at the
same area; the different contrast results from a sudden tip change between both images (a) Uy, =-14V,
1=0.21 nA, b) Uy;,s =—0.37 V, 1 =0.10 nA; 20 x 20 nmz). inset in b): LEED 48 eV. ¢) and d) are zoom-ins
of the areas marked with red and blue rectangle in a. ¢) and f) show the height profiles of ¢) and d).

In the LEED pattern in Figure 9b diffraction spots at '4 of the substrate reciprocal lattice
vector in the [110]-direction corresponding to the p(2x1)O reconstruction can be clearly
recognized. The elongated diffraction spots at '% along the [0 0 1]-direction correspond to the
average spacing of the molecules on the bare metal in this direction, which is equal to the
spacing of two Cu-atoms in this direction and thus, the same as for pentacene on the clean
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4 PENTACENE ON CU(110) AND OXIDIZED CU(110)

Cu(110) surface (cf. LEED pattern in chapter 4.3, Figure 1¢). The smearing out of the (0 1)
spots along the [110]-direction can be related to the pentacene molecules adsorbed on the
p(2x1)0O surface.

It is important to note that the molecules on the p(2x1)O surface do not show any
mobility, whereas they are highly mobile on the clean Cu(110) surface for coverages below
0.6 ML, as can be seen in chapter 4.3, Figure 1a and b. The high mobility of pentacene on the
clean Cu(110) is visible by the streaks corresponding to molecules diffusing along the [110]-
direction in the STM image i.e. parallel to the corrugation of the Cu(110) surface (cf. arrows
in chapter 4.3, Figure la and b top right, indicating the direction of high mobility). A more
detailed investigation on diffusion of pentacene on the different substrates is presented in the
next subsection.

The zoom-in section marked by the blue rectangle in Figure 9a and displayed in Figure 9d
shows two neighbouring molecular rows with a comparably high packing density in the
[110]-direction. The pentacene molecules in this rectangle exhibit a reduced spacing of six
Cu-atoms compared to the usual spacing of seven copper atoms on the clean Cu(110). For
both adsorption structures (the blue and the red rectangle) the molecules in neighbouring rows
are shifted by one lattice constant of Cu along the [0 O 1]-direction. The higher affinity of the
pentacene molecules to the metal than to the oxidized surface and the narrow patch of the free
metal surface leads to this high packing density in the [110]-direction, which we did not
observe for pentacene on the clean Cu(110) surface. In comparison, the molecules are less
densely packed in the area marked by the red rectangle and shown in Figure 9¢ because there
is more free space for the molecules due to the discontinuation of one CuO row along the
right border of the metallic substrate patch. The higher packing density of the pentacene
molecules as shown in the area highlighted by the blue rectangle results in molecules bent out
of the surface by 1.1 A along the [1 10 ]-direction with respect to the centre of the molecules
(cf. blue line profile in Figure 9f). This bending is well visible in the STM topographs by the
bright edges of the molecules. The bending of the molecules in the red rectangle in contrast is
only 0.26 A (cf. red line profile in Figure 9¢), which is comparable to the calculated bending
of the molecules on the (7 x 2)-structure, which is 0.4 A, as shown in chapter 4.3. It seems
that the squeezed adsorption of pentacene as visible in Figure 9d is energetically more
favourable than the adsorption of molecules with the long axis perpendicular to the [110]-
direction or a tilted orientation.

4.4.4 Pentacene on a fully oxygen covered sample

In addition to the adsorption of pentacene on the partly oxygen covered surface, we also
investigated the adsorption of the pentacene molecules on the fully oxygen covered surface.
On this surface almost all the molecules are oriented with the long axis along the [0 0 1]-
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direction (Figure 10) — an orientation already described for the partly oxygen covered sample
(cf. Figure 9a). Few molecules are found which are adsorbed with the long axis perpendicular
to the [0 O 1]-direction (cf. grey square in Figure 10). We assume that this orientation change
is due to a local oxygen deficiency giving way to pentacene adsorption on the bare metal
where this orientation is favoured.

The LEED pattern (inset in Figure 10) shows the p(2x1)O diffraction spots at /2 of the Cu
reciprocal lattice along the [110 ]-direction, which are marked with black circles. There are
no additional spots or lines visible in the LEED pattern which can be related to
a superstructure of the molecules on the p(2x1)O surface. The smearing out of the (0 1) spots
along the [110 ]-direction, which we also found for the molecules on a partly oxygen covered
surface (cf. inset in Figure 9b) is a hint for the disordered adsorption of pentacene on the
p(2x1)O surface. The diffraction spots at 2 of the Cu reciprocal lattice along the [0 0 1]-
direction as shown for the partly oxygen covered sample in Figure 9b are not visible for the
fully oxygen covered surface. This is a clear indication that these spots are resulting from the
pentacene molecules on the bare metal as shown in Figure 9.

Figure 10: Nominal coverage of 0.5 ML of pentacene on the p(2x1)O reconstructed sample (Up;,s =—1.0 V,
1=0.21 nA, 25 x 25 nm?). Inset: LEED at 48.0 V. Right: zoom-in of black square: pentacene on p(2x1)0O;
grey square: pentacene on clean Cu and white square: p(2x1)O reconstruction.
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Due to the modified corrugation of the surface covered with the added CuO rows the
molecules cannot move as close together in the [110]-direction as it would be necessary for
considerable interaction between neighbouring molecules. Lee et al. showed that the onset of
attractive interaction between two molecules in the vacuum is at distances around 0.7 nm
along the short molecular axis®. We assume that the molecules adsorb always at the same
position with respect to the p(2x1)O substrate due to the high surface corrugation along the
[110]-direction. Thus, the spacing must be a multiple of the lattice constant of the p(2x1)O
structure along this direction, which is 0.51 nm. Because of the size of the pentacene
molecules, which are probably still lying flat, the distance between two neighbouring
molecules must be at least two times this spacing i.e. 1.02 nm. This is also visible by the three
pentacene molecules in the black square in Figure 10. There are two molecules separated by a
third molecule which is shifted upward — along the [0 0 1]-direction — due to the missing
space in-between the two molecules. This spacing of two p(2x1)O lattice vectors, is large
compared to the spacing of the pentacene on the clean Cu(110) which is 0.72 nm. Thus, no
ordering of the molecules along the [110 ]-direction occurs on the p(2x1)O islands due to the
weak interaction between the neighbouring molecules. Sometimes several molecules (up to
five) form rows along the [0 0 1]-direction because of the lower degree of surface corrugation
along this direction. Molecules can rather freely approach each other along this direction,
which seems to provide sufficient condensation energy for the formation of linear chains in
spite of the limited contact area along this molecular axis.

[110]-direction

v

AEjpx1)

AEcyi10)

Figure 11: a) 0.5 ML of pentacene on the p(2x1)O reconstructed sample (Uy,s =-0.7 V, 1=0.25 nA,
25 x 25 nm?). b) sketch of the adsorption energies and diffusion energies (AE) for pentacene on p(2x1)O
and pentacene on clean Cu(110).

Figure 11a shows another STM image with a slightly higher local coverage, although it
has been taken on the same sample as the one shown in Figure 10, but on a different spot. Due
to the comparably small diffusion and a small gradient in the pentacene concentration, the two
areas on the sample show different coverages. For the sample with the slightly higher
coverage no long-range ordering could be found as well, which is visible by the FFT in the
inset of Figure 11a. It has to be pointed out that no molecular resolution could be achieved for
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higher coverages. We relate this to the increasing interaction between the STM tip and the
weakly bound molecules which lead to frequent tip changes as well as to clustering of the
molecules also for coverages below 1 ML.

The molecules adsorbed on the p(2x1)O surface exhibit no mobility in the STM image,
although the molecular coverage is well below 1 ML and there is still some free space in both
STM images shown in Figure 10 (cf. the p(2x1)O reconstruction is visible in the white
square) and Figure 11a. This is in contrast to the adsorption of pentacene on the clean metal,
where the molecules show a rather high diffusivity along the [110]-direction for coverages
below 0.6 ML (cf. chapter 4.3, Figure 1a and b). However, the preferential adsorption of
pentacene molecules on the metal substrate after their deposition suggests that there is
considerable diffusivity on the oxide islands to allow for the molecules to find the preferred
adsorption sites on the metal. In contrast, it has been shown that other molecules like
porphyrins on insulator layers, like NaCl, exhibit a comparably high diffusivity as long as the
NaCl layer is not completely covered with molecules®. Thus, we can conclude that the
interaction of the molecules with the CuO is stronger than the interaction of molecules with
ultrathin insulator films. In fact, LCAO (Linear Combination of Atomic Orbitals) semi-
empirical calculations showed that there is no band gap near the Fermi energy for the CuO
added-row reconstruction®”. Thus, the p(2x1)O surface does not behave like a semiconductor
(the band gap of bulk CuO is 1.2 eV*®), but like a metal.

Having a closer look on the different diffusion barriers for pentacene on Cu(110) and
p(2x1)O we can draw a qualitative energy diagram showing the adsorption energies as well as
the diffusion barriers (Figure 11b). This diagram shows the diffusion barrier of pentacene on
Cu(110) (AEcyui0) and of pentacene on the p(2x1)O surface (AEpqox1)) for the [1 TO]—
direction. The lattice constant for the p(2x1)O reconstruction is twice the Cu lattice constant
in the [110]-direction and thus the curve for the p(2x1)O surface also has twice the wave
length of the Cu(110) curve. The higher adsorption energy for pentacene on Cu(110) is
indicated by the lower energy of this curve (the adsorption energy is always negative). The
diffusion barrier for pentacene on Cu(110) (AEcya10)) has been calculated in chapter 4.3 and is
150 meV. AE,««1) has not been calculated, yet, but we assume that it is considerably larger
than AEcya10) due to the higher surface corrugation and due to the absence of mobility for
molecules on this surface at room temperature. This is indicated by the bigger amplitude of
the corresponding curve in Figure 11b. Further calculations for the adsorption energy as well
as the diffusion barrier for pentacene on p(2x1)O are in progress.

XPS data on the p(2x1)O sample show that the Ols binding energy is 529.8 eV (cf.
Figure 12a), which is comparable to the binding energy of the Ols peak in CuO (529.7 eV)
reported in literature®. After adsorption of 0.5 ML of pentacene on the p(2x1)O substrate the
binding energy of the Ols peak is the same, only the intensity decreased slightly which is
associated to the attenuation of emitted Ols photoelectrons by the molecular layer. The
binding energy of the pentacene Cls on the clean Cu(110) substrate (cf. Figure 12b) is
284.8 eV, which agrees well with the binding energy reported for benzene (284.7 ¢V)*'. For
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0.5 ML of pentacene on the p(2x1)O surface the binding energy of the Cls peak is shifted by
0.2 eV to lower binding energies. We assume that this shift can be related to different
screening effects due to the electronically different environment of the pentacene on the bare
Cu(110) surface compared to the oxygen covered Cu(110) surface. A more detailed
discussion about screening effects in XPS is provided in chapter 5.3.3.
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Figure 12: XPS data of Cu(110) covered with pentacene, p(2x1)O and p(2x1)O + pentacene a) Ols peak;
b) C1s peak.
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4.5 Oxygen induced condensation and phase transformation of pentacene
on Cu(110)

The fascinating observation of two different mobile phases, which depend on the
coverage and which are driven by small differences in the intermolecular interaction (cf.
chapter 4.3) leads to a new approach for further studies on the self-assembly and on
intermolecular as well as molecular/substrate interactions: It is well known that oxygen forms

a highly ordered added-row reconstruction on the Cu(110) surface®***!

, as already described
in the previous chapter. Furthermore, it has been reported that the mobility of Cu ad-atoms
and O-atoms is sufficiently high — also at room temperature — for the self-assembly and the
formation of the CuO added-row reconstruction, driven by an energy gain of 0.54 eV*%. As a
consequence, we combined the observation of mobile pentacene molecules on the Cu(110)
surface with the p(2x1)O reconstruction by exposure of asample partly covered with

pentacene to oxygen.

4.5.1 Oxygen induced condensation of pentacene molecules

Figure 13 shows STM images of a sample covered with 0.4 ML of pentacene before (a) and
after oxygen exposure (b). The oxygen exposure has been performed in the STM chamber at
an oxygen partial pressure of 5¥107'° mbar. Figure 13a shows the (nx 3)-mobile phase as
described in detail in chapter 4.3. After the adsorption of oxygen the pentacene molecules are
not mobile anymore and can be resolved in the STM (cf. Figure 13b). Additionally, the
p(2x1)O reconstruction is well visible between the pentacene molecules. It seems that the
pentacene molecules tend to form rows running along the [0 0 1]-direction and are not
randomly distributed on the surface. This is also visible in the LEED pattern in the inset of
Figure 13b, which shows the p(2x1)O reconstruction spots as reported in chapter 4.4 and
exhibits additional spots, which can be attributed to the pentacene rows as explained in the
next subsection.

Figure 13c shows an STM image, which has been taken during a leakage in the STM
chamber, which led to a base pressure of 6:10"° mbar, compared to 3-10"° mbar without
leakage'. Besides the rows of mobile molecules twelve molecules are condensed in the lower
part of the STM image. Between these molecules a small bright spot is visible. We attribute
this either to an O-atom or to a CuO molecule adsorbed on the surface. On each side of this
bright spot six pentacene molecules are immobilized. Hence, we can conclude that the
adsorption of oxygen does not only hinder the molecular diffusion in the directly involved

"We compared the STM images taken with a leakage in the STM chamber to the ones which have been taken by
oxygen exposure and which are mostly shown in this chapter and can state that both show the same behaviour.
Thus, we conclude that the small adsorbate visible in this STM image is a CuO molecule or an O atom.
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diffusion channel where the oxide is adsorbed but it also affects the diffusion of the molecules
in neighbouring diffusion channels. Thus, a single oxygen atom adsorbed on the Cu(110)
surface has a strong influence on the adsorption of neighbouring pentacene molecules.
Organic electronic devices are often not produced under ultra high vacuum conditions as used
here but under high vacuum in the range of 10 mbar or even by wet chemistry processing.
Thus, we assume that “defects” like the oxygen atom shown here play a crucial role in the
self-assembly of the organic semiconducting molecules and therewith in the device

performance.

Figure 13: a) 0.4 ML of pentacene, (n x 3)-phase; inset: LEED pattern taken at 48.0 eV (Up;,s=-1.6V,
1=0.08 nA, 25 x 25 nm®. b) 0.4 ML of pentacene after exposure to oxygen, the p(2x1)O reconstruction
beside the pentacene molecules is visible, inset: LEED pattern taken at 68.7 eV, (Upjs=+0.3V,
I1=0.07 nA, 12.5 x 12.5 nm®). c) single oxygen atom or CuO molecule between the pentacene molecules is
highlighted by the white arrow; this STM image has been taken with a leakage in the STM chamber’
(Upias =—0.2 V, 1= 0.4 nA, 8 x 8 nm?).

Liem et al. explain the added-row oxygen reconstruction on the Cu(110) surface by the
following mechanism’>. (i) An O, molecule is adsorbed on the Cu(110) surface and
dissociates into two oxygen atoms. (ii) These oxygen atoms diffuse on the surface until they
find a Cu ad-atom. The diffusion barrier for the oxygen atoms along the [110]-channels is
approximately half the diffusion barrier perpendicular to the channels, which is 300 meV. (iii)
Cu ad-atoms from steps diffuse on the surface until they hit an oxygen atom. (iv) The Cu and
oxygen atom bind together by forming a charge transfer complex. We assume that in presence
of the pentacene molecules the procedure of the CuO formation remains the same, only the
diffusion is most likely reduced by the additional pentacene molecules, which also diffuse on
the surface. Coincidentally, the diffusion barriers of pentacene molecules and oxygen
adsorbates along the [110]-channels are the same®*%. It has also been shown that short CuO
chains can hop between neighbouring [0 0 1]-rows at room temperature®>”*. We assume
that this hopping phenomenon is strongly reduced in the presence of the pentacene molecules
by a site-blocking mechanism. In conclusion, the condensation of the pentacene molecules is
a multi-step/multi-component process and the complete understanding of this mechanism
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would need additional variable-temperature STM measurements as well as detailed theoretical
calculations.

4.5.2 Oxygen induced reconstruction of pentacene on Cu(110)

Figure 14 shows the time dependent evolution of the condensation and phase
transformation for a sample covered with 0.6 ML of pentacene during oxygen exposure. It has
been observed that the adsorption of oxygen during scanning was reduced due to shadowing
effects of the tip. Therefore, the position of the STM tip has been changed after each STM
image in Figure 14 to provide a fresh surface area.

536 534 532 530 528 526
binding energy in eV

Figure 14: 0.6 ML pentacene on Cu(110) during oxygen exposure a) 0 L O,, b) 0.14 L O, ¢) 0.84 L O,, d)
1.38 L O;; inset in a) and d) top left: LEED pattern: 63 eV, d) top right: FFT of the STM image; e)
bottom: adsorption scheme with additional Cu-atoms marked in red and oxygen atoms marked blue, top
zoom of d) (a)-¢) Upns = —1.2V, 1=0.08 nA, d) Uy =+1.2V, I=0.07 nA, a)-d) 30 x 30 nm’, e) top:
20 x 10 nm?). f) XPS Ols peak of 1 ML of p(2x1)O, 0.4 ML of pentacene after oxygen exposure and on
clean surface.

The image in Figure 14a was taken before the oxygen exposure started and the mobile
(n x 2)-structure was observed. After exposure to a small amount of oxygen the molecules
appear immobilized at some sites (Figure 14b). The comparison of Figure 14b and Figure 13¢
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shows that the initial immobilization does not always result in an ordered arrangement of the
neighbouring molecules as shown in Figure 13c, but in most cases the molecules, which
condense due to the adsorption of oxygen atoms, show a considerable disorder. Condensation
nuclei usually contain between three to six pentacene molecules. In most cases it was not
possible to resolve the oxygen adsorbates and the molecules with the same STM settings and
tip conditions and therefore only the condensed molecules resulting form the oxygen
adsorption but not the oxygen itself is visible in the STM images (cf. Figure 14b and c).

After exposure to 0.84 L oxygen (L = 1 torr-us = 1,33:10° mbar-s) nearly all molecules
are condensed and only few mobile molecules, marked with black arrows in Figure 14c, are
visible. After nucleation, the areas where the molecules are first condensed are growing
laterally until they converge with neighbouring condensed areas. After exposure to 1.38 L
oxygen no molecular mobility is visible anymore (cf. Figure 14d). Figure 14e top shows a
zoom of the image in Figure 14d, and some positions where the adsorbed CuO is visible are
marked with arrows.

Astonishingly, in Figure 14d the molecules are not only immobilized by the additional
oxygen but they are also well ordered in rows running along the [0 0 1]-direction. Two of the
longest rows are marked with black arrows in Figure 14d. The LEED pattern in Figure 14d
top left shows an (8 x 2) diffraction pattern, which has never been observed without oxygen
exposure of the sample but could be reproducibly prepared by exposure of the partly covered
pentacene surfaces to oxygen. Thus, we can conclude that the spacing between neighbouring
Cu-atoms along the [110]-direction is eight Cu-atoms, i.e. one lattice constant more than for
the (7 x 2)-structure, which is observed on the clean Cu(110) (cf. chapter 4.3, Figure 1). This
leads to the proposed adsorption model, which is shown in Figure 14e bottom. The rows of
the pentacene molecules which are running along the [0 0 1]-direction are separated by one
CuO row resulting in a spacing of eight Cu-atoms. The red rectangle indicates the (8 x 2) unit
cell, which has been derived from the LEED images. We assume that the oxygen forms the
same added-row reconstruction as on clean Cu(110) samples without molecular adsorbates.
The hypothesis that oxygen adsorbs as CuO is verified by the XPS data on the Ols peak,
which shows that the oxygen binding energy for the O/pentacene/Cu(110) system is the same
as for the p(2x1)O reconstruction (cf. Figure 14f). The added-row oxygen reconstruction is
further confirmed by STM images of samples with low pentacene coverage: small one
monolayer deep vacancy islands have been found (cf. Figure 15, top) similar to the one shown
in Figure 8b in chapter 4.4. This vacancy island results from the supply of Cu ad-atoms from
the flat terraces due to the reduced diffusion at high oxygen coverage.

In Figure 14d and at the top of Figure 14e it is visible that the spacing of the molecules in
the [0 0 1]-direction is not always the minimum spacing of two Cu-atoms as observed for
1 ML of pentacene without oxygen (cf. chapter 4.3) but there are also molecules which are
separated by three or more Cu lattice spacings. This can be also seen in the LEED image in
Figure 14d: the spots at 2 of the substrate reciprocal lattice vector in the [0 0 1]-direction are
smeared out, which indicates a weak long-range ordering in this direction. The left arrow in
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Figure 14e points to some CuO molecules adsorbed in-between the pentacene molecules
along this direction. Although the LEED image shows a well ordered adsorbate structure the
long-range ordering is slightly lower in the locally resolved FFT taken on Figure 14d and
shown in the inset top right. We conclude that the quality of the self-assembly strongly
depends on the pentacene coverage as well as on the kinetics, which is determined by the
mobility of the different components of this system.

After complete immobilisation of the pentacene molecules the structure as observed by
STM and LEED did not change with increasing oxygen exposure. The XPS data of the Ols
peak shows a saturation of the peak intensity after complete immobilization of the pentacene
molecules. This can be attributed to the strongly reduced sticking coefficient of oxygen when
the Cu surface is completely filled with adsorbates.

Our findings on the oxygen induced reconstruction and the adsorption structure shown in
Figure 14e leads to the conclusion that the self-assembly for this system strongly depends on
several factors: The self-assembly is determined by the pentacene coverage. The theoretical
amount of pentacene, which is necessary to form the (8 x 2)-structure is 0.78 ML, where
1 ML is the coverage needed for the (6 1, -1 4)-structure as shown in chapter 4.3. However,
a coverage of 0.6 to 0.8 ML of pentacene on the clean Cu(110) already strongly reduces the
mobility of the molecules and leads to the formation of the (7 x 2)-structure as reported in
chapter 4.3. The reduced mobility of the molecules at these coverages reduces the long-range
ordering and leads to less ordered adsorption structures, after oxygen exposure. This
observation leads to the second important factor for this system, which is the diffusion. The
here reported system is a three component system: pentacene, oxygen and Cu. All three
components need a sufficiently high mobility to form the well ordered (8 x 2)-phase. Of
course, the diffusion of all three components will be strongly reduced with increasing
coverage due to site blocking effects. We assume that annealing during the oxygen exposure

would facilitate the self-assembly due to the higher diffusion at elevated temperatures.

Figure 15: 0.3 ML of pentacene on Cu(110), STM images of the same area; the black arrows indicate
mobile molecules (Ui, =—1.2 V, I=0.1 nA, 20 x 20 nm?).
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In Figure 13 and Figure 14 it is visible that the oxygen exposure can pin the mobility of
the pentacene molecules. For small pentacene coverages as shown in Figure 13b the CuO
reconstruction is clearly visible in-between the molecules. The adsorption of CuO leads to
a reduction of the mobility, which provides a good tool for a more detailed investigation of
the intermolecular interaction. In Figure 15 three STM images taken consecutively on the
same sample spot are shown. The oxygen exposure has been stopped slightly before all
mobility was frozen. Thus, the remaining mobility can give an additional insight in the
formation of this (8 x 2)-structure and in the intermolecular interactions. The black arrows in
Figure 15 highlight molecules which are not immobilized. The molecule highlighted by the
black solid arrow in Figure 15 shows a comparably high diffusivity, which manifests itself in
its fuzzy appearance. In Figure 15a and c this molecule hopped away during imaging resulting
in two “broken” molecules.

Furthermore, also mobility along the [0 0 1]-direction was observed, highlighted by the
dashed arrow. The hopping of molecules along the [0 0 1]-direction is a very important
observation because a good long-range ordering can only be expected if the mobility in both
crystallographic directions is sufficient. The repulsive interaction along the [0 0 1]-direction,
already proposed in chapter 4.3 can be confirmed by the molecules highlighted by the dashed
arrow in Figure 15. First the centred molecule of the three molecules hops one Cu-atom in the
direction of the arrow resulting in two densely packed molecules (cf. Figure 15b). Then the
upper molecule hops away due to the repulsive interaction of these two nearest molecules (cf.
Figure 15¢). The fact that the final position as imaged in Figure 15¢ has been stable for more
than one hour after the last jump, leads to the assumption that these molecules are in their
equilibrium position. The series of STM images in Figure 15 has been taken with a time
interval of approximately ten minutes.

4.6 Summary and outlook

The detailed study of the pentacene/Cu(110) interface led to several new findings. The
interaction of the organic molecules with the substrate strongly influences the Shockley
surface state of the Cu(110) surface. Instead of examining the molecular orbitals, like it is
usually done for molecular/substrate interfaces, we investigated the influence of the molecular
adsorbate on the substrate surface. For these studies the surface state is a very suitable probe
because it is localized on the surface and strongly decays in the bulk. In the here reported case
it has been shown that a complex interplay of several interfacial phenomena like charge
injection, mixing and hybridization of electronic states, Pauli repulsion and polarization of the
organic adsorbate in the surface dipolar field leads to a shift of the surface state away from the
Fermi energy. Furthermore, we are the first to observe that the adsorbate structure determines
the changes in the surface state. While the occupation of the surface state for 0.8 ML of
pentacene is the same as for the clean Cu(110) it increased slightly after adsorption of 1 ML
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pentacene. This increase is not isotropic but results in an increased anisotropy of the surface
state. We relate this increase of the anisotropy to the increasing intermolecular interaction

which arise from the denser packing along the [110 ]-direction.

Furthermore, we investigated the growth behaviour of pentacene on the Cu(110) surface
in more detail. Five different adsorption structures have been shown depending on the
coverage and on the relative position of the molecules. The two different mobile structures,
which have been observed for coverages below 0.6 ML, are of particular interest because
most molecular systems only show one mobile phase before condensation. Although many
studies of the growth of pentacene on Cu(110) have been performed till now, we have been
able to refine the phase behaviour of pentacene for coverages between 0.2 and 1 ML on this
substrate: Three different condensed and two mobile phases have been identified.

After determining this complex multiphase behaviour we additionally investigated the
growth of pentacene on the oxidized p(2x1)O Cu(110) surface. The observation that
pentacene preferentially adsorbs on the bare metal led to the conclusion that the interaction
between the molecules and the oxidized surface is weaker than the interaction of the
molecules with the clean metal surface. However, the pentacene molecules exhibit a much
lower mobility on the p(2x1)O. This reduced mobility, which also results in no long-range
ordering, has been explained by the different surface corrugation in chapter 4.4 (cf. Figure
11b). While there is a low surface corrugation along the [110]-direction of the Cu(110)
surface, which results in diffusing molecules in these grooves, the surface corrugation along
this direction is much higher for the p(2x1)O surface due to the CuO rows running
perpendicular to this direction. This different surface corrugation also results in a different
orientation of the molecules. While on the clean metal the molecules are oriented with their
long axis parallel to the [110]-direction they are rotated by 90° on the p(2x1)O surface
resulting in an orientation with the long axis parallel to the [0 O 1]-direction. Calculation on
the adsorption energy and the diffusion barrier depending on the molecular orientation on the
p(2x1)O surface are in progress and will hopefully lead to a deeper insight into the
adsorbate/substrate interaction.

Additionally, it has been shown that the molecular mobility on clean Cu(110) can be
strongly reduced by oxygen exposure due to the formation of CuO rows on the surface, which
serve as pinning centres for the pentacene molecules. The increase of the long-range ordering
by the oxygen exposure, which may lead to long molecular chains, each chain separated by
one CuO row is especially interesting. Further theoretical studies of the influence of the
adsorption of oxygen on the mobility of the pentacene molecules and the self-assembly are in
progress. Experiments on the structure of pentacene rows separated by CuO chains should be
continued to study the influence of adsorbates on the surface states. It has been shown that for
coverages of 1 ML the occupation of the surface state is asymmetrically changed due to
increased intermolecular interaction. By separating the pentacene molecules with the CuO
chains this intermolecular interactions can be strongly reduced and the influence of a single
molecular row on the surface state could be studied. The measurement of the surface state is
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especially suited for this system, since the surface state is quenched upon chemisorption of
oxygen on Cu(110)”.

In conclusion, several new aspects of the well known pentacene/Cu(110) system have
been investigated. This was only possible by using complementary measurement techniques
like STM, LEED, XPS and angle-resolved UPS. Further insight into this system would be
gained by extending the measurement methods to techniques which measure the unoccupied
molecular orbitals, like IPES or STS.

A further investigation of the two different mobile phases by temperature dependent STM
measurements would allow for the study of the freezing of the mobile pentacene molecules on
Cu(110). With these studies an Arrhenius plot could be determined and it would be possible
to experimentally confirm the barrier of diffusion which has been calculated. Coverage
dependent measurements at variable temperature then could lead to further insight on the
intermolecular interaction for the mobile phase. It is expected that the condensation of the
molecules takes place at higher temperatures for higher coverages due to increasing
intermolecular interactions.

We have been the first group to show a shift of the surface state to higher binding
energies upon adsorption of a molecular monolayer. It would be interesting to extend this
project to other molecular/substrate systems. The investigation, by ARPES, of the (8 x 2)-
phase which has been prepared by oxygen exposure to a sample covered with 0.6 ML of
pentacene, has been already mentioned above. Another interesting system would be the
adsorption of pentacene on Ag(110). It is believed that the interaction between the silver
surface and the molecules should be smaller due to the less reactive character of the silver
compared to copper substrates. It has been shown that PTCDA strongly chemisorbs on
Ag(111) resulting in a shift of the surface state by approximately 600 meV®. It would be
interesting to investigate the interactions of the pentacene with the Ag surface to get a deeper
insight into the influence of organic adsorbates on metal Shockley surface states. Another
approach would be to investigate different adsorbates like pentacene-quinone or PTCDA on
the Cu(110) surface.
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5.1 Introduction: Molecules on insulator surfaces

In view of applications of organic molecules as single molecular electronic devices for
anew generation of computers it is necessary to assemble them in a very controlled way.
While single molecular positioning, e.g. with the tip of a scanning tunnelling microscope is
time consuming, self-assembly provides a concept that is promising towards the integration of
molecules or molecular layers for functional data storage devices. Several different concepts
for data storage in single molecules have been proposed. Either the information can be stored
in the molecular conformation and/or adsorption positi0n17’18’97, or it can be stored
electronically either in the charge state’ or in the electronic spin®®. If a single molecule or
atom is to be used as charge storage device the electronic interaction between the adsorbate
and its environment has to be reduced so that sufficient decoupling for maintaining a stable

charge state is achieved.

In semiconductor technology, one approach to realize electronic decoupling between the
active semiconducting layer and the contacting interface is the use of insulator substrates, e.g.
the gate oxide, instead of metals. However, for surface science studies, the use of bulk
insulators significantly limits the number of analysis methods. Their insulating character
prohibits STM in most cases and techniques like XPS, UPS and LEED become difficult due
to charging of the substrate. With the invention of the atomic force microscope” and its

100 q.: .
this obstacle could be overcome and since

further development to achieve atomic resolution
then several experiments on the molecular self-assembly mainly on alkali halide single-
crystals and Al,O; have been carried out. The review article by Bennewitz and references

therein give a detailed overview on the studies of adsorbates on wide band gap insulators'®".

The self-assembly of organic molecules on bulk insulators is strongly determined by the
weak interaction between organic molecules and the insulator surface. On insulator substrates
in general, molecular aggregation is driven to a higher degree by the intermolecular
interaction than by the interaction of the adsorbates with the substrate. An example is
provided by the similar adsorption structure of Cgp on NaCl and KBr, mostly determined by
the van der Waals radius of the molecules'®”. Often the molecules are mobile on insulators for
low cover.atges103 and only low temperature or pre-patterned surfaces pin the molecules'**'%.
For example, it has been shown that PTCDA preferably grows in nanometre sized monolayer
deep vacancy islands on a KBr(001) surface'®. The same behaviour has been observed for
chloro-[subphthalocyaninato] boron-(III) (SubPc) where the enhanced interaction of the
molecular dipole with the charged corners of monolayer deep vacancy islands in KBr lead to
an immobilization of the SubPc molecules'®. On flat, not pre-patterned insulator substrates
the organic molecules usually do not grow in a layer by layer mode, but in an island growth
mode. For example, a nominal coverage of only 0.3 ML of PTCDA already results in islands

51



5 INTERACTION OF OEPS WITH METALS AND ULTRATHIN NACL LAYERS

with a height of 20-30 molecular layers'®. Only few systems are known where monolayer
thick islands of organic molecules can be grown without a considerable amount of bulk-like
crystallites; one example is the growth of PTCDA on NaCl where the three-dimensional
growth starts at coverages of 0.85 ML,

Instead of using bulk insulators as reported in the previous paragraph, organic molecules
can also be adsorbed on ultrathin insulator films. Such systems can be characterized with all
surface analysis techniques including STM. It has been shown that electron tunnelling through
several monolayers of insulators is possible because the charge density of the electronic states
of the metal extends into the vacuum'®®. The high variety of metal substrates and insulator ad-
layers lead to many different systems like CaF;/CaF, on Si 111D)'°, ALO; mostly on Al
containing substrates like Ni,Al(111)"'*'"" and NiAI(110)'"?, NiO on Ni'"* and Ag''*, NaCl
on various metal substrates with different crystallographic orientation (cf. Ref.'® and
references therein) and MgO on Ag(001)'%*!"?
electronic behaviour of ultrathin insulator layers was demonstrated for MgO on Ag(001).

and other metal surfaces. The evolution of the

Here, STS showed that an interface state detected for the first and second monolayer of MgO
exists and the third layer already represented a band gap corresponding to that of a MgO

single-crystal surface' ™.

There are two main approaches for the preparation of ultrathin insulator films on metal
substrates: Oxides like MgO, NiO or CoO are either prepared by oxidizing the metal substrate
in an oxygen atmosphere at high temperatures or by evaporating the metal precursor in an
oxygen stream. Although it is possible to e.g. directly evaporate MgO by electron beam
evaporation''® this direct evaporation is practically not applied for the growth of ultrathin
oxide films due to the ease of oxidation of the metal precursor in the UHV in an oxygen
background pressure. In contrast, alkali halides and earth alkali halides like CaF/CaF, are
directly thermally evaporated™’*. Mass-spectrometric studies showed that NaCl mainly
evaporates as di-ionic cluster (one sodium ion and one chlorine ion). The concentration of di-
ionic clusters decreases with increasing evaporation temperature but it is higher than 85% for
temperatures below 850 K''”. The temperatures used for the evaporation of NaCl in the here
described experiments are well below 850 K, ranging from 650 to 700 K.

Several studies of the growth and the electronic properties of organic molecules on
ultrathin alkali-halide layers have been reported. Organic molecules generally show a high
mobility on the ultrathin insulators. The molecules can be immobilized by cooling the
substrate to low temperature118 or by complete filling of a monolayer23’73 and thus they can be
imaged with the STM. So far, only for CtOEP on NaCl/Pd(111) pinning of the molecules has
been achieved on the NaCl layer at room temperature also at small molecular coverages''”. A
small difference in the layering of iron phthalocyanines (FePc) on NaCl/Cu(111)” compared
to the layering of CuOEP on NaCl/Cu(111)* can be found in literature. A hierarchical layer
formation of the CuOEP on NaCl/Cu(111) has been observed, i.e. first the molecules are
adsorbed on the bare metal, after complete filling of the metal area, which leads to a freezing

of the molecular mobility, the molecules are adsorbed on the first layer of NaCl. Here again
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5.1 Introduction: Molecules on insulator surfaces

the molecules are very mobile until the first NaCl layer is completely covered with the
molecules and after this the molecules can also be found on the second layer of NaCl*. In
contrast, the adsorption of FePc on NaCl/Cu(111) deviated from the hierarchical layer
formation. After filling both, the free metal area and the first NaCl layer, FePc starts to form a
second layer on top of the FePc molecules on the metal whereas no molecules were observed
on the second monolayer of NaCl”. Thus, small differences in the intermolecular interaction
energies of the FePc and CuOEP as well as in the interaction of the molecules with the
NaCl/Cu(111) surface lead to different growth modes of the planar molecules on ultrathin
insulator layers.

The adsorption of atoms or molecules on ultrathin insulators can lead to new insights into
the modified electronic structure. Most prominently, decoupling of the electronic states of the
adsorbate and the substrate occurs. Thereby, it is possible to directly image the electronic
states of organic molecules and to compare them with DFT calculations''*'*°_ It was also
demonstrated that the charge state of an individual gold atom on an NaCl layer can be
changed in a controlled way by voltage pulses applied via the STM tip''*'?!
NaCl it is even possible to control and image three different charge states (Ag’, Ag™', Ag™)'**.
It has been demonstrated that the charged Ag™ and Ag™' have different stabilities depending

. For Ag atoms on

on the ionization potential and the electron affinity of the Ag atom, respectively and
depending on the interaction of the charged particles with the underlying NaCl layer. While
the Ag' is unstable for some adsorption sites the positively charged Ag™ is stabilized by its
position at bridge sites between two Cl anions and the comparably low ionization potential of

silver'?2.

Furthermore, ultrathin insulator substrates have been used in order to observe
fluorescence and phosphorescence spectra by exciting organic molecules with tunnelling
electrons in STM''*'%. Especially for Zn(II)-etioporphyrin on Al,03/NiAl(110) it was shown
that the fluorescence strongly depends on the molecular conformations and on the electronic
states of the molecules. A LUMO state near the Fermi energy seems to be necessary for the
light emission, while molecules without this special LUMO state did not show any light
emission in the range of 500 to 1000 nm wavelength''%.

The aim of this study is the investigation of the electronic interactions of the CuOEP with
the Cu(111) metal and with the ultrathin insulator layers. Thereby, we want to discover the
driving force of the hierarchical ordering of CuOEP on Cu(111)/N aCl”’. We assume that the
electronic interaction of the CuOEP molecules with the substrate decreases with increasing
NaCl thickness. This would be seen in the molecular electronic states of the CuOEP
molecules: a strong electronic interaction should lead to organic electronic states, which
deviate from the gas phase electronic states in their position as well as in their full width half
maximum. For smaller electronic interactions the orbitals should be similar to the gas phase
electronic states. Organic molecular electronic states are usually investigated by UPS,
NEXAFS and IPES. All these analysis techniques are very suitable for these measurements,
but they require homogenous surfaces, because they average across big surface areas
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5 INTERACTION OF OEPS WITH METALS AND ULTRATHIN NACL LAYERS

(500 pm2 — 2 mm?). Due to the island growth of NaCl on Cu(111) the first step towards the
detection of electronic states in dependence of the insulator thickness was to find a suitable
system of alkali halides on metal surfaces, which shows a layer by layer, or at least a
Stransky-Krastanov growth.

5.2 Optimized growth conditions for large alkali halide islands

The goal of this study of ultrathin insulator films on different metal substrates is the
creation of homogenously covered surfaces, in order to provide the necessary basis for the
study of molecules on ultrathin insulators with averaging techniques like UPS, XPS and
NEXAFS. In contrast to organic molecules on metals, which usually show a Stransky-
Krastanov (layer plus island) growth on metal surfaces, most insulators tend to grow in the
Volmer-Weber (island) growth mode on metal surfaces. The island size and distribution can
be controlled by the annealing temperature and the growth rate. A known exception to the
Volmer-Weber growth is the growth of CaF, on Si(111) surfaces which shows a Stransky-
Krastanov growth mode'?*. For this system a wetting layer of Si-Ca-F leads to growth of CaF,
in Stransky-Krastanov growth mode. However, in this case, the first layer — the Si-Ca-F —
shows semiconducting and not insulating behaviour.

Table 2: lattice misfit" of several alkali halide/metal systems.

Insulator/metal Lattice misfit 45° orientation | Lattice misfit 0° orientation
NaCl/Ag 2.30 % -27.70 %
NaCl/Cu -9.38 % 36.02 %

LiCl/Cu -0.39 % -29.67 %

[100]
[100]

I

Figure 16: relative orientation of NaCl on Cu(001) a) 0° orientation, b) 45° orientation.

Several parameters determine the growth mode of epitaxial systems: (i) the surface
tension of the adsorbate and the substrate, (ii) the adsorbate/adsorbate and the
adsorbate/substrate interaction, (iii) the lattice misfit, (iv) the substrate temperature and (v) the

" The lattice misfit has been calculated by: (n-a(substrate)-m-a(film))/a(film); a: lattice constant; n and m:
integers; positive sign indicates a smaller adsorbate lattice compared to the substrate lattice®.

54



5.2 Optimized growth conditions for large alkali halide islands

adsorbate flux. Parameters (i)-(iii) determine the thermodynamics of the growth while
parameters (iv) and (v) determine the growth kinetics. An increasing lattice misfit is less
favourable for Frank van der Merwe growth due to induced stress in the adsorbate layer.
Table 2 shows the lattice misfit of several alkali halide/metal systems. The lattice misfit has
been calculated for the alkali halide [1 0 O]-direction parallel to the [1 0 0]-direction of the
substrate, or rotated by 45°. The two different orientations are demonstrated in Figure 16. The
lattice misfit for alkali halides on the trigonal (111) surfaces along one of the [1 10 ]-direction
is the same as for the 45° rotation on the (001). Thus, depending on the orientation of the
alkali halide overlayer with respect to the substrate orientation the lattice misfit can be
minimized. For example, it has been shown that NaCl on Ag(111) shows two different
rotational orientations: one parallel to the [110]-direction and one 45° rotated with respect to
this orientation'>. Table 2 shows that the smallest lattice misfit is given for a 45° rotation of
the LiCl on the Cu(001). Thus it is expected that this system leads to a homogenous growth.
In the following we will focus on the growth of LiCl on Cu(001) as well as on the growth of
NaCl on Cu(111), Ag(111), Cu(001) and Cu(311).

Table 3: Temperature dependent lattice constants for Ag, Cu and NaCl and values for the smallest lattice
misfit of NaCl on Ag and Cu"; values for the thermal expansion of NaCl from'?, for Cu and Ag from'?’.

a(NaCl) | a(Ag) a(Cu) | Lattice misfit Agin % | Lattice misfit on Cuin %
300K | 5640 A | 4.085 A | 3.615 A -2.37 -9.35
400K | 5664 A | 4.093 A | 3.621 A -2.15 -9.59
500K | 5688 A | 4.101 A | 3.627 A -1.92 -9.82
600K | 5714 A | 4109 A | 3.633 A -1.67 -10.08
700K | 5744 A | 4117 A | 3.639 A -1.34 -10.41

Evaporation on substrates kept at elevated temperatures usually leads to larger grains of
the adsorbate due to increased adsorbate diffusion. However, the lattice constants depend on
the temperature. As the thermal expansion of insulators is different to the one of the metals,
the temperature dependent lattice misfits for NaCl on Ag and Cu have been calculated for 45°
orientation (cf. Figure 16b) and are summarized in Table 3. The evaporation temperature of
NaCl in our experiments is between 650 and 700 K. Thus, annealing to higher substrate
temperatures seems to be inappropriate, accordingly only temperatures of maximum 500 K
have been used during NaCl growth. The lattice misfit for the system of NaCl on Ag(111)
decreases with increasing temperature due to the higher thermal expansion of the insulator.
This decrease may additionally favour the growth of large islands at elevated temperature.

In general, it is not straightforward to compare the lattice misfit or the different lattice
parameters of the metal substrates with alkali halide lattice parameters. As the metallic bond
leads to very strict distances between neighbouring atoms, the ionic bond can stand tension or
compression forces better due to the longer ranging attractive Coulomb interaction between
the two differently charged building blocks of the insulator. Additionally, the lattice constant
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5 INTERACTION OF OEPS WITH METALS AND ULTRATHIN NACL LAYERS

of a single insulator layer may be considerably different than the one of the bulk insulator.

This leads to the often observed carpet-like growth'*®

where the insulator is slightly
compressed at the bottom of the step and slightly extended on top of the step. As
a consequence changes in the NaCl lattice constant for ultrathin layers of up to 6% have been
observed earlier'”. These big changes in the lattice constants lead to stress in the adsorbate
layer when the second and third layer are grown on top and may lead to a higher defect

density and/or to Stransky-Krastanov growth.

It is still discussed whether the first monolayer of NaCl on single metal crystals is a single
layer of NaCl or if the dipoles of the NaCl are oriented perpendicular to the surface resulting
in a double layer. Actually, for NaCl on Cu(11 1)'*? and Ge(001)"* it is assumed that the first
layer is a double layer, while it is reported that the first layer of NaCl on Al(111) and AI(001)
128 Due to the different DOS of NaCl compared to the metal substrate this
question is difficult to solve in STM, which does not show a real height image but strongly

is a single layer

depends on the DOS above the adsorbate and the substrate surface. Despite this discussion we
call the lowest layer observed in STM a monolayer and the next layer on top of it the second
layer keeping in mind that the first layer may be a double layer.

5.2.1  LiCl on a surface with square lattice: Cu(001)

Table 2 shows that the smallest lattice misfit for alkali halides and Cu or Ag single
crystals exists for LiCl on Cu. For this system, the lattice misfit is only 0.39% for the growth
of the LiCl islands with the [1 0 0]-direction parallel to the Cu [110]-direction. It has been
reported that LiCl shows a Frank van der Merwe (layer by layer) growth on Cu(001)"". These
studies have been performed with reflection high-energy electron diffraction (RHEED) with
LiCl grown on Cu(001) at room temperature and at 450 K. To the best of our knowledge the
growth of LiCl films on Cu(001) has not been investigated with STM, yet. Consequently, we
have performed an STM and LEED study of this system. For this study LiCl has been
deposited on the Cu(001) samples kept at room temperature.

Figure 17a shows the STM image of a sample covered with 0.4 ML LiCl. Two different
orientations of the LiCl islands can be observed. Most of the islands grow with their
[1 0 O]-direction in a 45° orientation with respect to the [1 0 O]-direction of the substrate,
while a few grow in a 0° orientation. This is in contrast to earlier reports, which claim that
LiCl deposited onto Cu(001) kept at room temperature only grows with the [1 0 0]-direction
parallel to the [110]-direction of the substrate'*'"'*2. Additionally, also for the comparably
small coverage of 0.4 ML on some islands a second layer starts to grow, which is also in
contrast to previous reports on the growth of LiCl on Cu(001), which shows a layer by layer
growthl31’l32. Figure 17b shows a zoom-in in a region where two islands with different
orientation coalesce, the blue arrow in Figure 17a highlights the zoom-in region. The different
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5.2 Optimized growth conditions for large alkali halide islands

orientations of the two domains are clearly visible by the atomic resolution of both islands.
We assume that similarly to NaCl also for LiCl only the chloride ions can be imaged in

STM'.
v .C_t-,.
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iy
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Figure 17: 0.4 ML of LiCl on Cu(001), a) overview; b) zoom-in of a) marked with a blue arrow
(Upias = -3.0 V, 1= 0.05 nA, a) 500 x 500 nm?, b) 10 x 10 nm?).

Figure 18: LEED pattern taken at 57.4 eV on the sample shown in Figure 19; The black square indicates
the Cu(001) lattice; the red square indicates the LiCl lattice rotated by 45° with respect to the Cu(001)
lattice; the blue square indicates the LiCl lattice with 0° rotation; the green squares indicate the small
rotational freedom of the 0° island; the blue ellipses show the smearing out of the second order spots of the
0° island.

Figure 18 shows a detailed analysis of the LEED pattern taken for 0.5 ML of LiCl on
Cu(001). The black square indicates the reciprocal lattice of the Cu(001) substrate. The red
square highlights the spots, which can be associated to the 45° islands. The second order spots
of this lattice are overlapping with the first order spots of the clean substrate. The blue square
indicates the 0° islands. The spots for the 0° islands are slightly smeared out, indicating a
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small rotational freedom of approximately +10°, which is indicated by the two green
rectangles. The second order spots for this domain are marked with blue ellipses. It is clearly
visible that the peaks for the 45° islands are sharper and more intense than the one for the 0°
islands. The different spot intensities indicate the preferred adsorption of LiCl in the 45°
orientation, which is the orientation with the smallest lattice misfit. This observation is in-line
with the STM images, which show more islands with the [1 0 0]-direction rotated by 45° with
respect to the [1 0 0]-direction of the Cu(001).

There are several differences in the growth of LiCl and NaCl on metal surfaces; the
growth of NaCl on different metal surfaces is shown in detail in the next chapters. The most
prominent difference is that LiCl islands only grow on top of the terraces and the carpet-like
growth over steps as observed for NaCl is not visible in Figure 17a. This can have two
reasons: (i) The diffusion barrier of LiCl over the Cu(001) steps at room temperature is too
high and consequently no LiCl can diffuse over the steps and start the carpet-like growth. It
seems that LiCl islands start to grow at step edges which serve as nucleation sites and the
islands then extend over the terraces until they meet another step edge, where the lateral
growth stops. (ii) The different interaction between the LiCl and the Cu(001) surface
compared to the interaction between NaCl and metal surfaces may lead to less favourable
adsorption at steps resulting in island growth on terraces. NaCl prefers to overgrow steps
because the induced stress in the NaCl layer by the lattice misfit can be reduced by this
carpet-like growth. Due to the smaller lattice misfit of LiCl/Cu(001) the stress in the LiCl
adsorbate layer may be smaller, which may result in a less favourable growth over steps.

In Figure 19 STM images of another sample with 0.5 ML LiCl are shown. The sample in
Figure 19b has been recorded at the same position as Figure 19a after a zoom-in and zoom-
out series, which has been performed on the bottom left part of Figure 19a. Two islands in
each image are highlighted with black contours. The black and white arrows in both images
highlight big changes in the shape of the LiCl islands. While a complete island has
disappeared below the black solid arrow, a new island has grown next to the white arrow. The
size of the islands on the right and left side of the black solid arrow has increased. As the
zoom-in has been performed on the bottom left corner we assume that the change in the LiCl
island close to the white arrow in the top part of this image cannot be related to a tip induced
change. The black dotted arrow highlights a second layer of LiCl, which also changed its
shape. The grey arrow highlights a vacancy island which moved upward in the second image.
This can be clearly seen by the small second layer below the grey arrow highlighted by a
black circle, which is farer away from the vacancy island in Figure 19b, compared to the
distance in Figure 19a.

We assume that the observed changes in the shape and size of the LiCl islands are due to
small differences in the thermodynamics of the differently oriented islands, which leads to a
rearrangement of LiCl to form the thermodynamically more stable adsorption geometry. This
reorientation may take place by a rearrangement of small LiCl clusters from an island with
one orientation to an island with the other orientation, which leads to a growth of one island
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while a neighbouring island is shrinking. The big changes of the islands shapes have only
been found for areas where two islands with different orientation converge. The adsorption
energy for one LiCl dimer has been calculated to 0.43 eV'*!, which is quite low and may lead
to motion of small clusters. The driving force of this reorientation is presumably not an
Ostwald ripening process because in Figure 19 the bigger islands disappear and smaller
islands are growing, (cf. black and white arrow in Figure 19a and b). Furthermore, we have
taken a movie on the sample one day after preparation. Two of these images which have been
taken with a time interval of 45 min are shown in Figure 20 and no changes could be observed
in these two images. In conclusion, this study shows that the rearrangement of the LiCl
islands is not induced by the STM tip but a slow relaxation of the islands took place.

Figure 19: 0.5 ML of LiCl on Cu(001) evaporated at room temperature, a) and b) show the same area, but
with a delay time of 2 h 20 min (Up;,s =—1.2 V, I =0.04 nA, 350 x 350 nmz).

Even though we can most likely exclude that the changes shown in Figure 19 are induced
by the tip, we nevertheless found that the tip/sample interactions are not negligible. After the
acquisition of four or five images the resolution decreased, as visible in Figure 20: the LiCl
islands are sharper in Figure 20a than in Figure 20b. By gentle bias changes of the tip, its
imaging capabilities could be improved again for a short time. Another indication for the
significant tip/LiCl interaction in this case is the appearance of the second layer. In the STM
images the second LiCl layer mostly appears darker than the first layer. This is in contrast to
NaCl on metal surface where the second layer usually appears as a protrusion. We assume
that this cannot be related to the different electronic structure of LiCl compared to the one of
NaCl but may be related to some LiCl adsorbed on the tip. Consequently, the tunnelling
electrons have to tunnel through three layers (one on the tip and two on the surface) instead of
two. Due to these difficulties in imaging the LiCl islands and due to the deviation from the
layer by layer growth of LiCl on Cu(001) we have decided to concentrate on the well
established system of NaCl on metal surfaces.
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Figure 20: 0.5 ML of LiCl on Cu(001), evaporated at room temperature, image taken the next day; a) and
b) show the same area, but with a delay time of 45 min (Uy;,s =-1.2 V, 1 =0.04 nA, 400 x 400 nmz).

5.2.2 NaCl on surfaces with trigonal lattice: Ag(111) and Cu(111)

For the study of the NaCl growth on the two trigonal surfaces of Ag(111) and Cu(111),
NaCl has been evaporated at different substrate temperatures varying from room temperature
to 470 K. Table 4 shows, the island sizes of the first monolayer as well as the coverage of
NaCl on the metal, and coverage of second and third monolayer with respect to the first
monolayer for different growth temperatures and nominal NaCl coverage on Ag(111). For the
deposition at room temperature the island size is smaller and the coverage of the second layer
of NacCl is higher than at elevated temperatures. This is as expected and can be explained by
the reduced diffusion of the NaCl monomers after evaporation due to the reduced substrate
temperature. With increasing nominal coverage the island size increases and also the coverage
of the second and third layer increases. The two experiments which have been performed at
the same annealing temperature of 390 K and which have approximately the same coverage
(0.39 ML and 0.42 ML) show a variation of the island size of the first layer as well as of the
coverage of the second layer. A detailed study of all these parameters is in progress. However,
some additional points about the growth of NaCl on the Ag(111) and Cu(111) substrates will
be discussed in this chapter.
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Table 4: Coverage and annealing dependent size distribution of NaCl islands on Ag(111).

5.2 Optimized growth conditions for large alkali halide islands

NaCl coverage Annealing Island size of Total area Coverage 2™ Coverage 3™
in ML temperature in | first layer in covered with layer w.r.t. 1™ layer w.r.t. 1%
K pm? NaCl layer in % layer in %
0.41 300 0.071£0.016 33% 15+13 0
0.39 390 0.13+0.04 38% <5 0
0.42 390 0.24+0.08 34% 10+7 0
1.3 430 0.52+0.23 74% 60+17 12

Figure 21 shows two STM images of NaCl grown on Cu(111). The black arrows in
Figure 21a point to small “vacancy trenches” in the first monolayer of NaCl. We assume that
already during the evaporation of NaCl these areas remain unfilled due to imperfect epitaxial
growth, which is driven by the lattice misfit. These trenches compensate for the stress in the
adsorbate layer due to the lattice misfit and thus have been more often observed for NaCl on
Cu(111) than on Ag(111), which coincides well with the bigger lattice misfit (cf. Table 2).

Figure 21: NaCl on Cu(111), deposition at room temperature (Up,s =-2.6 V, I =0.05 nA, 250 x 250 nmz).
b) atomic resolution (Up;,s =-2.2 V,1=10.22 nA, 10 x 10 nmz).

Additionally, the carpet-like growth, as reported earlier'**, can be seen in Figure 21a. The
growth of the first NaCl layer as well as of additional layers starts at steps and kinks.
Consequently, nearly the whole step in the centre of the STM image is covered with a second
NaCl layer. Figure 21b shows an atomically resolved STM image of 1 ML of NaCl on
Cu(111) (left side) and the clean Cu(111) on the right side. The lattice does not appear as
cubic but as a distorted lattice due to the piezo-creep and -drift at room temperature. Note that
only the chlorine ions can be imaged in STM because both the conduction and the valence

band of NaCl consist mainly of chlorine states'®’.

i The coverage has been calculated directly from the STM images and shows a small discrepancy compared to
the coverage calculated by the QCMB frequency change and by XPS measurements.
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Figure 22: LEED pattern of NaCl on Cu(111) taken at a) 34.2 eV, b) 56.3 eV, ¢) 62.8 eV, black arrows in c)
mark the substrate spots.

The LEED patterns for NaCl on Cu(111) in Figure 22 show twelve spots surrounding the
central (0,0) spot, which demonstrate the three different orientations of the four-fold
NaCl(001) adsorbate layer on the three-fold Cu(111) substrate. The relative intensity of the
spots differs depending on the sample position. The faint circle on which the diffraction spots
are lying, indicates that the crystallographic directions of the NaCl islands are not exactly
aligned with the substrate crystallographic directions. In Figure 22¢ also the substrate spots
are visible; four of them are marked with black arrows. Detailed discussion of the LEED

patterns for NaCl on Cu(111) and Ag(111) can be found in reference'”.

There are two main differences in the growth of NaCl on Cu(111) and Ag(111). The first
difference concerns the relative orientation of the NaCl islands with respect to the
crystallographic orientation of the metal substrate. NaCl on Cu(111) (cf. Figure 22) grows
with the NaCl [1 0 0]-direction parallel to one of the three equivalent [1 10 ]-directions of the
Cu(111) substrate. In contrast, NaCl on Ag(111) shows two different orientations: one parallel
to the main directions of the substrate and the other one rotated by 45013,

The second difference is the island size on the two different metal substrates. Figure 23
shows two STM images of a) NaCl on Cu(111) and b) NaCl on Ag(111). The first has been
prepared by deposition of NaCl while the sample was kept at room temperature whereas the
latter has been evaporated on the Ag(111) sample held at 400 K. Figure 23a shows only one
island on the right side extending over the whole scan range, with a considerable amount of
second layer of NaCl, while several smaller islands are visible in Figure 23b. Due to the
limitation of the scanning range which is in most cases smaller than the NaCl islands on
Cu(111) it was not possible to measure the island size of NaCl on Cu(111).

This trend of larger NaCl islands on Cu(111) compared to Ag(111) has been observed for
all experiments carried out on Ag(111) and Cu(111). As the lattice misfit of NaCl on Ag(111)
is smaller than the one for NaCl/Cu(111) (cf. Table 2) one would intuitively expect bigger
islands on Ag(111) due to lower stress in the adsorbate layer. This is however not confirmed
by the results shown in Figure 23. In the case of NaCl on Ag(111) and Cu(111) the interaction
between NaCl and the different metal substrates, also leading to different diffusion barriers,
results in the different islands sizes.
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Figure 23: a) NaCl on Cu(111) grown at room temperature, the NaCl islands are highlighted by a black
line (Upis=-2.1V, [=0.05nA, 1.5 x 1.5 p,mz). b) NaCl on Ag(111) grown at 400 K (Up,=-3.0V,
1=10.10 nA, 1.5 x 1.5 pm®).

In Figure 23a on the left side a big part of the Cu(111) surface is not covered by NaCl
(the black lines in this image highlight the border of the NaCl islands). In contrast, less free
metal areas are visible for NaCl on Ag(111) (cf. Figure 23b) and the distance between
neighbouring NaCl islands on Ag(111) is smaller than on Cu(111). This may be a hint that the
mean free path of NaCl on Cu(111) is larger than on Ag(111). In conclusion, these results on
Cu(111) and Ag(111) show that the growth of NaCl is mainly determined by intrinsic
properties of the particular system, which cannot be influenced during the growth, i.e. by
elevated substrate temperature or different evaporation rates. A deeper insight into this topic
would be gained by the use of other noble metal surfaces like the Au(100) or Au(111) surface
as well as by the insertion of surfactant layers which can change the surface properties and
consequently the adsorbate/substrate interactions.

After the observation of bigger islands on Cu(111) we decided to use the Cu(001) surface
as a substrate. In Figure 22 it has been shown that three different rotational domains of NaCl
on the trigonal surface exist. Thus, a next step towards homogenous surfaces is the choice of
a substrate with a four-fold symmetry, which may lead to a more homogenous growth.

5.2.3 NaCl on a surface with squared lattice: Cu(001)

Figure 24a shows an overview of a Cu(001) sample partly covered with NaCl; on the left
side of the black line an extended NaCl island is visible while the right area in the STM image
shows the clean Cu(001). For NaCl on Cu(001) islands with a diameter of several
micrometers could be obtained and therefore they are bigger than the ones on Cu(111) and
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Ag(111). However, the increased island size often resulted in an increased coverage of a
second, third and fourth NaCl layer, as can be seen in Figure 24a. In the vicinity of the big
NaCl islands also huge areas of bare metal are visible (cf. Figure 24b). The free metal areas
can also be up to several urnz.

Figure 24: NaCl on Cu(001), substrate temperature during growth: 450 K. a) the border between the
NaCl island and the clean Cu is marked by the black line; the two arrows indicate a fourth layer of NaCl,
(Upias ==2.0 V, 1=0.06 nA, 2 x 2 p,mz). b) the first, second and third monolayer are indicated by the white
arrows (Upi,s=-2.0V, 1=0.06nA, 1x1 umz). ¢) atomic resolution (Upjs=-1.2V, 1=0.07 nA,
10 x 10 nm>).

Figure 24b is a zoom-in of the right side of Figure 24a with the NaCl island on the left
side and bare metal on the right side. Up to three NaCl layers can be observed, although only
half of the surface shown in this STM image is covered with NaCl. The third layer appears
darker than the second and the first layer due to the increasing insulating properties with
increasing NaCl thickness. Depending on the tip conditions, sometimes the second layer
appears as a depression while for other tip conditions even the third layer can appear as a
protrusion. Hence, the apparent height of the NaCl islands strongly depends on the tunnelling
parameters as well as on the STM tip. The fourth layer of NaCl always appears as a
depression (cf. black arrows in Figure 24a). Notably, no trenches are visible for NaCl on
Cu(001) in contrast to NaCl on Cu(111) as shown in Figure 21a.

The observation of micrometer sized NaCl islands and micrometer sized free metal areas
can shed some new light on the diffusion of di-ionic NaCl clusters on the Cu(001) surface: (i)
The mean free path of NaCl on Cu(001) at 450 K is at least several microns. (ii) The diffusion
easily proceeds over step edges of the metal substrate. However, there are still some other
important questions like the diffusion of NaCl on the NaCl islands and hopping from NaCl to
the metal area and in the reverse direction. Due to the high coverage of the NaCl island with
a second (~85%), third (~40%) and fourth (~3%) layer we assume that the diffusion over the
NaCl-Cu step is rather high at 450 K. Otherwise the free metal area would be filled for lower
nominal coverages as the one shown in Figure 24.
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For NaCl on Cu(001) all islands exhibit the same orientation with respect to the Cu(001)
substrate. The arrows in Figure 24c indicate the crystallographic orientation of the NaCl
islands which is well visible in the atomically resolved STM image. The Cu(001) crystal has
the same orientation as the NaCl layer. Thus, we can conclude that the NaCl islands grow
with a 0° rotation on the Cu(001) as already reported earlier'**
bigger in this direction (cf. Table 2). Kiguchi et al. stated that alkali halide/metal systems with
a big lattice misfit only grow in the 0° orientation, even if the lattice misfit for this direction is

, although the lattice misfit is

bigger than for the 45° orientation, while alkali halide/metal systems with a small lattice
32 As a consequence for NaCl on Ag(001) both
orientations, 0° and 45°, have been observed125’135, due to the small lattice misfit for the 45°
growth of NaCl on Ag(001), which is only 2.4%, in contrast to NaCl on Cu(001), where only
0° orientation has been observed.

misfit can also grow in a 45° orientation

In conclusion, the NaCl island size increased by more than 100% on the Cu(001)
compared to Ag(l111) and seemed to increase slightly on Cu(001) compared to Cu(111),
although it is difficult to quantify the island size for these two systems because most of the
islands are bigger than the maximum scan range, which can not exceed 2 pm. Islands with a
diameter of several square micrometers in size seem to be possible. But with the increasing
island size also the amount of second, third and fourth layer of NaCl increases. The fact that
still big parts of the metal are not covered with NaCl indicates a considerable diffusion of
NaCl on Cu(001). Although it is possible to measure UPS and XPS locally by means of a
focused photon spot in the size of 1 um?, this approach does not seem to be appropriate for
our system due to the following reasons: (i) A difficult aligning of the sample would be
necessary. (ii) A focused photon spot in the size of 1 um” requires high photon fluxes, which
may lead to beam damage of the samples. (iii) The measurements would still average over a
different number of NaCl layers and thus measurements depending on the NaCl thickness
would not be possible. At this point it seems to be more convenient to search for another
system, which may lead to a homogenously covered surface. Thus, in a next step we further
reduced the substrate symmetry to a two fold symmetry, which is given by a stepped Cu(311)
surface.

5.2.4 NaCl on a stepped surface: Cu(311)

Repp et al. showed that NaCl exhibits a Stransky-Krastanov growth on the stepped
Cu(311) surface'®, i.e. the growth of the first monolayer is completed before a second
monolayer starts to grow. This different growth was explained by the Smoluchowski effect'’
of the stepped surface, which leads to a charge modulation of the surface and as a
consequence to a higher interaction with the polar NaCl ad-layer. The further growth deviates
from the layer by layer growth mechanism i.e. the third layer starts to grow before the second

layer is completed' .
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Figure 25: 0.8 ML of NaCl on Cu(311), substrate temperature during growth: 470 K a) overview, black
arrows highlight bare metal areas (Up,s =+1.3 V, I =0.06 nA, 450 x 450 nmz). b) zoom-in, (Uy;,, = +1.3V,
I=0.06 nA, 130 x 130 nm>). ¢) line profile as indicated in b).

Figure 25 shows a Cu(311) surface covered with 0.8 ML of NaCl. In Figure 25a some
areas which are not covered with NaCl, are marked with black arrows. Beside these small
vacancy islands in the NaCl layer the surface is homogenously covered with 1 ML of NaCl
and no islands which could be attributed to a second layer of NaCl are visible. The areas
covered by NaCl exhibit stripes, which are parallel to the intrinsic steps of the Cu(311) single-
crystal (in Figure 25b top left, the crystallographic direction of the intrinsic steps is marked).
Close to the bare metal patches these stripes deviate from this crystallographic direction and
often tend to grow around the free metal areas (cf. Figure 25b). Figure 25¢ shows the line
profile perpendicular to these stripes as indicated by the black line in Figure 25b. The step
height between the stripes is (1.4 +0.2) A and the average spacing is (5.5 +0.5) nm. These
values have been averaged from different STM images taken with different coverage of NaCl
to reduce a possible tip influence on these values.

These stripes are not visible on the clean Cu(311) surface without NaCl. We assume that
an adsorbate induced reconstruction of the Cu(311) surface leads to these stripes, as shown in
Figure 26. Due to Smoluchowski smoothing effect the chlorine ions are adsorbed on top of
the outermost Cu-atoms, while the sodium ions are on top of the second row of Cu-atoms'*°.
One additional Cu-atom placed on top of the Cu rows as indicated with the arrow in Figure 26
results in a height change of 1.43 A, which is close to the step height of (1.4 £0.2) A of the
stripes determined from the STM images. This surface reconstruction leads to variable CI-Cl
distances, which can compensate the stress in the NaCl layer induced by the extension of the
CI-Cl distance on the Cu(311) compared to the CI-Cl distance in bulk NaCl. The average
spacing of the stripes is (5.50 £0.52) nm, which relates to approximately 13 outermost
Cu-atoms. In Figure 26 reconstructions with only three to four Cu-atoms are shown for better
visibility. We also assume that this surface reconstruction is overgrown by the NaCl layer as it
is the case for the carpet-like growth, i.e. there is no abrupt change in the NaCl height from
one reconstruction to the other but the small intrinsic steps are smoothly overgrown.
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5.2 Optimized growth conditions for large alkali halide islands

The proposed reconstruction needs a considerable mass transport of Cu-atoms between
the reconstruction areas, i.e. perpendicular to the intrinsic Cu(311) steps. We assume that this

is only possible at elevated temperatures — the NaCl layers shown here have been deposited
on the samples held at 470 K.
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Figure 26: Growth model of NaCl on Cu(311); the charge modulation of the Cu(311) is indicated and the

different height of the NaCl resulting from the proposed surface reconstruction can be seen; adopted from
Ref.",

1

The LEED patterns shown in Figure 27 indicate the cubic growth mode which was
expected for the NaCl(001) ad-layer. In contrast, the LEED pattern of the clean Cu(311)
shows a rectangular lattice which results from the (311) orientation of the surface (cf. Figure
27a). For a better comparison of the clean and NaCl covered surfaces the same substrate spots
are marked with circles in Figure 27a and Figure 27c. It was not possible to determine any
features which can be clearly related to the proposed reconstruction. Nevertheless, in Figure
27b there are some faint stripes close to the NaCl spots indicated with black arrows, which
may be a hint for the reconstruction. These stripes may reflect the different sizes of the
reconstruction length, which shows an average spacing of 13 Cu-atoms but the biggest length
of the stripes which we observed relates to 16 Cu-atoms spacing and the smallest to 11
Cu-atoms spacing.

al & b) . )

Figure 27: LEED pattern of a) clean Cu(311), some of the substrate spots are marked with black circles,
and b)-d) NaCl on Cu(311). Black arrow in b) mark faint diffraction stripes (cf. discussion in the text). c)
same substrate spots as in a) are marked with black circles; a) 61.0 eV, b) 47.9 eV, ¢) 60.8 eV, d) 80.4 eV.

In conclusion, the Stransky-Krastanov growth observed for NaCl on Cu(311), which
deviates from the growth modes of NaCl on trigonal and square surfaces can be explained by
the Smoluchowski smoothing effect of the highly corrugated (311)-surface and is assisted by
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a special surface reconstruction as described above. This surface reconstruction may arise
from minimizing epitaxial strain by introducing a surface corrugation through ad-atom
diffusion. Localized dipoles arise on the stepped surface due to the strong corrugation as
illustrated in Figure 26. Such the outermost Cu-rows are positively charged. This results in a
very well ordered adsorption of the NaCl with the chlorine ions on top of the positively
charged Cu-atoms and the sodium ions on top of the negatively charged Cu-atoms (cf. Figure
26). For other stepped surfaces like the Cu(211) a nano-patterning after adsorption of NaCl on
the substrate has been reported, resulting in NaCl covered (311)-facets and NaCl free
(533)-facets'®.

5.2.5 Comparison of the growth of LiCl and NaCl on different surfaces

In conclusion, the detailed study of the growth of NaCl on different single-crystal metal
surfaces resulted in NaCl islands with a size of several micrometers on Cu(111) and Cu(001).
For the trigonal Cu(111) and Ag(111) surfaces we can draw the following conclusions: (i)
The 3-fold symmetry of the substrates leads to at least three different rotational equivalent
adsorption orientations for the four-fold NaCl(001) islands. This results in different rotational-
domains, which reduces the probability of a homogenously covered surface. (ii) The
presumably small interaction of NaCl with Cu(111) and Ag(111) substrates reduces the
probability of a Stransky-Krastanov or Frank van der Merwe growth and leads to a Volmer-
Weber growth. (iii) The 50% bigger islands size on Cu(111) compared to Ag(111) may be a
hint for the higher diffusion of NaCl on this surface. (iv) The bigger island size on Cu(111)
indicates that the growth of NaCl is mostly determined by intrinsic properties like the
interaction of the adsorbate and the substrate. Factors like substrate temperature, which
determines the diffusion, evaporation rate and lattice misfit, seem to play a less important
role.

Additionally, the growth of LiCl on Cu(001) has been investigated and it exhibits some
remarkable differences compared to the growth of NaCl on metal surfaces. First of all, it
could be shown that LiCl does not reveal a carpet-like growth but the growth is stopped at
step edges. Secondly, LiCl shows a surprisingly high diffusivity after deposition on Cu(001),
which leads to a change in the shape of the LiCl islands. As the last point, we have
demonstrated that LiCIl does not grow in a layer by layer mode on Cu(001) as suggested in

: e 131132
earlier publications =™,

By choosing a substrate with a square lattice like the Cu(001) the problem concerning the
different rotational domains observed for NaCl on trigonal substrates can be eliminated.
Additionally, the growth of NaCl on the Cu(001) surface leads to approximately 30% bigger
NaCl islands compared to NaCl/Cu(111), but still more than 30% of the metal surface is not
covered by NaCl. Thus, we can conclude that NaCl on Cu(001) also exhibits a Volmer-Weber
growth mode, although the islands are slightly bigger than on surfaces with trigonal lattices.
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This growth study of NaCl on Cu(111), Ag(111) and Cu(001) provides an insight in the
diffusion processes, which strongly determine the layer formation and growth. As the islands
on Ag(111) are closer together than on Cu(111) and Cu(001), we assume that the diffusion of
the NaCl on the Ag substrate is smaller than on the Cu substrates. Another factor which
strongly determines the growth of the NaCl islands is the hopping or diffusion of NaCl
clusters from the metal to the NaCl islands and back to the metal. From our STM observations
we conclude that this diffusion is also possible at room temperature for NaCl on Cu(111) and
Cu(001).

The next step towards homogenously covered surfaces with NaCl layers was the choice of
a substrate which shows a charge corrugation of the surface. This charge corrugation may lead
to an attractive interaction between the NaCl dipoles and the substrate. Such a substrate is
provided by the stepped Cu(311) surface. Due to the Smoluchowski smoothing effect the
rows of the Cu(311) surface show a charge corrugation. This leads to a stronger interaction of
the NaCl dipoles with the surface and — as shown in the previous chapter — leads to a
Stransky-Krastanov growth of NaCl on Cu(311). In consequence it is possible to produce a
NaCl coverage of more than 80% without a second layer of NaCl. Hence, it is possible to
investigate the electronic interactions of organic molecules with the Cu(311) and
NaCl/Cu(311) substrates with averaging techniques like UPS, XPS and NEXAFS.

5.3 Electronic interactions of OEPs with NaCl and metal surfaces

Two different systems and various analytical techniques have been chosen to investigate
the electronic interactions of OEPs with NaCl and metal surfaces. In a first study the
electronic states of CuOEP on Ag(111) have been investigated with locally resolved scanning
tunnelling spectroscopy. A second study comprises UPS and XPS measurements of CuOEP
on NaCl and on Cu(311).

5.3.1 Electronic states of CuOEP on Ag(111): STS

The STS experiments have been performed as described in chapter 3.2. The goal of the
scanning tunnelling spectroscopy measurements was to resolve the occupied and unoccupied
electronic states of CuOEP on metal surfaces as well as on ultrathin insulator surfaces. We
used NaCl islands on Ag(111) surfaces for the STS experiments because this allows for the
direct comparison of CuOEP/NaCl/metal and CuOEP/metal on the same sample.

We observed that CutOEP molecules remain mobile on the Ag(111) surface as well as on

NaCl islands when the molecules are deposited on the sample kept at 77 K. In agreement with

123

Ramoino et al.”> we observed the subsequent filling of metal, first and second NaCl layer
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terraces also for the low temperature sample preparation. Specifically, diffusion of the
molecules across steps from the NaCl ad-layer to the bare metal resulted in CuOEP molecules
being only adsorbed on the bare metal and not on the NaCl islands after cooling the sample to
5K in the LT-STM. Hence, our spectroscopy measurements reported here, have been
performed on CuOEP on Ag(111). The cooling of the sample to 5 K led to the formation of
CuOEP islands aside free areas of metal. This situation allows for direct control
measurements on the well-known surface state of the bare metal in order to assure a smooth
electronic structure of the tip. For higher CuOEP coverage the molecules adsorb also on
NaCl*. However, in this case the metal areas of the sample are fully covered with CuOEP,
which makes it more difficult to obtain reliable STS measurements. Therefore, we
concentrated our STS measurements only on CuOEP directly adsorbed on the metal.

Figure 28 shows the I-U-spectra recorded at different positions of CuOEP molecules on
Ag(111). The spectra have been measured on CuOEP within an ordered CuOEP array
highlighted by the arrow in the inset of Figure 28a. Several spectra have been acquired on top
of the Cu central atoms (dark centre of the molecules, as visible in the inset of Figure 28a) and
on top of the octa-ethyl subunits (bright areas of the molecules). Before and after recording
each spectrum on the molecules a spectrum of the clean Ag was taken (black line) in order to
exclude tip changes during the spectroscopy measurements. The observed peak positions in
the spectra measured on the same molecular subunit are very reproducible, only the overall
intensity varies for different spectra possibly due to small deviations in the tip position. Figure
28a represents the I/V curve and Figure 28b shows the differential tunnelling spectra (dI/dV).
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Figure 28: STS spectra of CuOEP on Ag(111), negative bias indicate occupied states of the sample; spectra
taken at SK a) I/V curve; inset: STM image (U, =-1.0V, I=13 pA, 13 x 13 nmz). b) differential
conductance spectra; set-point values: Uy, =—1.0 V, 1 =13 pA.

STS measurements on the bare Ag(111) area (Figure 28b) show the surface state at
approximately 60 meV, in agreement with literature values'””. At negative bias, the dI/dV
curve taken on the clean Ag(111) displays several peaks, which could be associated to a
featured density of states of the tip. These features are also present in the spectra taken on top
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of the CuOEP molecules, although the intensity here is smaller. As no additional peaks which
can be related to the HOMO of the molecules are visible at biases between the Fermi energy
and -2.2 eV, I will concentrate on the unoccupied states of the molecules (i.e. positive bias),
where the spectra of the clean metal is featureless.

Both spectra recorded on different sub-units of the CuOEP show one broad pronounced
peak in the unoccupied states at 0.85 eV. Two additional peaks near the Fermi energy at
0.4 eV and 0.2 eV have been observed in the spectra taken on the ethyl legs. The peak at
0.4 eV is not observed on top of the central Cu-atom of the molecule. The peak at 0.2 eV is
also visible for the central Cu-atom, but less pronounced than on the ethyl legs.

The exact interpretation of the two peaks near the Fermi energy observed with STS
remains difficult and complementary techniques like NEXAFS or IPES together with ab-initio
calculations would be helpful to relate these peaks to molecular electronic states. Assuming
that these peaks are not due to the interaction of the tip with the molecules, we will discuss
several different options of the origin of these electronic states.

These peaks can e.g., be interpreted as LUMOs deriving from a charge transfer from the
molecule to the sample leading to partly unoccupied states. This interpretation of the charge
transfer from the molecule to the metal is supported by a work function decrease as shown in
the thesis of L. Ramoino'®’. Work function decreases can be related to several effects: (i) The
electron cloud of the metal spreading into the vacuum leads to a surface dipole (pointing
toward the surface). Adsorbates on the surface push these electrons back in the direction of
the metal, which leads to a reduction of the surface dipole and therewith to a reduction of the

140 also leads to

work function. (ii) A small dipole arising from the orientation of the ethyl legs
a reduction of the work function. (iii) A charge transfer between the molecule and the sample
can lead to an additional decrease of the work function. Although it is difficult to relate a
work function to a charge transfer without additional data, the significant decrease of the work
function by about 1.1 ev'?

molecules to the surface. Another interpretation of these peaks close to the Fermi energy is

is in line with the interpretation of a charge transfer from the

the hybridization of the metal electronic states with the molecular orbitals leading to metal
induced gap states (MIGS).

Nevertheless, the STS spectra of CuOEP on Ag(111) together with the work function
shift'** indicate that the molecules are not weakly physisorbed. The surface state of the
Ag(111) is not observed in spectra taken above the molecules. For simple physisorbed
molecules like PTCDA on Au(111) STS measurements show that the surface state is still
observed upon adsorption of the molecules and is slightly shifted towards the Fermi energy'*'.
We have performed additional ARPES measurements on partly and fully CuOEP covered
Cu(111), which also showed that the surface state is completely quenched after adsorption of
a full monolayer of CuOEP on the Cu(111) (cf. Figure 29). Although it is difficult to compare
the interaction of the molecular adsorbates with different metal surfaces, we can conclude that

the interaction between the CuOEP and the Ag(111) as well as between CuOEP and Cu(111)
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is stronger than in the case of physisorption and that the molecules are most likely
chemisorbed on both surfaces.
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Figure 29: ARPES data of CuOEP on Cu(111); a) overview showing the Cu3d bands; b) details of the
surface states.

5.3.2 Electronic states of OEPs on NaCl and Cu(311): UPS

After the successful preparation of an almost homogenous monolayer of NaCl on the
Cu(311) surface with less than 20% bare metal area (cf. Figure 25), UPS measurements have
been performed on the clean and NaCl covered Cu(311) sample covered with CuOEP. For
these studies a nominal NaCl coverage of 1.2 ML has been chosen to assure that most of the
Cu(311) surface is covered with NaCl. Accordingly, STM measurements show more than
90% coverage of the first layer and approximately 20% coverage of the second layer. The
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UPS spectra of the samples covered with CuOEP and NaCl are summarized in Figure 30.
Figure 30a shows a broad binding energy region where the NaCl valence band between 6 and
8 eV can be identified (cf. dash-dotted line). The peak positions of the NaCl valence band are
the same as shown in earlier publications but the relative peak intensities vary in different
publications'**'**. The spectrum displayed by the black, solid line was measured on the clean
Cu(311) and clearly shows the Cu3d band between 2 and 4 e¢V. Additionally, the spectra of
a thin (dotted line) and a thick (4 ML) layer of CuOEP (grey, solid line) are shown in Figure
30a. The intensity of the Cu3d band is much smaller for the 0.8 ML covered sample and it is
completely quenched for the sample covered with 4 ML of CuOEP.

The intensity of the NaCl valence band after adsorption of CuOEP on NaCl/Cu(311) (cf.
dash-dotted line in Figure 30a) is approximately the same as for the NaCl/Cu(311) spectrum
(dashed line). The smaller decrease of the intensity of the valence band compared to the Cu3d
band can be related to the larger mean free path of the electrons with smaller kinetic energies
(cf. Figure 4b, page 10). The increased intensity of the valence band peak at higher binding
energies can be explained by the additional electronic states of CuOEP at 7 eV (cf. dotted and
grey, solid line in Figure 30a) i.e. the peak at 8 eV in the case of NaCl + CuOEP consists of
two peaks: the valence band of NaCl and the electronic states of CuOEP. DFT calculations on
the molecular orbitals for CuOEP show a HOMO-4 state at -6.8 ¢V'".

Figure 30b shows the Cu3d region: For better comparison of peak position the spectra of
1.2 ML NacCl, 1.2 ML NaCl + 1 ML CuOEP and 4 ML CuOEP have been multiplied by five.
The spectrum for 0.8 ML of CuOEP and the one for 1.2 ML of NaCl are qualitatively similar
to the spectrum taken on the clean Cu(311) sample, mainly the peak intensities are strongly
reduced. This strong decrease of the Cu3d band can be explained by the comparably small
mean free path. The spectra for molecules on NaCl and the thick layer of CuOEP on the
Cu(311) surface do not show the Cu3d peaks, due to the small mean free path of the emitted
electrons. Instead the spectrum for 4 ML of CuOEP shows a peak at 1.9 eV, which can be
assigned to the HOMO of CuOEP; DFT calculations show a binding energy of -1.5 eV for the
HOMO'". The peak at 3 eV of the thick CuOEP layer is assigned to the HOMO-1 state of the

molecules, which is slightly higher than the calculated binding energy of -2.6 eV'".

The spectra taken for 4 ML of CuOEP and for 1 ML of CuOEP on NaCl have essentially
the same shape but the latter is shifted by approximately 0.8 eV to higher binding energies.
The shift of the spectra for the molecules on NaCl and the thick molecular layer is most likely
related to the different electronic environment of the molecules. The insulating NaCl with its
strongly localized electrons, compared to metal substrates, leads to a smaller screening of the
photohole in the CuOEP valence band and thus to higher binding energies (cf. equation 7,
page 11). The effect of screening on the binding energy is also present for the core level
binding energies and will be discussed in more detail in the next chapter.
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Figure 30: UPS data of clean Cu(311) and Cu(311) covered with NaCl, CuOEP, and NaCl + CuOEP; a)
overview. b) zoom-in in the Cu3d region; the spectra for 1.2 ML NaCl, 1.2 ML NaCl + 1 ML CuOEP, and
4 ML of CuOEP have been multiplied by five. ¢) zoom-in in the near Fermi energy region; the spectra for
1.2 ML NaCl and 1.2 ML NaCl + 1 ML CuOEP have been multiplied by five.
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In Figure 30c the detailed spectra near the Fermi energy is shown. In the spectra for the
thin CuOEP layer on Cu(311) and for CuOEP/NaCl/Cu(311) no features are visible, which
can be related to the CuOEP molecules. The only feature visible is the HOMO of the thick
molecular layer at approximately 1.9 eV. We assume that the HOMO of the thin CuOEP layer
is slightly shifted to higher binding energies and as a consequence it is overlapping with the
Cu3d states of the substrate. Thus, we conclude from the UPS measurements that the HOMO
of CuOEP on the bare metal as well as on NaCl is close to the Cu3d band and consequently
cannot be resolved for sub-monolayer to monolayer coverages on copper surfaces.
Furthermore, for the spectra measured with angle-resolved UPS for CuOEP on Cu(111) no
HOMO is visible between the Cu3d peaks and the Fermi energy (cf. Figure 29, page 72).
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Figure 31: UPS data of clean Cu(311) and Cu(311) covered with CoOEP or CuOEP; a) overview, b) zoom-
in in the near Fermi energy region.
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After the observation that the HOMO of CuOEP is not measurable for monolayer
coverage on Cu(311) due to overlapping with the Cu3d peak, another octa-ethyl porphyrine
with Co as central atom was chosen for further UPS studies. It is well known that
Co-containing phthalocyanines show a HOMO near the Fermi energy, which derives from the
partly filled Co dZ2 state'**. Furthermore, this Co state leads to different appearances of the

central atom for Co-phthalocyanines compared to Cu-phthalocyanines in STM

145
measurements

. As the electronic state of Co in the phthalocyanine molecules is the same as
in the octa-ethyl porphyrins we assume that the CoOEP should also show a HOMO near the
Fermi energy. Figure 31 shows the UPS data on CoOEP compared to those of CuOEP on
Cu(311). The change of the Cu3d band is the same for both organic molecules only the
overall intensity varies slightly (cf. Figure 31a). The valence band spectrum in Figure 31b
shows a broad peak around 0.75 eV for the CoOEP, which is absent in the spectrum taken on
CuOEP. Thus, for the continuation of these studies on the influence of the NaCl layer
thickness on the OEP molecular orbitals, the system of CoOEP/NaCl/Cu(311) seems to be a
very appropriate system, due its HOMO at 0.8 eV. However, the question of the influence of
screening still has to be solved for a comparison of the results of CoOEP on Cu(311) with

CoOEP on NaCl/Cu(311).

5.3.3 XPS of CuOEP on NaCl and Cu(311)

This chapter will focus on some interesting observations in the XPS data taken on the
same system as shown in the previous chapter, i.e. NaCl/Cu(311) covered with CuOEP.
Figure 32 shows the Cls and the Nl1s peaks measured on Cu(311) samples covered with
different amounts of CuOEP and with NaCl + CuOEP. For a better comparability the spectra
of the thick CuOEP layer have been divided by four. As can be seen from the spectrum taken
on the NaCl sample without molecules there are some carbon impurities leading to a broad
peak around 288 ¢V. This broad peak is also visible for the CuOEP on the NaCl but is absent
for the CuOEP on the metal sample. Obviously, there are large shifts in the binding energy for
both, the N1s and the Cls peak, of CuOEP on the clean metal compared to CuOEP on NaCl.
The exact binding energies are listed in Table 5.

In Figure 32b, which shows the N1s XPS region, for all spectra except the thick CuOEP
layer a broad peak at a binding energy of 402 eV is visible, which is a Cu Auger peak. Despite
this Auger peak, the N1s peaks are well visible at binding energies between 398 and 400 eV.
For the Nls peak the binding energy shift of CuOEP/NaCl compared to the thin layer of
CuOEP/Cu(311) is slightly bigger than the shift for Cls. For the N1s binding energy of the
thick CuOEP layer compared to the monolayer a small shift of 0.24 eV is observed.
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Figure 32: XPS data of Cu(311) covered with NaCl, NaCl + CuOEP and CuOEP; a) C1s peak; b) N1s
peak; the spectra for 4 ML of CuOEP has been multiplied by 0.25.

Table 5: XPS binding energies for NaCl, CuOEP and NaCl+ CuOEP on Cu(311); * literature values

from'*’; ® literature values from'"’.

Cls Nls Cl2p Nals Cu2p
1.2 ML NaCl - - 200.08 eV 1073.22 eV 932.58 eV
0.8 ML CuOEP 285.07eV | 398.38 eV - - 932.63 eV
4.6 ML CuOEP 285.18 eV | 398.62 eV - - 932.60 eV
1.2 ML NaCl+ 1 ML CuOEP | 286.11 eV | 399.60 ¢V | 199.91 eV 1073.10 eV 932.61 eV
Literature values unknown” | 3982 eV® | 198.4eV® | 1071.5-1072.5 ¢V* | 932.7 eV*

In the following, the binding energy shifts observed for the Cls and the N1s should be
discussed in more detail. As can be seen in Table 5 the binding energy of the Cu2p substrate
peak is always the same independent of the adsorption of organic molecules or NaCl and is

¥ The Cls contains several different chemical species, which could not be resolved in the XPS peak and
consequently cannot be compared to literature values.
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comparable to the literature value, which are also given in Table 5. Thus, we can conclude
that the shift is not related to changes in the XPS set-up, like a change in the work function of
the analyser. As already discussed in chapter 3.1.2 in equation 7 (page 11) several different
parameters influence the effective binding energy: (i) the chemical shift, (ii) the Madelung
term and (iii) external as well as (iv) internal relaxation of the photohole.

The fact that the binding energy of the Cls peak for the thick molecular layer and the thin
layer on Cu(311) are approximately the same leads to the assumption that no chemical
reaction between the CuOEP and the Cu(311) took place. In consequence, the shifts of the
binding energy for the Cls and the N1s peak do not result from a chemical reaction and the
term of AEchem as shown in equation 7 can be neglected.

The Madelung term AEn,q is only relevant for the CI2p and Nals peak position because
of the polar character of the NaCl. When looking for literature values of the Nals peak for
NaCl already a discrepancy of 1 eV has been found'*® (cf. Table 5). The main problem of
determining the exact binding energies of bulk NaCl is charging, which occurs during the
photoemission process. Due to the insulating character of bulk NaCl this charging has to be
compensated by a constant electron flux from an electron flood-gun. Our experiments have
been performed without a flood-gun and although tunnelling through the NaCl layer is
possible, as seen in the STM images, a small charging of the surface may occur. Generally, it
is always easier to compare relative peak shifts and relative intensities measured with the
same set-up and similar samples than to quantitatively compare them with literature values.

The last factor to be discussed is the influence of the relaxation energies AE; i, and AE; ¢y
on the shift of the binding energies. The internal relaxation of the excited system usually takes
place by filling the photoelectron hole with an electron from a higher orbital. This relaxation
should be comparable for all systems discussed here because it is directly related to the carbon
or nitrogen atom which emitted the photoelectron. A bigger difference is expected in the
external relaxation factor AE, . for the molecule on top of the NaCl layer and on the Cu
surface. While the photoholes of the molecules, which are directly adsorbed on the metal
surface, are well screened by the high polarizability of the metal, the photoholes on top of the
NaCl, which has a considerable smaller polarizability, are less well screened. Thus, we
conclude that the big shifts in the binding energies of the Cls and the N1s mostly result from
different screening effects. This different screening is also slightly visible for the N1s peak in
the thick CuOEP layer. Here a shift of 0.25¢eV could be observed due to the reduced
polarizability of the CuOEPs compared to the metal substrate.
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5.4 Summary and outlook

In summary, we have shown that by adjusting the insulator/substrate system it is possible
to grow homogenous layers of NaCl on metal surfaces. In the here reported case the most
homogenous insulator layers could be obtained for NaCl on the stepped Cu(311) surface,
which exhibits a charge corrugation due to Smoluchowski smoothing effect and thus enhances
the interaction of the insulator with the metal substrate. It could be shown that more than 80%
of the Cu(311) surface is covered with NaCl before the second layer starts to grow.
Homogenous layers of insulators are necessary to investigate the electronic interactions of
organic molecules with insulator and metal substrates in dependence of the NaCl layer
thickness with averaging techniques like XPS, UPS and NEXAFS.

Furthermore, we investigated the electronic states of CuOEP on Ag(111) with LT-STS. A
new feature in the unoccupied states near the Fermi energy has been observed and the
intensity of this feature strongly depends on the exact position of the tip with respect to the
molecule. This feature is more pronounced when the spectra are taken above of the octa-ethyl
substituents compared to the position above of the Cu-centre of the molecules, which
indicates that the density of states is not homogenously distributed over the CuOEP molecule.
This observation of a new electronic state near the Fermi energy gives rise to several
questions. (i) Is this state also visible on other metal surfaces like Cu(111) or Au(111)? The
molecular/substrate interaction is expected to change and influence this state. (ii) Does this
state derive from a partial charge transfer from the HOMO to the metal surface? (iii) Is this
electronic state also present for CuOEP on NaCl? To solve these questions additional
measurements like STS on CuOEP/Cu(111), CaiOEP/Au(111) and CuOEP/NaCl/Ag(111) are
necessary. Further analysis techniques, like inverse photoemission and NEXAFS, combined
with theoretical calculations may help to gain a deeper insight into the nature of these near
Fermi level states.

UPS and XPS measurements of the OEPs have been performed on Cu(311) and
NaCl/Cu(311) because for this system it was possible to grow a homogenous NaCl layer. The
photoemission measurements revealed another difficulty in determining the electronic states
of the CuOEP on the ultrathin insulator as well as on the metal substrate. The gap between the
HOMO of the CuOEP molecule and the Fermi energy is larger than 2 eV; consequently the
HOMO is overlapping with the Cu3d band, which starts at approximately 2 eV below the
Fermi energy. Due to the significant contribution of the metal states for small molecular
coverages it was not possible to subtract the Cu3d band from the measured spectra of 0.8 ML
of CuOEP on Cu(311). Thus, to further investigate the electronic interaction of organic
molecules with metals and ultrathin insulators, a molecule/insulator/substrate system has to be
found where either the HOMO of the molecules is closer to the Fermi energy or where the
substrate band is further away from the Fermi energy. A possible system for which the
HOMO of the molecules is closer to the Fermi energy is CoOEP, where the HOMO derives
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from the partly filled Co d, -state'* and thus is only 0.8 eV below Eg (cf. Figure 31b).

Another possibility would be to use a silver substrate where the d-band starts at approximately
4 eV below the Fermi energy. Though, for this system an insulator which is growing in a
Stransky-Krastanov or Frank van der Merwe mode would be necessary to get homogenous
surfaces. To date, only the growth of NaCl on Ag(1 1 19) has been investigated and it is
reported that the surface is only completely covered at thicknesses larger than 4 ML'*®,

Nevertheless, it was possible to determine the occupied molecular states of a thick layer
of CuOEP on Cu(311) and for 1 ML of CuOEP on NaCl. It was found that the states are
shifted by approximately 0.8 eV for adsorption on the NaCl. This shift has been related to
screening effects as also shown for the XPS peak shifts in chapter 5.3.3. These screening
effects, which are always present when creating a photohole, complicate the comparison of
UPS data of molecules on metals and molecules on ultrathin insulators. Either the shift due to
the screening effect can be calculated or additional STS measurements should be performed to
determine the HOMO and LUMO position of the molecules depending on the insulator layer
thickness. By comparing STS measurements with UPS, IPES and NEXAFS experiments it
may be even possible to quantify this screening which would be very helpful in context of
other systems because we assume that screening is not only valid for molecules on insulators
but also for the comparison of monolayers and multilayers of adsorbates, as also seen by the
shift of the N1s peak for a monolayer compared to a multilayer of CuOEP.
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The electronic interaction of semiconducting organic molecules with metals, oxidized
metals and insulator surfaces has been studied. By the combination of complementary surface
sensitive analysis techniques, it has been possible to study the relationship of structural and
electronic properties. For example, the direct imaging of adsorbates via STM combined with
measurements of the substrate electronic states by ARPES led to a very unique observation
for the pentacene/Cu(110) system: An increase of the anisotropy of the surface state which
has been attributed to an increase of the packing density along one distinct direction.

The goal of this study has been the investigation and tuning of the electronic interactions
of organic semiconductors with various substrates. In a first step, a highly interacting system
— pentacene/Cu(110) — has been investigated. It could be shown that the specific
molecular/substrate and intermolecular interactions lead to a complex phase behaviour as well
as to a change of the Shockley surface state of the Cu(110) surface. Such strongly interacting
interfaces can be found in devices like field-effect transistors at the drain and source contacts
and strongly influence the charge injection of such devices. This strong adsorbate/substrate
interaction could be reduced by oxidation of the Cu(110) surface. The interaction of
pentacene with the oxidized Cu(110) is strong enough to immobilize the molecules and results
in a flat adsorption geometry of the pentacene molecules but it is weaker than the interaction
between the molecules and the clean Cu(110). By exposure of oxygen to a partly pentacene
covered Cu(110) surface the intermolecular interactions can be reduced by adsorption of CuO
rows in-between the pentacene molecules, while the molecule/substrate interactions remain
unchanged. The consequent decoupling of neighbouring molecules may provide an interesting
case in the context of single molecular electronics.

A further step to reduce the adsorbate/substrate interactions is the adsorption of organic
molecules on ultrathin insulator films. Understanding the mechanisms leading to the well
ordered structures observed here may lead to gate/semiconductor interfaces with less defects
and consequently to a better performance of the electronic device. For this study the growth of
alkali halide thin films has been improved to provide homogenous insulating layers, i.e.
samples mostly covered with 1 ML of NaCl while limiting the coverage of second layer
islands. Such homogeneous samples are a prerequisite to study electronic adsorbate/adsorbent
interactions with non-local techniques like UPS and NEXAFS and to compare the results to
local studies like STM and STS. The UPS data on CuOEP on 1 ML of NaCl and of a thick
layer of CuOEP on Cu(311) show the same shape while the whole spectrum is observed to be
shifted by approximately 0.8 eV to higher binding energies for CuOEP on NaCl. This rigid
shift of the electronic states of the CuOEP is related to the different screening of the
photohole by the chemically different environment. Such screening effects may also play a
role in the electron transport in electronic devices.
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6 CONCLUDING REMARKS

In conclusion, we have been able to specifically modify the organic
semiconductor/substrate interface for the study of model systems which differ in their
electronic interaction strength. A comparative study of these systems with local and non-local
probes including surface conductivity measurements seems to be possible and can lead to a
better understanding of such interface also in the context of device performance.
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