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Zusammenfassung 
 

Die elektronischen Wechselwirkungen von organischen Halbleitern nach der 
Selbstanordnung auf Metallen, oxidierten Metallen und ultradünnen Isolatoroberflächen 
wurden mit Hilfe von komplementären Messmethoden wie Rastertunnelmikroskopie und 
-spektroskopie, Beugung niederenergetischer Elektronen, Röntgenphotoelektronen und 
Ultraviolett Photoelektronen Spektroskopie untersucht. 

Zwei verschiedene Modellsysteme wurden ausgewählt und untersucht: Das erste 
Modellsystem umfasst die elektronischen Wechselwirkungen und die Selbstanordnung von 
Pentacen auf der Cu(110) sowie auf der oxidierten Cu(110) Oberfläche. In einem zweiten 
Modellsystem wurde die Grenzfläche zwischen Octaethylporphyrin und ultradünnen 
Isolatorschichten untersucht. Die Adsorption von Molekülen auf Isolatoroberflächen ist von 
besonderer Bedeutung, da diese sowohl die elektronischen als auch die chemischen 
Wechselwirkungen der Moleküle mit der Oberfläche deutlich reduzieren können.  

Bei der Untersuchung von Pentacen auf Cu(110) konnte ein komplexes Phasen-Verhalten 
beobachtet werden, das durch Verbiegen der Moleküle, unterschiedliche Anordnung der 
Moleküle, unterschiedliche Bedeckungen und die Molekülmobilität charakterisiert ist. 
Weiterhin wurde der Einfluss der adsorbierten Pentacen-Moleküle auf den Shockley-
Oberflächenzustand der Cu(110) Oberfläche untersucht. Durch ein komplexes 
Zusammenspiel mehrerer physikalischer Phänomene wie die Pauli Abstossung, 
Ladungstransfer, Hybridisierung von elektronischen Zuständen sowie die Polarisation der 
Adsorbate im Dipolfeld der Oberfläche wird der Oberflächenzustand zu grösseren 
Bindungsenergien verschoben. Bei der Adsorption einer Monolage Pentacen nimmt zusätzlich 
die Besetzung des Oberflächenzustandes zu. Ein ähnlich komplexes Verhalten von Struktur 
und elektronischen Wechselwirkungen wurde bislang für kein anderes Molekül/Metall 
System gezeigt. Das Adsorptionsverhalten von Pentacen auf der oxidierten Cu(110) 
Oberfläche zeigt, dass sowohl die elektronischen Wechselwirkungen als auch die 
Oberflächenkorrugation 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 
ultradünnen Isolatorschichten. Die Hauptfragestellung bei diesem Projekt war, wie die 
elektronische Wechselwirkung zwischen Molekülen und Substrat mit zunehmender 
Isolatorschichtdicke abnimmt und ob es bei sehr geringen Schichtdicken (eine oder zwei 
Monolagen) möglich ist, die Moleküle vom Substrat elektrisch zu isolieren. Eine detaillierte 
Wachstumsstudie von NaCl auf unterschiedlichen Metallsubstraten führte zu homogenen, 
eine Monolage dicken NaCl Filmen, die mit nicht-lokalen Analyse-Methoden wie UPS und 
XPS untersucht werden können. Mittels Tieftemperatur STM und winkelaufgelöstem UPS 
konnte festgestellt werden, dass die Moleküle stark mit der Cu(111) und Ag(111) Oberfläche 
wechselwirken, was zu unbesetzten elektronischen Zuständen in der Bandlücke des Moleküls 
sowie zu einer Auslöschung des Shockley-Oberflächenzustandes führt. 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 Metalloberfläche führt. Diese Verschiebungen können auf eine unterschiedliche 
Abschirmung des Photoloches zurückgeführt werden. 
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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.  
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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 
EF Fermi Energy 
Ekin 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, C24H8O6 

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 
Φ Work Function 
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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 
(ii) (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 photovoltaic1 or organic light emitting diodes2. The exploration of organic materials for 
electronic applications has already started in 1963, when Weiss et al. reported first about a 
conducting polymer, namely Polypyrrole3. 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 layers4,5. 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 then4. 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 top-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 
today6. 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 bottom-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 devices7.  

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 layers8. In contrast, the silicon 
technology is restricted to hard crystalline solid substrates, which usually consist of SiO2 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 weight9. 
Advancements in the fabrication of organic thin film devices led to charge carrier mobilities 
of more than 1 cm2V-1s-1, which are comparable to those of amorphous silicon thin film 
transistors10.  

The performance of organic FET strongly depends on interface properties11, which 
determine the charge carrier mobility, as well as the charge injection at the source and drain 
electrodes12. Lately, it has been shown that by specific design of the gate dielectric charge 
carrier mobilities of up to 5.5 cm2V-1s-1 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 film13. 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 Technology14. 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 198215. This very unique technique provides the possibility of imaging and 
manipulating atomic structures on surfaces16. For example, by atomic positioning of xenon 
atoms switching systems accessible by the STM tip have been realized17. 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(111)18 is time consuming and thus seems to be hardly feasible for technological 
application.  
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To avoid piecewise assembly of individual atomic and molecular components, self-
assembly, as demonstrated in supra-molecular chemistry19, 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”20 
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 thermodynamics21 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 
different22.  

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 detail23. 

 

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 phases24 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 
system25. 
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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 considerably26. 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 
published in Physical Review B24,25. The first paper covers the influence of pentacene 
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.      
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2 Thin film growth 
 

2.1 Nucleation and epitaxy 

 

Epitaxy is the deposition of a single crystalline film on a single crystal substrate27. Thin 
films are layers of material on a substrate with thicknesses ranging from a fraction of a 
nanometre to some micrometers28. 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 adsorbates29. 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, 
(ii) 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 process29: 
(i) 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 process30. 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. 

 

 
Figure 1: Different thin film growth modes as described in the text.
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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 Rohrer15, 
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 resolution31, (ii) to directly investigate chemical reactions 
at the solid liquid interface32 and (iii) to laterally and chemically manipulate33 adsorbates on 
surfaces. For a detailed description of the various scanning probe techniques the reader is 
referred to several text books34,35.  

 

 

Figure 2: Set-up of an STM from34. 
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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 PtIr 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 (EFermi) is given by the work function (Φ) 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 eV 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 3c 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.  

)dexp(    /mE22            (1) 
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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. 

 

 

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, c) negative voltage applied to the tip, d) positive 
voltage applied to the tip; from35. 

 

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. 
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Thus, the tunnelling current density depends on the DOS of the sample (ρs), on the DOS 
of the tip (ρt) and on the transmission function T, which is given in equation 3. 
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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.  
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       (4)36 

 

3.1.2 Photoelectron spectroscopy 

 

a)  b)  

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; from37. 

 

The phenomenon of photoemission of electrons from materials was already discovered in 
1887 by Hertz38 and in 1905 Einstein delivered the explanation of this so called photoelectric 
effect using the quantum nature of light39. 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 ħω. The energy is transferred to the electrons of the 
material and as a consequence the electrons can leave the material with a kinetic energy (Ekin) 
which is given in equation 5, where Ebind is the binding energy of the electron with respect to 
the Fermi energy and Φ 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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ESCA is the determination and quantification of the elemental composition of unknown 
materials.  

 bindkin EhE            (5) 

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: 

  )EE(hE N
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The measured effective binding energy (Eb,eff) depends on several terms as shown in 
equation 740: 

Eb,eff = Eb(atom) + ΔEchem + ΔEMad + ΔEr,int + ΔEr,ext .           (7) 

The chemical shift ΔEchem 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 C1s electron of CF4 is 
296.7 eV compared to CHF3 which has a binding energy of 294.7 eV41. 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 ΔEMad 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 ΔEr,int and the external relaxation ΔEr,ext. 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 (ΔEr,int) 
results from a shifting of the electronic orbitals towards the core as well from relaxation of the 
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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 sample40,42. 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 (λ = 0.05 to 0.3 nm). 
Electrons with low kinetic energy interact strongly with the surface atoms. As a consequence 
they penetrate only 1-5 nm 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 
UHV system equipped with a video camera allows direct recording of the diffraction pattern. 

 

a) b)  

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; from42. 
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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 ki, which is given by the wave length of the incident beam (ki = 2π/λ) 
defines the radius of the Ewald sphere. Constructive interference is given, if the scattering 
vector Δk = ki - kf 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 Mateck43 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: 1st sputtering 2nd sputtering 3rd sputtering Annealing 

Ag(111) 1.5 keV, 20 min 1.0 keV, 20 min 0.8 keV, 20 min 770 K 20 min 

Cu(111) 1.5 keV, 20 min 1.0 keV, 20 min 0.8 keV, 20 min 770 K 20 min 

Cu(100) 1.5 keV, 20 min 1.2 keV, 20 min 1.0 keV, 20 min 810 K 30 min 

Cu(311) 1.2 keV, 20 min 1.0 keV, 20 min 0.8 keV, 20 min 770 K 30 min 

Cu(110) 1.5 keV, 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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deposition. The coverage was calculated by the main XPS peak of the adsorbate (C1s and/or 
Na1s, Cl2p, O1s) 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*10-10 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 Kα-source and the UPS spectra 
were taken with a non-monochromatized HeI 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 
software44. 

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 PtIr 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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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)        b)  

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 Kα and Al Kα) and a UV lamp (HeI and HeII), for photoelectron spectroscopy 
(PES). Since beginning of 2009 an x-ray monochromator (SPECS) with a twin anode 
providing Al Kα and Ag Lα 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 αGEL

45 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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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. 

 

a)    b)  

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.     

 

Sample plate 

Mo-spring

paddle 

sample 
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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 “Klötzli” by means of a 
molybdenum spring (cf. Figure 7b). The Klötzli 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*10-5 mbar) which can lead to pressures 
below 1*10-10 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*10-10 mbar. The pressure in the other chambers is below 1*10-9 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 knowledge46, 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 cm2V-1s-1 13. Without doping, hole transport (p-transistor) dominates in pentacene devices 
due to the higher hole mobility compared to the electron mobility10. However, by doping the 
pentacene/gate dielectric interface with calcium, an n-type transistor could be realized with 
electron mobilities of 0.19 cm2V-1s-1 47. 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 interface13, on the metal contact interface12, on the structure of the 
pentacene thin films11 and on defects like gas inclusions48. 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 semiconductors49. 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 
following points: (i) the self-assembly on different metal surfaces like Cu(110)50,51,52, stepped 
Cu surfaces53, Ag54 and Au55,56,57, (ii) the modified electronic structure of pentacene by 
adsorption on metal surfaces58,59 and (iii) the device performance depending on charge 
injection and charge carrier mobility10,13. 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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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 B24. 
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4.3 Multimorphism in molecular monolayers: pentacene on Cu(110)  
 

The following chapter is a copy of a full paper, published in Physical Review B25. 
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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 
organic light-emitting diodes (OLEDs)2, organic field-effect transistors (OFETs)60,61 and solar 
cells1. 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 layers8,62. One promising organic molecule showing high intrinsic charge 
carrier mobility and good conductivity is pentacene62.  

The performance of electronic semiconductor devices, like thin film transistors consisting 
of pentacene, crucially depends on the structure of the molecular layer11 as well as on 
inclusions of impurities like water63,64, oxygen65,66 or other gases48,67. 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 
resistance65,68. 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 GaAs69 and GaAs/AlxGa1-xAs70 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 π-conjugated molecules on single-crystal metal 
surfaces71,72, on ultrathin insulators23,73 and on nano-structured templates74,75,76. A lot of 
research has been performed to study the physical71 and chemical72 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 
orientation of large organic molecules77.  

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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oxygen reconstructed Cu(110) surface after the remaining bare metal patches have been 
covered with molecules75,76. Furthermore, significant changes in the adsorption geometry of 
organic molecules on the p(2x1)O sample compared to the clean Cu(110) have been 
reported75,76.  

Very recently, the growth of 30 nm thick films of pentacene on the p(2x1)O surface has 
been investigated78. 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)O 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 (Ubias = –1.7 V, I = 0.11 nA, 20 x 20 nm2). 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 (Ubias = –1.1 V, I = 0.18 nA, 15 x 15 nm2); 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 ½ of the Cu reciprocal lattice in the [ 011 ]-direction, 

which correspond to the well-known p(2x1) reconstruction of oxygen on Cu(110)79. 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 areas77,80.  

a) 

[1 1 0] 

[0 0 1] 

b)
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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)81,82. 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)83,84 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 source84. 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 layers23 as well as for various 
molecules on the partly p(2x1)O covered sample75,85. 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 [ 011 ]-

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 [ 011 ]-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 [ 011 ]-

direction was also reported in earlier studies50,51,52. 
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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 rows78. Relative orientation 
changes for molecular adsorption on Cu(110) and p(2x1)O reconstructed areas have also been 
reported for other organic molecules, like α-Quinquethiophene75 and para-Sexiphenyl76. 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.  

 

 

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) Ubias = –1.4 V, 
I = 0.21 nA, b) Ubias = –0.37 V, I = 0.10 nA; 20 x 20 nm2). inset in b): LEED 48 eV. c) and d) are zoom-ins 
of the areas marked with red and blue rectangle in a. e) and f) show the height profiles of c) and d). 

 

In the LEED pattern in Figure 9b diffraction spots at ½ of the substrate reciprocal lattice 

vector in the [ 011 ]-direction corresponding to the p(2x1)O reconstruction can be clearly 

recognized. The elongated diffraction spots at ½ 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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Cu(110) surface (cf. LEED pattern in chapter 4.3, Figure 1c). The smearing out of the (0  1) 

spots along the [ 011 ]-direction can be related to the pentacene molecules adsorbed on the 

p(2x1)O 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 [ 011 ]-

direction in the STM image i.e. parallel to the corrugation of the Cu(110) surface (cf. arrows 
in chapter 4.3, Figure 1a 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 

[ 011 ]-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 0 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 [ 011 ]-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 9c 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 Å along the [ 011 ]-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 Å (cf. red line profile in Figure 9e), which is comparable to the calculated bending 
of the molecules on the (7 x 2)-structure, which is 0.4 Å, 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 [ 011 ]-

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 0 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 ½ of the Cu 

reciprocal lattice along the [ 011 ]-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 [ 011 ]-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 ½ 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 (Ubias = –1.0 V, 
I = 0.21 nA, 25 x 25 nm2). Inset: LEED at 48.0 eV. Right: zoom-in of black square: pentacene on p(2x1)O; 
grey square: pentacene on clean Cu and white square: p(2x1)O reconstruction. 

 

[0 0 1] 

[1 1 0] 



4   PENTACENE ON CU(110) AND OXIDIZED CU(110)  
 

 
40 

Due to the modified corrugation of the surface covered with the added CuO rows the 

molecules cannot move as close together in the [ 011 ]-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 axis86. 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 

[ 011 ]-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 [ 011 ]-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. 

 

 

Figure 11: a) 0.5 ML of pentacene on the p(2x1)O reconstructed sample (Ubias = –0.7 V, I = 0.25 nA, 
25 x 25 nm2). b) sketch of the adsorption energies and diffusion energies (ΔE) 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 

E 
[110]-direction 

ΔEp(2x1) 
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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 [ 011 ]-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 molecules23. 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 reconstruction87. Thus, the p(2x1)O surface does not behave like a semiconductor 
(the band gap of bulk CuO is 1.2 eV88), 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) (ΔECu(110)) and of pentacene on the p(2x1)O surface (ΔEp(2x1)) for the [ 011 ]-

direction. The lattice constant for the p(2x1)O reconstruction is twice the Cu lattice constant 

in the [ 011 ]-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) (ΔECu(110)) has been calculated in chapter 4.3 and is 
150 meV. ΔEp(2x1) has not been calculated, yet, but we assume that it is considerably larger 
than ΔECu(110) 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 O1s binding energy is 529.8 eV (cf. 
Figure 12a), which is comparable to the binding energy of the O1s peak in CuO (529.7 eV) 
reported in literature89. After adsorption of 0.5 ML of pentacene on the p(2x1)O substrate the 
binding energy of the O1s peak is the same, only the intensity decreased slightly which is 
associated to the attenuation of emitted O1s photoelectrons by the molecular layer. The 
binding energy of the pentacene C1s 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 eV)41. For 
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0.5 ML of pentacene on the p(2x1)O surface the binding energy of the C1s 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. 

 

 
Figure 12: XPS data of Cu(110) covered with pentacene, p(2x1)O and p(2x1)O + pentacene a) O1s 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) surface84,90,91, 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 eV92. 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 a sample 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*10-10 mbar. Figure 13a shows the (n x 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 6·10-10 mbar, compared to 3·10-10 mbar without 
leakagei. 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 

                                                 
i 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 10-8 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 (Ubias = –1.6 V, 
I = 0.08 nA, 25 x 25 nm2). 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, (Ubias = +0.3 V, 
I = 0.07 nA, 12.5 x 12.5 nm2). 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 chamberi 
(Ubias = –0.2 V, I = 0.4 nA, 8 x 8 nm2).   

 

Liem et al. explain the added-row oxygen reconstruction on the Cu(110) surface by the 
following mechanism92. (i) An O2 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 [ 011 ]-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 [ 011 ]-channels are the same25,92. It has also been shown that short CuO 

chains can hop between neighbouring [0 0 1]-rows at room temperature83,93,94. 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 

b) c)a) 
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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.  

 

                      

     

Figure 14: 0.6 ML pentacene on Cu(110) during  oxygen exposure a) 0 L O2, b) 0 .14 L O2, c) 0.84 L O2, d) 
1.38 L O2; 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)-c) Ubias = –1.2 V, I = 0.08 nA, d) Ubias = +1.2 V, I = 0.07 nA, a)-d) 30 x 30 nm2, e) top: 
20 x 10 nm2). f) XPS O1s 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 13c 
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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·μs ≈ 1,33·10−6 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 [ 011 ]-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 O1s 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 ½ 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 O1s 
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 (Ubias = –1.2 V, I = 0.1 nA, 20 x 20 nm2). 

 

c)b) a) 
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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 15c). The fact that the final position as imaged in Figure 15c 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 [ 011 ]-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 [ 011 ]-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 [ 011 ]-direction they are rotated by 90° on the p(2x1)O surface 

resulting in an orientation with the long axis parallel to the [0 0 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)95.    

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 meV96. 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 Interaction of OEPs with metals and ultrathin NaCl layers 

5.1 Introduction: Molecules on insulator surfaces 

 

In view of applications of organic molecules as single molecular electronic devices for 
a new 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 position17,18,97, or it can be stored 
electronically either in the charge state7 or in the electronic spin98. 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 microscope99 and its 
further development to achieve atomic resolution100 this obstacle could be overcome and since 
then several experiments on the molecular self-assembly mainly on alkali halide single-
crystals and Al2O3 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 insulators101.  

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 C60 on NaCl and KBr, mostly determined by 
the van der Waals radius of the molecules102. Often the molecules are mobile on insulators for 
low coverages103 and only low temperature or pre-patterned surfaces pin the molecules104,105. 
For example, it has been shown that PTCDA preferably grows in nanometre sized monolayer 
deep vacancy islands on a KBr(001) surface105. 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 molecules104. 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 
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with a height of 20-30 molecular layers106. 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 ML107.  

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 vacuum108. The high variety of metal substrates and insulator ad-
layers lead to many different systems like CaF1/CaF2 on Si (111)109, Al2O3 mostly on Al 
containing substrates like NixAl(111)110,111 and NiAl(110)112, NiO on Ni113 and Ag114, NaCl 
on various metal substrates with different crystallographic orientation (cf. Ref.108 and 
references therein) and MgO on Ag(001)108,115 and other metal surfaces. The evolution of the 
electronic behaviour of ultrathin insulator layers was demonstrated for MgO on Ag(001). 
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 surface108.  

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 
evaporation116 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/CaF2 are 
directly thermally evaporated23,74. 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 K117. 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 CuOEP on NaCl/Pd(111) pinning of the molecules has 
been achieved on the NaCl layer at room temperature also at small molecular coverages119. A 
small difference in the layering of iron phthalocyanines (FePc) on NaCl/Cu(111)73 compared 
to the layering of CuOEP on NaCl/Cu(111)23 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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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 NaCl23. 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 NaCl73. 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 calculations31,118,120. 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 tip118,121. For Ag atoms on 
NaCl it is even possible to control and image three different charge states (Ag0, Ag+1, Ag-1)122. 
It has been demonstrated that the charged Ag+1 and Ag-1 have different stabilities depending 
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-1 is unstable for some adsorption sites the positively charged Ag+1 is stabilized by its 
position at bridge sites between two Cl anions and the comparably low ionization potential of 
silver122.  

Furthermore, ultrathin insulator substrates have been used in order to observe 
fluorescence and phosphorescence spectra by exciting organic molecules with tunnelling 
electrons in STM112,123. Especially for Zn(II)-etioporphyrin on Al2O3/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 wavelength112. 

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)/NaCl23. 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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(500 μm2 – 2 mm2). 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 CaF2 on Si(111) surfaces which shows a Stransky-
Krastanov growth mode124. For this system a wetting layer of Si-Ca-F leads to growth of CaF2 
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 misfitii 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 % 

 

 
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 

                                                 
ii 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 lattice29. 
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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 0]-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 [ 011 ]-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 [ 011 ]-direction and one 45° rotated with respect to 

this orientation125. 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 Cuii; values for the thermal expansion of NaCl from126, for Cu and Ag from127. 

 a (NaCl) a (Ag) a (Cu) Lattice misfit Ag in % Lattice misfit on Cu in % 

300 K 5.640 Å 4.085 Å 3.615 Å -2.37 -9.35  
400 K 5.664 Å 4.093 Å 3.621 Å -2.15 -9.59 
500 K 5.688 Å 4.101 Å 3.627 Å -1.92 -9.82 
600 K 5.714 Å 4.109 Å 3.633 Å -1.67 -10.08 
700 K 5.744 Å 4.117 Å 3.639 Å -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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of a single insulator layer may be considerably different than the one of the bulk insulator. 
This leads to the often observed carpet-like growth128 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 earlier125. 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(111)129 and Ge(001)130 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 Al(001) 
is a single layer128. 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 
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 [ 011 ]-direction. It has been 

reported that LiCl shows a Frank van der Merwe (layer by layer) growth on Cu(001)131. 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 0]-direction in a 45° orientation with respect to the [1 0 0]-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 [ 011 ]-direction of the substrate131,132. 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 
growth131,132. 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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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 
STM133.  
 

       

Figure 17: 0.4 ML of LiCl on Cu(001), a) overview; b) zoom-in of a) marked with a blue arrow 
(Ubias = -3.0 V, I = 0.05 nA, a) 500 x 500 nm2, b) 10 x 10 nm2).  

 
 

 

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 

b)

[1 0 0] 

a) 



5   INTERACTION OF OEPS WITH METALS AND ULTRATHIN NACL LAYERS  
 

 
58 

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 eV131, 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 (Ubias = –1.2 V, I = 0.04 nA, 350 x 350 nm2). 

 

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. 

b)a) 



5   INTERACTION OF OEPS WITH METALS AND ULTRATHIN NACL LAYERS  
 

 
60 

 

    

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 (Ubias = –1.2 V, I = 0.04 nA, 400 x 400 nm2). 

 

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 NaCl 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.    

 

b)a) 



5.2 Optimized growth conditions for large alkali halide islands 
 

 
61 

Table 4: Coverage and annealing dependent size distribution of NaCl islands on Ag(111). 

NaCl coverage 
in MLiii 

Annealing 
temperature in 

K 

Island size of 
first layer in 

μm2 

Total area 
covered with 

NaCl 

Coverage 2nd 
layer w.r.t. 1st 

layer in % 

Coverage 3rd 
layer w.r.t. 1st 

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 (Ubias = –2.6 V, I = 0.05 nA, 250 x 250 nm2). 
b) atomic resolution (Ubias = –2.2 V, I = 0.22 nA, 10 x 10 nm2).  

 

Additionally, the carpet-like growth, as reported earlier134, 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 states133. 

 

                                                 
iii 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.  

b)a) 
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Figure 22: LEED pattern of NaCl on Cu(111) taken at a) 34.2 eV, b) 56.3 eV, c) 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 22c 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 reference125.  

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 [ 011 ]-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 45°125.  

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.  

c)b)a) 
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Figure 23: a) NaCl on Cu(111) grown at room temperature, the NaCl islands are highlighted by a black 
line (Ubias = –2.1 V, I = 0.05 nA, 1.5 x 1.5 μm2). b) NaCl on Ag(111) grown at 400 K (Ubias = –3.0 V, 
I = 0.10 nA, 1.5 x 1.5 μm2). 

 

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 μm2.   

 

       

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, 
(Ubias = –2.0 V, I = 0.06 nA, 2 x 2 μm2). b) the first, second and third monolayer are indicated by the white 
arrows (Ubias = –2.0 V, I = 0.06 nA, 1 x 1 μm2). c) atomic resolution (Ubias = –1.2 V, I = 0.07 nA, 
10 x 10 nm2). 

 

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 earlier132, although the lattice misfit is 
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 
bigger than for the 45° orientation, while alkali halide/metal systems with a small lattice 
misfit can also grow in a 45° orientation132. 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. 

In conclusion, the NaCl island size increased by more than 100% on the Cu(001) 
compared to Ag(111) 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 μm. 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 μm2, 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 μm2 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) surface136, 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 effect137 
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 completed136.  
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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 (Ubias = +1.3 V, I = 0.06 nA, 450 x 450 nm2). b) zoom-in, (Ubias = +1.3V, 
I = 0.06 nA, 130 x 130 nm2). c) 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 25c 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) Å 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-atoms136. 
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 Å, which is close to the step height of (1.4 ± 0.2) Å of the 
stripes determined from the STM images. This surface reconstruction leads to variable Cl-Cl 
distances, which can compensate the stress in the NaCl layer induced by the extension of the 
Cl-Cl distance on the Cu(311) compared to the Cl-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.  

b)
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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.  

 

 

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.136. 

 

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.    
 

        

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, c) 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 

c)b) d)a
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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)-facets138.   

 

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 LiCl does not grow in a layer by layer mode on Cu(001) as suggested in 
earlier publications131,132.  

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 CuOEP 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 
Ramoino et al.23 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 
5 K 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 
NaCl23. 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 5 K a) I/V curve; inset: STM image (Ubias = –1.0 V, I = 13 pA, 13 x 13 nm2). b) differential 
conductance spectra; set-point values: Ubias = –1.0 V, I = 13 pA.  

 

STS measurements on the bare Ag(111) area (Figure 28b) show the surface state at 
approximately 60 meV, in agreement with literature values139. 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. Ramoino125. 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 
work function. (ii) A small dipole arising from the orientation of the ethyl legs140 also leads to 
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 eV125 is in line with the interpretation of a charge transfer from the 
molecules to the surface. Another interpretation of these peaks close to the Fermi energy is 
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 
shift125 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 energy141. 
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.  

 

 

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 
publications142,143. 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 eV. 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 eV119. 

Figure 30b shows the Cu3d region: For better comparison of peak position the spectra of 
1.2 ML NaCl, 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 
HOMO119. 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 eV119.    

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. c) 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).     

   

 

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 2z
d state144. Furthermore, this Co state leads to different appearances of the 

central atom for Co-phthalocyanines compared to Cu-phthalocyanines in STM 
measurements145. 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 C1s and the N1s 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 eV. 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 C1s 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 N1s peak the binding energy shift of CuOEP/NaCl compared to the thin layer of 
CuOEP/Cu(311) is slightly bigger than the shift for C1s. 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); a literature values 
from146; b literature values from147. 

 C1s N1s Cl2p Na1s Cu2p 

1.2 ML NaCl - - 200.08 eV 1073.22 eV 932.58 eV 

0.8 ML CuOEP 285.07 eV 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 eV 199.91 eV 1073.10 eV 932.61 eV 

Literature values unknowniv 398.2 eVb 198.4 eVa 1071.5-1072.5 eVa 932.7 eVa 

 

In the following, the binding energy shifts observed for the C1s 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 

                                                 
iv The C1s 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 C1s 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 C1s and the N1s peak do not result from a chemical reaction and the 
term of ΔEchem as shown in equation 7 can be neglected.  

The Madelung term ΔEmad is only relevant for the Cl2p and Na1s peak position because 
of the polar character of the NaCl. When looking for literature values of the Na1s peak for 
NaCl already a discrepancy of 1 eV has been found146 (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 ΔEr,int and ΔEr,ext 
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 ΔEr,ext 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 C1s 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), CuOEP/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 2z
d -state145 and thus is only 0.8 eV below EF (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 ML148.  

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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6 Concluding remarks 

 

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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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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