Electronic Structure and Film
Morphology Studies of PTCDI
on Metal/Semiconductor Surfaces

Christian Emanuelsson

Faculty of Health, Science and Technology
Physics
DOCTORAL THESIS | Karlstad University Studies | 2018:57

Electronic Structure and Film
Morphology Studies of PTCDI on
Metal/Semiconductor Surfaces

Christian Emanuelsson

DOCTORAL THESIS | Karlstad University Studies | 2018:57

Electronic Structure and Film Morphology Studies of PTCDI on
Metal/Semiconductor Surfaces
Christian Emanuelsson
DOCTORAL THESIS
Karlstad University Studies | 2018:57
urn:nbn:se:kau:diva-70262
ISSN 1403-8099
ISBN 978-91-7063-898-5 (Print)
ISBN 978-91-7063-993-7 (pdf)
©

The author

Distribution:
Karlstad University
Faculty of Health, Science and Technology
Department of Engineering and Physics
SE-651 88 Karlstad, Sweden
+46 54 700 10 00
Print: Universitetstryckeriet, Karlstad 2018

WWW.KAU.SE

Abstract
Organic semiconductors have received increasing attention over the last
decades as potential alternatives for inorganic semiconductors. The properties of these films are highly dependent on their structural order. Of special
interest is the interface between the film and its substrate, since the structure of the interface and the first few layers decide the growth of the rest of
the film. The interface structure is determined by the substrate/molecule
interactions, the intermolecular interactions and the growth conditions.
In this thesis, thin films of the organic semiconductor PTCDI have been
studied using complementary microscopy and spectroscopy techniques on
p
p
two metal-induced surface reconstructions, Ag/Si(111)- 3 × 3 and Sn/
p
p
Si(111)- 2 3 × 2 3. These surfaces were chosen because they have different reactivities and surface periodicities. On the weakly interacting Agterminated surface, the film growth is mainly governed by the intermolecular interactions. This leads to well-ordered films that grow layer-by-layer.
The interaction with the substrate is through electron charge transfer to
the molecules from the substrate. This results in two different types of
molecules with different electronic structure, which are identified using
both STM images and PES spectra. On the more strongly interacting Snterminated surface the molecules adsorb in specific adsorption geometries
and form 1D rows. At around 0.5 ML coverage the rows also interact with
p
p
each other and form a 4 3×2 3 reconstruction and beyond one ML coverage the growth is characterized as island growth. The interaction with the
substrate is mainly due to heavy electron charge transfer from the Sn atoms
in the substrate to the C atoms in the imide group, but also the N atoms and
the perylene core in PTCDI are involved. In these systems, the interactions
with the surfaces result in new states inside the HOMO-LUMO gap, and the
intermolecular interactions are dominated by O· · ·H and O· · ·H-N hydrogen
bondings.
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Chapter 1
Introduction
Today in our modern world we are surrounded by electronic devices that
have become integral to our lives. Since the invention of the transistor
in the middle of the 20th century, components made of inorganic semiconductors, like Si and GaAs, have become increasingly common and are today
essential in most electronic devices. Now, in the beginning of the 21st century, a new family of electronic devices are being introduced on the market
using a different type of material, known as organic semiconductors. These
are semiconductors that are built up of organic molecules. Organic materials with semiconducting properties have actually been known for a long
time. Photoconductivity could be observed in the molecular crystals of anthracene as early as 1906. 1 However it was not until the late 1970s that the
field of organic semiconductors truly started to attract the attention of the
scientific community. The work that launched this interest was the development and discovery of the first conducting, conjugated polymer in 1977
by Heeger, MacDiarmid and Shirakawa, 2 for which they were awarded the
Nobel prize in Chemistry in 2000. Only a few years later, the low molecular weight organic semiconductor 3,4,9,10-perylene tetracarboxylic dianhydrid (PTCDA) was deposited onto a p-type Si sample to create the first
organic/inorganic diode. 3
Great progress has been made in our understanding of organic semiconductors since the 1980s. An important advancement has been the growth of
molecular layers in ultra high vacuum (UHV), also known as organic molecular beam deposition (OMBD) or organic molecular beam epitaxy (OMBE).
This method allows for thickness control on the monolayer (ML) level of
the film growth while also allowing for an atomically clean environment
and surface. OMBD also makes it possible to study thin organic films in
situ, using high resolution characterisation techniques. For these reasons,
1

OMBD has provided a path towards revealing the structural and optoelectronic properties of organic semiconductors. 4
Thanks to the significant advancements in the understanding of organic
semiconductors they have already been successfully used in commercial
applications, such as organic light emitting diodes (OLED) displays, and
more applications are also expected in the near future. However, they are
still far away from being a one-to-one replacement for their inorganic counterparts in other applications. For instance, the electron conductivity of organic semiconductors is still several orders of magnitude lower than that of
crystalline silicon. For this reason, organic devices will most likely not be
able to compete in performance for certain applications for the foreseeable
future. However, due to possible low-cost manufacturing methods, such as
printing, organic devices will most likely be able to compete in production
cost and simplicity. Also, there is a wide variety of organic semiconductors, and they can be tailored to specific applications. This together with
the possibility of manufacturing electronics on flexible surfaces allows organic semiconductors to widen the frontiers of electronics to completely
new areas of applications.
A class of devices that involve organic semiconductors are multilayer devices. These are devices that are made of different layers of organic molecular films, inorganic semiconductors, and metals. The performance of layered devices depends on the structure and quality of the organic films,
and especially the characteristics of the interface between the films and
the other materials in the device. It is therefore of fundamental interest to
study the properties of organic thin films on various substrates.
The aforementioned perylene derivative PTCDA has been used extensively
as a model molecule for studying the growth of thin films and the selfassembly of organic molecules. The interfaces between PTCDA and a wide
range of surfaces have therefore been investigated. A key factor for these
films is the intermolecular interactions and their relative strength to the
substrate/molecule interaction. This decides which structures are formed
and how the film grows. A natural path to widen the understanding of
organic thin films is therefore to use a similar perylene derivative with different endgroups, which allows for different intermolecular interactions.

2

A candidate molecule is 3,4,9,10-perylene tetracarboxylic diimide (PTCDI)
where the carboxylic anhydride endgroups in PTCDA are replaced by imide
groups.
PTCDI has the great benefit of being very easy to functionalize by substituting the hydrogen atoms in the imide group for larger groups. Electronic,
optical, and charge-transport properties can be tuned by changing the functionalization group. The PTCDI derivatives also have the benefit of being
air-stable and they have previously been used as color pigments and are
now being investigated heavily for potential uses in, for instance, organic
field effect transistors. 5 Even though the family of perylene derivatives as a
whole has been investigated heavily, the research regarding growth of thin
films of the pure PTCDI molecule is still fairly limited.
In this thesis the growth of thin layers of PTCDI has been investigated on
two different semiconductor surfaces with different reactivities. The main
focus has been on the interface between the molecules and the substrate.
The substrate/molecule and intermolecular interactions that are involved
in the interfaces have been investigated in detail. The electronic structure
and morphology of the molecular films have been studied using a set of
complementary experimental methods. These methods are photoelectron
spectroscopy (PES), near edge X-ray absorption fine structure (NEXAFS),
scanning tunneling microscopy/spectroscopy (STM/STS) and low energy
electron diffraction (LEED).

3

Chapter 2
Organic Thin Films
2.1 Organic Semiconductors
Organic molecules are composed of covalently bonded atoms that include
carbon. Due to the rich variety of organic molecules and the possibility
to synthesize new ones, and functionalize already existing ones, they can
be tailored to obtain a wide range of properties. In organic electronics
the focus is on the subgroup of semiconducting organic molecules. The
difference between non-conducting and semiconducting molecules lies in
the different bonds that they consists of. Single bonds consist of a σ-bond
and the electrons involved in such a bond are localized and unable to move
within the molecule. If the molecule instead involves alternating single and
double bonds, each carbon atom will be bonded to others by both σ- and
π-bonds. This is referred to as a conjugated system. The electrons in a
π-bond are not localized and the overlap of the resulting π-orbitals allows
electrons to move within the conjugated system.
There are two types of conjugated organic molecules, polymers and lower
molecular weight molecules. Conjugated polymers are long chains that
generally form disordered phases and have their conjugated bonds along
their backbone. This thesis focuses on the second type, lower molecular weight molecules, and specifically planar molecules involving aromatic
rings. The conjugation within this family of molecules is due to the alternating single and double bonds in the aromatic rings. These molecules have
their π-orbitals directed perpendicular to the molecular plane, and form a
delocalized electron density on each side of the molecular plane. A set of
these planar organic molecules are presented in Figure 2.1.

4

Figure 2.1: Structural formula of some planar molecules.

Molecular solids are composed of a collection of organic molecules that are
held together by weak van der Waals forces. The solid has different properties than the individual molecules. To understand which structures that will
arise within a solid or to calculate the stability of a given structure, theoretical methods are needed. A simple way to describe the interaction energy
between molecules within the solid can be approximated by a LennardJones potential
B
A
(2.1)
ϕ(r) = − 6 + 12
r
r
where the first term describes the attractive van der Waals forces between
neutral molecules and the second term describes the repulsive forces due
to overlapping orbitals. 6 A more detailed approximation is the atom-atom
approach. In this approach the sum of the interaction energy between every
interacting atom in the two neighbouring molecules is considered. The
interaction energy is then given by

ϕi j
(2.2)
U=
i, j

where ϕi j , is the van der Waals interaction between atom i and j in the two
neighbouring molecules. 6
The electronic structure of an organic molecule can be divided into two
distinct sets of orbitals. The deeper orbitals are referred to as core-levels.
The electrons in these are localized to the specific atom that they originate
from. Their energy positions are similar to those of the pure element but are
chemically shifted due to the bonds with other atoms in the molecule and
the resulting variation in potential energy. The more shallow orbitals, that
are referred to as molecular orbitals, are derived from the aforementioned
5

Figure 2.2: Electronic structure of an atom, a molecule and an organic molecular solid.

σ- and π-bonds. When the atomic orbitals are combined to form these
molecular bonds, lower energy, bonding σ- and π-orbitals and higher energy, anti bonding, σ∗ - and π∗ -orbitals are formed. Of special interest are
often the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO). The relation between orbitals in an atom
and a molecule is depicted in Figure 2.2 a) and b). The situation when a
molecular solid is formed is presented in Figure 2.2 c). If the intermolecular interaction is weak, the HOMO and LUMO levels are usually localized
to the individual molecule resulting in an electronic structure of the solid
that is very similar to the individual molecule. If the intermolecular interaction and the orbital overlap between adjacent molecules are large enough,
the HOMO and LUMO bands of the molecular solid form actual dispersions
with valence and conduction regions. 7
Several fundamental electric properties are very different in organic and
inorganic semiconductors. The conductivity of a material is determined
by the number of charge carriers and their mobility. The mobility in organic semiconductors is about 100 times lower than that in the inorganic
counterpart. Another issue is that in an organic solid, each molecule is an
individual semiconductor and hence the charge carriers are localized to the
molecule. Two common models for describing the charge transport in an
organic solid are the band and hopping models. If the molecular solid is
highly ordered, extremely pure and there is a strong intermolecular interaction with a large orbital overlap, the charge transport can be described
with a band model similar to that for inorganic semiconductors. If the solid
6

is of lower quality and held together by weaker interactions, the charge
transport is generally described by a hopping model. 6,7
The nature of excitons is also very different in organic and inorganic semiconductors. An exciton is an excited state consisting of an electron-hole
pair held together by Coulomb forces. The binding energy of the exciton is
higher in organic materials compared to inorganic materials. This means
that the electron-hole radius is smaller and the energy required to separate
them is higher in organic materials. This has consequences in applications
where the excitation and separation of excitons are required, for instance
in solar cells.

7

2.2 Growth of Organic Thin Films
Organic thin molecular films can be grown using different methods. One
common method is spin-coating, where a solution of the coating material
is placed on the substrate, which is subsequently set to spin. This provides
a thin film but it is not well defined on a molecular level and can contain
a high rate of impurities. Well ordered monolayers can be created from
solution by the process of self-assembly, creating so-called self-assembled
monolayers (SAM), using molecules with special end groups that are tailored to bind to the surface. This method is however limited in the types of
molecules and substrates that can be used. A different technique is required
to create high quality molecular films. 4
A method that has been employed over the last decades is the growth under
UHV conditions by OMBD. Growing the film under UHV conditions allows
for high purity of both the sample and the organic film while also providing
excellent control over the film thickness. Substrates that are only partially
covered by the film can be studied, which enables the study of the actual
interface between the substrate and the film. The atomic structure of the
substrate can be crucial for the ordered growth and self-organization of the
molecular layers, as well as for the charge-transport properties across the
interface. In UHV it is possible to create a well-defined crystalline substrate
structure, also for reactive surfaces. The UHV environment is also a necessity when studying organic molecules on well defined semiconductor surfaces. This is because the semiconductors such as Si are highly reactive and
would be impossible to prepare or study without an UHV environment. 4
The molecules are normally deposited using effusion cells or other temperature controlled ovens, and the rate is controlled through the temperature.
Using pre-purified source materials and a thoroughly out-gassed source is
necessary to ensure high film purity. The deposition rate can be precisely
controlled by either pre-calibrating the source or tracking the rate during
the evaporation, using a quartz microbalance. A limitation of this deposition method is that the molecules need to be stable at elevated temperatures.

8

2.3 Structure of Organic Thin Films
The structure and quality of the organic film are important for properties
such as mobility, conductivity and anisotropy. Molecules are extended objects and therefore thin films of these have more properties that need to be
considered compared to inorganic thin films. These properties are highly
dependent on the intermolecular and the molecule/substrate interaction
strengths and their relative strength to each other. 8 Some of the properties
are presented in Figure 2.3 and will be discussed here.

Figure 2.3: Schematic representation of some of the important properties of organic molecular films.

Order: High crystal quality requires that the film have some ordering. Film
growth on substrates with relatively low interaction strength, which allows
the molecules to remain mobile, usually result in well ordered films. This
is because the molecules can move on the surface and interact with other
molecules and self-assemble into well-ordered structures. An example of
p
p
this is PTCDA on Ag/Si(111)- 3 × 3. 9 Substrates with strong interaction
strength where the substrate-molecule interaction is far stronger than the
intermolecular interaction tend to result in films with poor ordering. This is
because the interaction with the substrate locks the molecule into a specific
adsorption geometry, and the molecules cannot interact with each other to
form ordered structures. An example is PTCDA on un-passivated Si(001). 10

9

Orientation: For planar molecules, the orientation of the molecular plane
with respect to the substrate normal is important for the electronic structure of the film. This is because the π-orbitals are normal to the plane of
the molecule. Therefore the orientation of the molecules with respect to the
sample will determine in which direction the π-orbitals will overlap, and
this will determine the preferred direction for charge transfer through the
film. If the molecules are stacked flatly on the substrate the overlap of the
π-orbitals will be in the direction normal to the surface. If the molecules are
standing up the overlap will be in the direction parallel to the surface. Also,
the π-orbitals are outside the plane of the molecule, while the σ-orbitals
and the atom cores are in the plane. For this reason each molecule is a
quadrupole with slight negative charge on each side of the molecular plane
and a slight positive charge in the plane. Therefore, if the film is ordered
and all molecules have the same orientation, this can result in a considerable surface dipole depending on the orientation of the molecules. 11
Phases: If the molecules can form different structures which have very
similar interaction energies, different areas of the surface can have different
structures, or phases. These areas with different phases can have slightly
different electronic structure as has been shown for PTCDA on Ag/Si(111)

3 × 3. 12 These phases are one source of inhomogeneity in the film.

2.3.1 Growth mode
Another important characteristic of a organic molecular film is its growth
mode. Depending on important parameters such as lattice match between
the substrate and film, intermolecular and molecule/substrate interaction
strengths, the film can grow according to three different modes. These are
presented in Figure 2.4 a)-c).

Figure 2.4: Growth modes of thin films. a) Layer-by-layer growth (Frank-van der Merve) b)
Layer plus island growth (Stranski-Krastanov) c) Island growth (Volmer-Weber). d) Simplified picture of an island deposited on a substrate with the relevant surface energies.
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When the interaction between the molecules and the substrate or a preceding molecular layer is strong enough compared to the intermolecular
interactions within a molecular layer, layer-by-layer growth can occur. This
is also known as Frank-van der Merve (FM) growth, and in the ideal case
each layer is fully completed before the growth of the next layer starts and
can result in extremely smooth and homogeneous films.
If the intermolecular interactions are stronger than the interactions between the substrate and the molecules then islands growth occurs, also
known as Volmer-Weber (VW) growth. This mode results in multilayered
islands and often results in fairly rough films.
Between these two extreme modes of growth there is also layer plus island growth, also known as Stranski-Krastanov (SK) growth. In this mode
the initial growth is according to layer-by-layer growth and after the first
layer(s) is completed the growth mode transitions to island growth.
A simple distinction between the conditions for the three growth modes can
be made by considering the surface or interface energy per unit area γ. 13
This method compares the energies involved in the formation of an island
on a surface. These are the surface free energy between the substrate and
the vacuum γS , between the organic film and the vacuum γ F and between
the surface and the film γS/F . Because the free energy per area can also
be interpreted as force per unit length, force equilibrium (as depicted in
Figure 2.4 d) ) at a point where an edge of an island meets the surface is
expressed as
γS = γS/F + γ F cos(φ).
(2.3)
where φ is the angle between the substrate and the film also known as contact angle. The two pure growth modes, layer-by-layer and island growth,
can be distinguished by the contact angle. For layer-by-layer growth
φ = 0,

γS ≥ γS/F + γ F

(2.4)

φ > 0,

γS < γS/F + γ F

(2.5)

and for island growth

The mixed layer plus island growth can be explained by lattice mismatch
between the organic film and the substrate. The molecules interact with the
11

substrate and the lattice of the film adjusts to the lattice of the substrate,
at the expense elastic deformation energy. The transition from layer to
island growth occurs when the strain due to the lattice mismatch exceeds
the adhesion forces between the molecules within the layer. After this point
islands are formed with a lattice that is different from the first layers. The
islands often have a structure similar to that found in bulk crystals of the
organic molecule.

2.3.2 Epitaxy
The first layer of organic molecular films is of special interest since it influences the growth of the entire film. Epitaxially grown films are generally
considered to be preferable since properties such as mobility and anisotropy
are enhanced compared to less defined films.

Figure 2.5: The three different types of epitaxial relations. Points where the two lattices
match are marked with dots. a) Commensurate growth, b) point on point growth, c) incommensurate growth.

In the case of growth of an organic system, conventional epitaxy is used to
refer to when there is a one-to-one relation between the substrate and the
film lattice, and the molecules are chemisorbed on the surface. This growth
mode typically requires the substrate/molecule interaction to be stronger
than the intermolecular interaction so that the lattice of the thin film is
determined by the lattice of the surface rather than the bulk structure of
the molecular solid. Epitaxial growth has been achieved using low growth
rates and elevated substrate temperatures. 4 Due to the lattice mismatch
between the surface and the bulk of the organic crystal, a significant amount
of stress is built into the film. After 1-5 layers of the layer-by-layer growth
12

the epitaxy therefore transitions into island growth, and the growth mode
would be described as Stranski-Krastanov.
If the intermolecular interaction is stronger than the substrate/molecule interaction, and there is a one-to-one relation between the substrate and the
film lattice (also known as commensurate growth), the growth is referred
to as van der Waals epitaxy. This growth is rare and requires a fairly strong
substrate/molecule interaction or a substrate lattice that is close to commensurate with the bulk lattice of the molecular solid. For PTCDA van der
Waals epitaxy has been observed on Ag(110) and Ag(111). 14 An explanation to the epitaxy of PTCDA on Ag(111) was found using STM and Raman
spectroscopy. 15 The substrate/molecule interaction was found to be mediated by charge pumping into the LUMO and that the most active part of the
molecule was the central ring.
When the interaction with the substrate is weaker so there is no one-toone relation between the film and the substrate lattice, the growth is called
quasi-epitaxy. There are two different types of quasi-epitaxy. If there is a
point on point relation or point on line relation between the substrate and
the film lattice, some of the lattice points will match. If no lattice points at
all matches between the film and the substrate the growth is incommensurate. The different types of epitaxial growth are presented in Figure 2.5.

13

2.4 Energy alignment in Organic/Inorganic Interfaces
Several characteristics of film growth were discussed in the previous section. It is also important to consider how the interaction through charge
transfer changes the electronic structure of the system, and the energy level
alignment across the organic/inorganic interface. Many research groups
have studied adsorption of organic molecules on various surfaces over the
last decades. Thanks to these efforts, several models for energy level alignment in various regions of interaction strength have been established. Some
of them will be discussed here briefly.

2.4.1 Interface dipole without charge transfer
The main effect of charge transfer at the interface between the organic
layer and the surface is to fix energy level alignment between the two, by
modifying the surface dipole. The limiting case where no surface dipole
is induced is called the Schottky-Mott limit. In this case the vacuum levels of the substrate and the molecules align and the work function of the
organic/inorganic system is the same as the clean inorganic system (see
Figure 2.6 a) ). The Schottky-Mott limit can be obeyed by non-interacting
systems, for instance if the substrate is covered by an oxide layer. In many
cases however, the Schottky-Mott limit is not obeyed due to an interface
dipole, ∆ (see Figure 2.6 b) ).
There are several reasons why an interface dipole might exist. If one considers a clean metallic surface its work function φs has to be divided into two
parts. Firstly, there is the bulk chemical potential from within the solid. Secondly, the positive charge distribution from the atom cores stops abruptly
at the surface, while the negative charge distribution extends out into the
vacuum. This creates a surface dipole that together with the bulk chemical
potential gives the surface work function. When molecules adsorb on the
surface, the previous surface dipole needs to be considered as an interface
dipole. This interface dipole will change depending on the interactions that
are involved in the interface. Examples are: Pillow or push-back effects that
arise from the negative charge density from the surface being pushed back
due to the presence of the electron clouds surrounding the molecules. This
14

lowers the surface dipole and hence the work function of the substrate.
Molecular dipole arises if the adsorbed molecules have a permanent dipole
or if the substrate induces a dipole in the molecules. This dipole must be
subtracted from, or added to the surface dipole depending on the orientation of the molecules’ dipole. 16

2.4.2 Interface dipole due to charge transfer
When there is some form of charge transfer between the adsorbed molecules and the substrate this will also cause an interface dipole. One model
for charge transfer in weakly interacting systems is the integer chargetransfer (ICT) model. In systems where hybridization of the molecular orbitals and the surface wave functions is negligible, there can still be charge
transfer between the two through tunneling. This charge transfer can occur
if the the work function of the surface is either larger than the ionization
energy (IE) or smaller than the electron affinity (EA), of the molecule. In
the former case (which is illustrated in Figure 2.6 c) ) electrons will tunnel from molecules to the surface, resulting in positively charged molecules
and a dipole. This continues until the HOMO level of the molecules aligns
with the Fermi level of the surface. If the work function of the substrate
instead is smaller than the electron affinity of the molecules, the opposite
process will occur. 16
The induced density of interface states (IDIS) model applies to systems that
are weakly interacting but where hybridization of the molecular states and
the surface wave functions is no longer negligible. The basic idea in this
model is similar to that of the ICT model, but now there is a broadening
of the density of states between the HOMO and LUMO, which allows for
charge transfer for all values of the surface work function. In this model, a
charge-neutrality level (CNL) is calculated for the organic molecule, and the
charge transfer will continue until the CNL is aligned with the Fermi level
of the surface. This process is however also determined by the density of
states around the CNL, meaning that if there are not enough states around
the CNL, the process will stop before the levels have aligned. 16
For strongly interacting system where the molecules are chemisorbed, the
dipole will be due to the rearrangement of charge when the chemical bond
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is formed. In a simple approximation, charge will be transferred to or from
the molecules or substrate depending on which of the two have the highest
chemical potential. The amount of charge that is transferred will depend on
the density of states at the Fermi level for the substrate and the molecules. 16

Figure 2.6: Three different types of energy alignment a) Vacuum level alignment, b) Energy
alignment due to interface dipole c) Energy alignment in the ICT model, transfer contiunes
until the HOMO level of the molecule aligns with the Fermi level of the substrate.
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2.5 PTCDI
The organic semiconductor PTCDA (C24 H8 O6 ) is a perylene derivative with
carboxylic anhydride endgroups. PTCDA has been used as a model system
for thin film growth and has therefore been studied on a wide range of
substrates. Different phases of PTCDA have been found but the two most
common are the herringbone and the cubic phases, both of which can be
p
p
found on for instance Ag/Si(111)- 3 × 3. 9,17 The intermolecular interactions involved in these structures are O· · ·H hydrogen bonding between
the oxygen atoms in the carboxylic anhydride endgroups and the hydrogen
atoms of the side of the molecule.
A sensible path forward, to deepen the understanding of the fundamental
forces that are involved in the formation of ordered molecular films, would
be to study a similar molecule to PTCDA but with different endgroups that
allow for different intermolecular interactions. A good candidate in this regard is another perylene derivative, namely PTCDI (C24 H10 N2 O4 ). PTCDI
has imide as endgroups meaning that the central oxygen in PTCDA is replaced with N-H in PTCDI. This substitution is important because the hydrogen atom in the imide group blocks the type of intermolecular interactions
between the endgroups and the sides of the molecules that are found for
PTCDA.
Even though non-functionalized PTCDI has recieved far less attention than
PTCDA, PTCDI has nevertheless been investigated on some substrates. To
this date PTCDI has been studied using STM, PES, NEXAFS and inverse photoemission spectroscopy (IPES) on Ag(111), 18 Au(111), 18–22 Cu(111), 18
Ni(111), 23 TiO2 , 24,25 HOPG, 26 Si(111), 23 MoS2 , 26 NaCl(001), 27 and Ag/
p
p
Si(111)- 3 × 3. 9 On many of these surfaces PTCDI was found to selfassemble into well-ordered layers. So far, PTCDI has been found to form
three phases, which are the "canted", "brick-wall" and "domino" phases.
Models of these three phases are presented in Figure 2.7
The most common of the three phases is the canted phase. This phase
consists of rows of molecules where the molecules in each row interact with
each other through double O· · ·H-N hydrogen bondings. The molecules in
each row are rotated slightly differently with respect to the direction of
17

Figure 2.7: The three observed phases of PTCDI, the canted, domino and brick wall phases.
The unit cells in each phase is marked.

the row, every other in opposite directions. This structure is also further
stabilized by inter-row O· · ·H hydrogen bondings. Using DFT calculations,
Mura et al. also confirmed that the strongest possible interaction between
two PTCDI molecules is the double O· · ·H-N hydrogen bondings found in
the canted phase. They consequently showed that the most stable 2D phase
is the canted structure. 19
The electronic structure of PTCDI around the Fermi level has been studied
in multilayer (15 nm) thin films. It was found that PTCDI has HOMO and
LUMO positions at -2.3 and 1.4 eV with respect to the Fermi level. This
results in a peak-to-peak band gap of 3.7 eV, while the optical bandgap was
measured to 2.17 eV. 28
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2.6 Applications
The obvious motivation for investigating organic semiconductors is their
potential use as a substitute and complement to inorganic semiconductors
in various electronic applications. The wide range of organic materials,
and the possibility to tailor them with specific mechanical and electrical
properties, open up for new potential applications that are not possible
today due to the limitations of inorganic semiconductors. 4,29
The first diode using the organic semiconductor PTCDA was created in
1982. 3 Since then there has been a rapid development within the field of organic electronics. Experimentally, organic thin films have already been used
to create light emitting diodes, 30 field effect transistors, 31 solar cells, 32 photodetectors, 32 organic lasers, 33 chemical- and biological sensors. 34 Commercial OLED displays and solar cells using organic molecules are already
available on the market, but several of the other potential applications still
need more development before they can be integrated into actual products. Some of the main problems are the organics’ sensitivity to the environment, non ideal organic/metal contacts, unstable device characteristics,
fabrication conditions, material purity, quality, structure and ageing of the
material.
Several uses of organic/inorganic (OI) heterojunctions have been proposed
and demonstrated, such as transistors and photodetectors. 29 At a first glance
there is no direct benefit of this combination as the limitations of the inorganic semiconductor would still apply. However new applications might
emerge and there could be situations where it would be desirable to integrate organic electronics in conventional semiconductor devices. The fundamental physics involved in the growth of OI interfaces and a good understanding of this will also increase the knowledge of molecular film growth
in general.
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Chapter 3
Semiconductor Surfaces
Inorganic semiconductors are, and will continue to be important in electronic applications. For this reason, organic/inorganic heterojunctions of
semiconductors are also of great interest. Atomically clean semiconductor
surfaces are in general very reactive and this often leads to ill-structured
interfaces with organic molecules. However, by terminating the semiconductor surface with a thin layer of metal, it is possible to tune both the
reactivity and the size of the unit cell of the surface.
In this work PTCDI has been studied on the two metal-induced reconstrucp p
p
p
tions, Ag/Si(111)- 3× 3−R30° and Sn/Si(111)-2 3×2 3−R30°, both
of which are based on the Si(111)-7 × 7 surface. A reconstructed surface
has a different periodicity compared to the bulk-terminated surface. The
p p
notations 7×7 and 3× 3−R30° indicate the difference in the unit lattice
vectors between the reconstructed and the bulk-terminated surface, i.e. in
the 7 × 7 structure, the unit vectors are 7 times larger than in the bulkterminated case. The expression −R30° indicates that the surface lattice is
rotated 30 degrees compared to the bulk, however the expression for the
rotation is often omitted. This notation is known as the Woods notation.
Here the Si(111)-7 × 7 surface and the two metal-induced reconstructions
will be presented briefly.

3.1 Si(111)-7 × 7
The 7 × 7 reconstruction is the most stable reconstruction of the clean
Si(111) surface and it has been thoroughly studied for the last 40 years.
The surface has been described by the dimer-adatom stacking fault (DAS)
model. 35 In the DAS model, the 7 × 7 unit cell has 18 dimer atoms, 12
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Figure 3.1: The DAS model of the Si(111)- 7 × 7 reconstruction as proposed by Takayanagi.

adatoms and 6 restatoms and is shown in Figure 3.1. The 7 × 7 is formed
after heat treatment above 900 °C. The Si(111) samples that were used in
all experiments included in this theses were etched according to the method
of Shiraki. 36 The oxide was then removed in-situ by stepwise direct current
heating up to a temperature of 940 °C. The 7 × 7 reconstruction was created by holding the substrate at 800 °C for 2 min after reaching 940 °C for
a short while.

p

3.2 Ag/Si(111)- 3 ×

p
3

p
p
The Ag-induced 3 × 3 reconstruction is created by evaporating 1 ML
Ag onto a Si(111)-7×7 surface followed by annealing at 600 °C. The surface was previosly described by the honycomb-chain-trimer (HCT) model,
where the surface consists of Si- and Ag-trimers. 37 The HCT model obtained from Zhang et al. 38 is presented in Figure 3.2 a). An STM study
showed an asymmetry in Ag-trimers at low temperatures and from these
results the inequivalent triangle model (IET) was suggested. 39 A later STM
study showed that the asymmetry in the IET models is also present at room
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temperature. 38 The IET model from Zhang et al. 38 is shown in Figure 3.2
b). The surface is weaky interacting and molecules are therefore mobile
on this surface. This allows molecules to move together and form wellordered self-assembled layers. Well-ordered film growth on this substrate
has been reported for several organic molecules, for instance pentacene, 40
PTCDA, 9,17 NTCDA and NTCDI. 41

p
p
Figure 3.2: Comparison of the two different proposed models for the Ag/Si(111)- 3 × 3
surface, a) HCT model and b) IET model. In both models the unit cells are marked with blue
diamonds and the Ag-trimers with red triangles. 38

p

p

3.3 Sn/Si(111)-2 3 × 2 3
p
p
The Sn-induced 2 3 × 2 3 reconstruction is created by evaporating more
than 1 ML Sn onto a Si(111)-7×7 surface followed by annealing at 300 °C.
The reason for the uncertainty of the Sn coverage is that there is to this day
no concensus of the exact atomic configuration of this surface. Scanning
probe microscopy and PES studies have shown that the surface consists of
a double layer structure involving 12-14 Sn atoms per unit cell. 42–47 The
top layer has been shown to consists of two inequivalent Sn-pairs, but the
structure of the first layer has not been determined. One possible model
involving 14 Sn atoms per unit cell was suggested by Törnevik. 42 A figure
of this model from Ichikawa et al. 44 is presented in Figure 3.3.
p
p
The Sn/Si(111)-2 3 × 2 3 surface is an interesting substrate to study the
growth of PTCDI on for two reasons. Firstly, the the unit cell of the surface is
of similar size to that of PTCDI which could result in interesting adsorption
geometries. Secondly, the surface has a high enough interaction strength
22

that allows single molecules to be locked in place on the surface and hence
allows for the study of single molecules at room temperature. This has
p
p
previously been shown for PTCDA on Sn/Si(111)-2 3 × 2 3. 48–50

p
p
Figure 3.3: The 14 Sn atom Törnevik model of the Sn/Si(111)-2 3 × 2 3 surface, from
Ichikawa et al. 44
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Chapter 4
Experimental Techniques
4.1 Synchrotron radiation
A synchrotron is a photon source that generates photons by accelerating
relativistic electrons within a storage ring. The electrons are normally generated through thermionic emission using a hot cathode. When the electrons have been generated they are accelerated to the desired energy before
being inserted into the storage ring. At some synchrotron facilities the acceleration is done solely by a linear accelerator, also known as linac. In
other facilities the linac performs the initial acceleration after which the
electrons are inserted into a booster ring which does the final acceleration
before insertion into the storage ring.
Modern storage rings are shaped as a polygonal closed loop with several
straight sections. Magnetic fields are used to force the electrons on the
desired trajectory within the storage ring. Dipole magnets called bending
magnets are placed at the ends of the strait sections, to bend the electrons
trajectories from one straight section into another. Some of the components
surrounding a storage ring are presented in Figure 4.1.
The bending magnets change the trajectories of the electrons which involve
an acceleration of the electrons, hence photons are emitted at the bending
magnets. Due to the relativistic speed of the electrons, the photons are
emitted in a narrow cone in the laboratory reference frame of the observer,
instead of in the usual Sin2 Θ angular distribution. 51 The angular width of
the emitted photons is given by
1
Θ= ,
γ

γ=

Ee
mc 2

(4.1)

where γ is the Lorentz factor which for relativistic electrons is useful to ex24

Figure 4.1: Schematic representation of a synchrotron facility where some of the components
surrounding the storage ring are presented.

press in terms of the electron energy, Ee and the electron rest energy, mc 2 .
The photons are emitted tangentially to the electron trajectory, in a wide
distribution in wavelength, and their polarization vector is in the plane of
the synchrotron. Photons can also be generated at the straight sections
of the ring using insertion devices to increase the photon flux. These devices consist of combinations of magnets that bend the trajectories of the
electrons back and forth. One such device is the multipole wiggler which
consists of N sections with interchanging magnetic field. The radiation
from a wiggler therefore has similar properties to that of a bending magnet, but with N times higher photon flux. Another device is the undulator which consists of more sections but with lower interchanging magnetic
fields, compared to the wiggler. The electron trajectories are hence bent
many more times but less severe. This results in a very high photon flux
in resonance peaks. The wavelength of the resonances can be changed by
varying the magnetic field. 51,52
The emitted photons leave the storage ring and enter a beamline where the
photons are focused and monochromised before reaching the sample at the
experimental endstation. The electrons within a material that is irradiated
with photons receive energy when they interact with the photons, which
results in excited states. There are several different excitation events that
can occur. Figure 4.2 shows a schematic representation of the excitation
25

events that are of importance for the various synchrotron related experimental techniques which will be presented in the rest of this chapter.

Figure 4.2: Schematic representation of various excitation events that can occur whitin a
material.
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4.2 Photoelectron spectroscopy (PES)
Most physical properties of solids, such as electrical, thermal and optical,
depend on the electronic structure of the solid. It is therefore of great
importance to understand the electronic stricture of solids. Photoelectron
spectroscopy (PES) is a family of experimental techniques that investigate
the electronic structure of materials by studying electrons which have been
emitted from the material through the photoelectric effect. Referring back
to Figure 4.2, the excitation events that are key to PES are the first four,
which are named UPS, XPS, Shake-up and Shake-off in the image. The basics for these events will be presented here while some more detail will be
discussed in the subsequent subsections.

Figure 4.3: a) Energy diagram for emitted electrons at the sample and the electron analyzer.
b) Typical experimental setup for a PES measurement.

The photoelectric effect that was discovered by Hertz 53 and explained by
Einstein, 54 is the process under which electrons are emitted from a material
when it is irradiated by photons with sufficiently high energy. The kinetic
energy of the emitted photoelectron Ek , can be described by the relation
Ek = hν − EB − φS

(4.2)

where hν is the energy of the photon, φS is the work function of the sample
and EB is the binding energy of the electron in the sample relative to the
Fermi level. The above relation is schematically drawn in the left side of
Figure 4.3 a). To actually measure the energy of the photoelectrons an electron spectrometer, or more commonly called electron analyzer, is placed in
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close proximity to the sample as shown in Figure 4.3 b). The electron analyzer and the sample are in electric contact, normally by connecting both
to ground, which results in their Fermi levels being aligned. Considering
that it is actually the energy of the photoelectron at the analyzer that is
measured in a PES experiment, it is useful to rewrite equation 4.2, using
the energy diagrams in Fig. 4.3 a) to
EB = hν − Ek∗ − φA

(4.3)

where Ek∗ is the energy of the photoelectron at the analyzer and φA is the
work function of the analyzer.
In PES experiments the photon energy, hν, is kept constant and the flux
of the emitted photoelectrons as a function of kinetic energy is measured
with an electron analyzer. These days hemispherical analyzers are mostly
used. These analyzers consist of two concentric hemispheres with opposite
voltages applied to them. An electrostatic lens system collects the photoelectrons in a wide angular range and focus them onto the entrance slit
of the analyzer. The voltages on the hemispheres determine which kinetic
energies are needed in order for the electrons to pass through the analyzer.
Normally these voltages are kept constant, defining a pass energy for the
photoelectrons, and the kinetic energy is scanned by a retardation stage
in the lens. The reason for this is to maintain the same resolution for all
kinetic energies. The photoelectrons are typically counted by a multichannel detector when they exit the analyzer, allowing for the simultaneous
measurement over a range of kinetic energies. Modern analyzers have an
advanced multimode lens and an area detector, with which one can also
simultaneously measure a range of emission angles in the direction perpendicular to the energy-dispersive direction. The analyzer is thus capable
of both angle-integrated and angle-resolved measurements. 13,52,55
In most PES experimental setups, the position of the analyzer is fixed with
respect to the light source. Referring to Figure 4.3 b) this means that the
sum of the incident angle and the emission angle (θi and θe in the image) is
fixed. It is however often possible to rotate the sample with respect to the
light source and the analyzer. This can be used to, for instance, investigate
the band structure of a material or change the surface sensitivity of a corelevel measurement.
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A key feature of PES that makes it an important technique in surface science
is its surface sensitivity. Figure 4.4 shows the mean free path of electrons
with kinetic energies in the 2-2000 eV range. The dots are measurements
from individual materials and the dashed curve shows the theoretical universal behaviour. As the graph shows, by using energies that are in the
30-200 eV range, the depth from which the electrons originate from is limited to a few Å. 56

Figure 4.4: Mean free path of electrons in solid materials. 56

Photoemission can be treated quantum mechanically as a one step process. This can however be complicated and a more illustrative way to
present photoemission is the three step process developed by Berglund and
Spicer. 57,58 The three steps are:
1 Optical excitation of the electron from an initial to a final state within
the material.
2 Transport of the electron within the material to the surface.
3 Escape from the surface into the vacuum.
The optical transition in the first step can be described by Fermi’s golden
rule using the sudden approximation, where it is assumed that there is
no interaction between the system and the escaping photoelectron. 52 The
probability of an excitation, w f i from an initial state i to a final state f , can
then be given as
wf i =

2πe
|〈Ψ f |A · p|Ψi 〉|2 δ(E f − ħ
hω − E i )
ħ
hmc
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(4.4)

where p is the momentum operator for the electrons in the sample, A is the
vector potential of the incident electromagnetic wave, 〈Ψ f | is the final state
and |Ψi 〉 is the initial state. The delta function ensures energy conservation
by allowing a non-zero probability for only energy conserving transitions.

In the first two steps one can assume that the wave vector of the electron is
conserved. This is because the momentum of the photon is much smaller
than that of the electron. Hence ki ∼
= k f . After the third step, when the
photoelectron transitions through the surface, the electron is described as
a free electron whose kinetic energy is given by
ħ
h2 k2
Ek =
2m

(4.5)

The wave vector k can be described using its components parallel and normal to the surface by referring to Figure 4.5 as k = k + k⊥ . The parallel
component of the wave-vector is conserved to within a reciprocal lattice
vector, in the transition through the surface:
k f , = ki, + GS

(4.6)

where GS is a surface reciprocal lattice vector. The component normal to the
surface, k⊥ is however not conserved in the transition through the surface.
This is because the inner potential near the surface is acting on the electron
in the direction normal to the surface as the electron approaches it.

Figure 4.5: Geometry of a PES experiment. The incoming photon and the emitted photoelectron, together with the relevant wave-vector components are shown.
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During the transition to the surface in the second step, many of the electrons are inelastically scattered and interact with other electrons to create
secondary electrons. These interactions result in electrons with lower kinetic energy. In PES spectra these electrons with lower kinetic energy contribute to the continuous background and dominate the low kinetic energy
range of the spectra.
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4.3 X-ray photoelectron spectroscopy (XPS)
Photons in the X-ray region (100-1500 eV) are suitable for producing photoelectrons from core-levels. Several properties of materials can be probed by
XPS. The binding energy positions of all elements are well known. Therefore XPS can be used to identify which elements are present in a sample by
comparing the energies of the peaks in the XPS spectra with already established peak positions for different elements. The binding energy position of
a core-level is sensitive to the chemical surrounding of the atom. The binding energy of a core-level in an atom that is covalently bound to another
atom in a molecule will therefore be shifted compared to free atoms. If the
atom is bound to an atom of a different element there will be charge redistribution between the atoms because the two atoms have different electronegativity. Due to this redistribution the binding energies shift different
amount depending on the which element the atom is bound to. This can
be used to identify chemical compounds within the sample.
Due to the sensitivity to changes in atomic environment, XPS is very useful
to study the interactions that are involved when molecules are evaporated
onto surfaces. When studying molecules on surfaces there are two types of
effects that can change the binding energy of a core-level. The first type is so
called initial state effects. These include shifts due to new chemical bondings on the surface and shifts due to charge transfer between the molecules
and the surface. If band bending occurs when the molecules adsorb on the
surface, this would also shift the binding energies.
The second type of shift is so called final state effects. These effects occur
in the system after the ejection of the photoelectron. The N − 1 electrons
that are left from the initial N electron system try to minimize the energy,
which is also know as relaxation. The relaxation process is dependent on
the surrounding, and may lead to different screening of the hole in the N −1
electron system, causing a final state relaxation shift.
Another type of features that are common in XPS measurements of organic
molecules are satellites. These features are due to processes that result in
photoelectrons that are emitted with lower kinetic energies, giving higher
binding energies in XPS spectra. One type of satellites which is common
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for organic molecules is shake-ups, but shake-offs can also occur. These
two types of excitation events are schematically represented in Figure 4.2.
When the photoemission occurs the electron loses energy to another electron that is either exited (shake-up) or ejected (shake-off). Shake-ups show
up in XPS spectra as fairly sharp features on the higher binding energy side
of the core-level it originates from. Shake-offs are broad features that are
found on even higher binding energies than the shake-ups.
Another excitation event that will eject electrons, which one has to keep in
mind when doing XPS, is the Auger process. The core hole left after the
ejection of an core-level electron can be filled by an outer shell electron,
and this can result in the ejection of an Auger electron. These electrons
will also be detected in an XPS experiment. However, an Auger electron is
determined by the energy level difference in the atom it is ejected from and
is independent from the photon energy. Auger peaks can therefore easily be
identified because they always have the same kinetic energy independent
of photon energy.
To be able to get quantitative information out of XPS measurements it is often necessary to analyse the spectra using fitting of components. Before the
peaks in the spectra are deconvoluted the background needs to be removed.
This can be done by fitting a polynomial function to the background, but
the best results are usually obtained by fitting either an integrated Shirley 59
or Tougaard 60 function to the background and removing it. When the background has been removed the peaks are fitted with a Voigt function which
is a convolution of a Gaussian and a Lorentzian function. The Gaussian
approximates aspects of the component that are related to the experiment,
such as the resolution limit of the detector and phonon broadening; while
the Lorentzian is due to the finite lifetime of the core-level hole.
XPS is also frequently used to check the quality of the sample. Most surfaces
have well known core-levels. If the surface is not the desired one, or if the
surface is contaminated by carbon or oxygen it is easily detected using XPS.
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4.4 Ultraviolet photoelectron spectroscopy (UPS)
In ultraviolet photoelectron spectroscopy (UPS) the photon energies that
are used are in the 5-50 eV range. These energies are suitable for investigating the valence band of solids and orbitals of molecules. The graph of
mean free paths in Figure 4.4 shows that the photon energy range 15-50
eV also makes this technique very surface sensitive. Common light sources
for this energy range are He discharge lamps or synchrotron radiation.
As was previously mentioned in the PES section, modern hemispherical analyzers allow the simultaneous detection of photoelectrons within a range
of emission angles and kinetic energies. At any given moment during a
measurement the detector image can therefore be considered an intensity
map over a 2D space of angles and kinetic energies, I(Ek , θ ). By not integrating over the emission angle, and keeping the angular dependence of
the intensity, it is actually possible to obtain information about the band
dispersion of a material. This is called angle resolved mode and is usually
referred to as either angle resolved ultra violet spectroscopy (ARUPS) or
angle resolved photoelectron spectroscopy (ARPES).
Figure 4.5 will be used to describe the information that can be obtained
from an ARUPS experiment. Using the geometry in the image and equation
4.5 the component parallel to the surface, kk can be written as:
v
t 2m
|kk | =
Ek sin(θe )
(4.7)
ħ
h2
Using this equation and the relation between the kinetic energy of the electron at the analyzer and the binding energy given by equation 4.3, the 2D
intensity image I(Ek , θ ) can be translated to an intensity image as a function of kk and the binding energy, EB , I(EB , kk ). Also, by changing the emission angle, θe , the region of k-space that is probed is changed. ARUPS is
therefore a powerful tool for studying the dispersions of the valence bands.
The component of the wave vector normal to the surface, k⊥ is not conserved in the transition through the surface and is therefore more difficult
to determine. But information about the electronic structure normal to the
surface is interesting. Molecules that adsorb flatly on the surface and maintain the orientation as more layers are grown can have a dispersion normal
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to the surface due to π − π interaction between the layers. Information
about the dispersion can be obtained by measuring the energy positions
of the first molecular orbitals at different photon energies and fitting these
positions to a dispersion based on a tight binding model. Using this method
information about the inner potential, lattice constant and electron mobility normal to the surface of the molecular film can be obtained. 61
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4.5 Near edge X-ray absorption fine structure (NEXAFS)
The X-ray absorption in matter is in general a smooth function with respect
to photon energies. However, at photon energies that coincide with the
energy needed to ionize a core-level there is a sharp increase in the X-ray
absorption. This sharp increase is known as an absorption edge. Close
to this edge there are several very sharp features, known as fine structures.
Near edge X-ray absorption fine structure (NEXAFS) is the method in which
these fine structures are studied and have been used since the 1980s. 62
In contrast to UPS and XPS experiments where the photon energy is kept
constant and the electron intensity is measured as a function of kinetic
energies, in NEXAFS the photon energy is varied and the absorbed X-ray
intensity is measured as a function of photon energies. The X-ray absorption excitation event that occurs in the material is presented in Figure 4.2
and involves the transition of a core-level electron to an empty state. The
probability of these transitions increases greatly when the photon energy
matches the energy separation of the core-level and the empty state. This
phenomenon is called resonance and results in very intense and sharp features in NEXAFS spectra.
The X-ray absorption can be measured directly in transmission by comparing the difference in flux of incident and transmitted X-rays. The absorption
can also be measured indirectly by the processes which occur after the absorption. After the absorption, the system undergoes a relaxation process
that involves either the ejection of an Auger electron, which is shown in
Figure 4.2, or the emission of a photon. The absorption can therefore be
measured indirectly either by detecting the photons, known as fluorescent
yield, or by detecting the electrons, known as electron yield. The latter is
the detection method that has been used in the experiments contained in
this thesis and will therefore be discussed in more detail.
There are a few methods that can be used to measure the ejected electron.
A typical experimental setup with the three detection methods that will be
discussed here is presented in Figure 4.6 a). The simplest method is based
on the principle that the electrons that have been ejected through the Auger
process need to be replenished. The sample is connected to ground and the
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Figure 4.6: a) A NEXAFS setup showing the three different detection methods b) Schematic
illustration of the orientation of the σ∗ - and π∗ -orbitals in two groups of molecules.

electrons that will fill the electron vacancies in the sample will come from
the ground. By simply measuring the current from the ground to the sample one has a measure of the ejected electrons due to all the processes. This
method is called total electron yield (TEY) because it measures all electrons
that are emitted from the sample. In the second method the ejected electrons are attracted to a channeltron using a positive voltage. In principle
this method would also measure all emitted electrons, but a retarding voltage can be applied to a grid in front of the channeltron on order to filter
out electrons with lower energies than desired. This method is therefore
called partial electron yield (PEY) and is more surface sensitive than TEY.
The third method uses an electron energy analyzer to measure the electrons. In this method a detection window can be chosen so only electrons
with kinetic energy close to the ejected Auger electrons can be detected.
This method is therefore referred to Auger electron yield (AEY) and is the
most surface sensitive of the three.
NEXAFS can provide a wide range of information about a surface, in particular about molecules on a surface. Firstly, because the transition due to
the X-ray absorption involves the unoccupied states, NEXAFS can provide
information about the LUMO of molecules. This is of special interest for
the study of adsorption of molecules on surfaces, because the LUMO of the
molecules is expected to change, and the energy level of the LUMO is important for the electron transport. Secondly, NEXAFS is not only sensitive
to the type of elements that are involved in a molecule but also the type of
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bonds that are involved. Due to the richness of features at the absorption
edge of carbon in organic molecules, NEXAFS spectra can be used as a fingerprint to identify molecules by. Lastly, the X-ray absorption cross section
is related to the transition probability presented in equation 4.4. Due to
the polarization relation of A · p, directional information about bonds on
the surface can be found. The cross section is as high as possible when
the direction of the electric field is in the same direction as the direction
of the final state orbital. The orientation of the σ∗ - and π∗ -orbitals for two
type of molecules are presented in Figure 4.6 b). By changing the direction of the electric field of the incident light, the direction of the bonds on
the surface can be studied. An example of a NEXAFS spectra of PTCDI on
p
p
Ag/Si(111)- 3 × 3 recorded using different angles of the incident light
is presented in Figure 4.7. PTCDI is a planar molecule involving several
aromatic rings. Therefore the σ∗ -orbitals are in the molecular plane while
the π∗ -orbitals are perpendicular to the plane. From the spectra it is clear
that the molecules are lying flat at the surface as the π∗ -resonances are
strong at 70° incidence, but are gone at normal incidence of light. The
σ∗ -resonances have the opposite relation to the angles of incidence light. 63
Deriving detailed information from NEXAFS spectra can be challenging and
requires complicated calculations to describe the different resonances in the
spectra. Another method is to compare NEXAFS spectra from a molecule
with already well known spectra from similar molecules. Taborski et. al.
did a thorough investigation and characterization of the features involved
in the NEXAFS spectra of several perylene derivatives. 23
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Figure 4.7: Carbon K-edge NEXAFS spectra of PTCDI on Ag/Si(111)- 3 × 3, recorded at
different angles of incident light. The sharp features below photon energies of 290 eV are π∗

related resonances while the broader features above 290 eV are σ∗ related resonances.

4.6 Scanning tunneling microscopy (STM)
Scanning tunneling microscopy was developed at IBM by Binnig and Rohrer and for this work they were awarded the Nobel price in physics in 1986.
They reported the first STM results from a surface in 1982. 64 The year after
STM recieved attention when it was applied to the Si(111)-7 × 7 surface.
The 7 × 7 reconstruction was heavily debated at the time, and STM was
the first technique that allowed the surface to be investigated at atomic
resolution, in real space. 65
The basic principle of STM is the tunneling between a surface and a sharp,
conductive tip. The tip is in close proximity to the surface and the distance
between them d, is often less than a nm. Due to the small distance between
the sample and the tip, electrons can leak between them through the vacuum gap by quantum mechanical tunneling. When a voltage U is applied
between the tip and the surface, a net current between them is obtained.
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This current is referred to as tunneling current, I T .
A schematic STM setup is illustrated in Figure 4.8 a). The position of the
STM tip is controlled by piezoelectric drivers. This allows for high precision in the tip movement over small distances. An image of the surface
is obtained by scanning the surface in the x- and y directions while either
maintaining a constant current or constant height, between the tip and the
sample. In the first mode the system keeps the current constant by changing
and recording the z position of the tip, using a feedback loop. In the second
mode the z position of the tip is kept constant and the current is recorded.
The result is a height (constant current) or current (constant height) map
of the scanned area.

Figure 4.8: a) Schematic illustration of an STM setup. b) Energy level diagram for a tip in
close proximity to a sample with a voltage U applied between them.

The tunneling current can be described by treating it as one dimensional
tunneling through a barrier, which is illustrated in Figure 4.8 b). The barrier
φ is the average of the work functions of the sample and the tip, where also
the bias applied to the sample has been taken into account. The electron
wave function decays exponentially into the barrier region and the current
is then roughly described by

−2d 2mφ/ħ
h
I∝e
(4.8)
where d is the tip-sample distance and m is the electron mass. Even though
this is a very crude estimation of the current it reveals that the current dies
off exponentially with d. An increase in the distance by one Å will drop
the current by roughly an order of magnitude. This extreme sensitivity
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to changes in the tip-sample distance gives STM an extremely high spatial
resolution in the z direction.
For a more accurate quantum mechanical treatment of the tunneling current, the overlap of the states in the tip and the surface needs to be taken
into account. Bardeen, 66 followed by Tersoff and Hamann 67,68 were some
of the first to provide further insight into the tunneling current. Tersoff
and Hamann approximated the tip state with an s-wave and found that the
tunneling current was proportional to the local density of states (LDOS)
of the sample at the Fermi energy. The tunneling current therefore gives
information not only about the topography of a surface, but also about it’s
electronic structure. Also, both empty and filled states of the sample can
be probed by using either positive or negative biases. If the sample has a
negative bias with respect to the tip, electrons will tunnel from the sample
to the tip, hence filled states of the sample is probed. Positive sample bias
probes the empty states of the sample.
Because STM is sensitive to the LDOS of the surface, the system can also
be used to perform spectroscopy measurements, called scanning tunneling
spectroscopy (STS). An STS measurement is performed by halting the scanning and keeping the tip fixed on the position where the measurement is
to be made. Typically the feedback loop is also turned off so the sample-tip
distance is constant during the measurement. By then sweeping the voltage over a range while simultaneously recording the current an I-V curve is
obtained.
The current will be higher at voltages where the LDOS are higher, therefore the I-V spectra will contain information about LDOS as a function of
tunneling biases. Derivatives with respect to the bias are often used to obtain more clear qualitative information about the position of various states
around the Fermi level.
STM and STS can provide a wide range of important information about
molecules on surfaces. For instance, with decent resolution it is possible to
determine what structures the molecules form and their unit cell sizes. With
submolecular resolution it is also possible to find information about the
molecular orbital shapes at different biases, adsorption sites with respect
to the surface and information about the intermolecular interactions.
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4.7 Low energy electron diffraction (LEED)
LEED is a standard technique in surface science. It can be used to investigate the order and periodicity of a surface. The wavelength of an electron
is given by the de Broglie relation:
λ=

h
h
=
.
p
2meV

(4.9)

Using this equation it can be shown that for electron energies in the range
from 20 to 300 eV the electron wavelength is comparable to the atomic
spacing in a crystal, which is required for the diffraction conditions to be
fulfilled. This energy range also makes this technique very surface sensitive
as the scattered electrons originate from the first few Å as can be seen in
Figure 4.4.

Figure 4.9: a) A typical LEED configuration consisting of an electron gun, electrostatic filters
(grids) and a fluorescent screen in a concentric hemisperical arrangement, with the surface at
the center of the sphere. The electrons that are scattered from the sample are filtered through
a number of grids which only allow elastically scattered electrons to pass. These electrons
are accelerated towards the screen where they are detected by (for instance) a phosphorous
screen as light spots. b) Schematic illustration of reciprocal space of a surface together with
the Ewald sphere construction.

A typical LEED configuration is presented in Figure 4.9 a). The electrons
are generated by a hot filament in the electron gun and are accelerated toward the sample. On their way to the sample the electrons passes through
a lens system wherein the electrons are focused by voltages applied to the
lenses. The electrons hit the sample and are backscattered from it. If the
surface have a ordered and periodic structure the backscattered electrons
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will be elastically diffracted electrons. Secondary electrons with lower kinetic energies will also be produced. These are however filtered out by
grids that only allow electrons that have been elastically scattered to pass.
The electrons that pass the grids will then be accelerated by a screen voltage, typically 5 kV, towards a fluorescent screen where the electrons are
detected. Due to the concentric hemispherical arrangement of the grids
and the screen, the resulting pattern that is observed, is a direct projection
of the reciprocal space of the surface.
LEED is extremely useful for obtaining qualitative information about the
surface. The periodicity of a surface structure can be determined with respect to the bulk periodicity. The quality of a prepared surface can be inferred by studying the sharpness of the LEED spots. The LEED pattern must
have sharp diffraction spots and low background for the surface to have low
amount of defects and long range ordering. Defects give broader spots and
a higher background due to electrons that are elastically scattered from
them. The LEED pattern also provides information about the orientation of
the sample. This is useful in ARUPS experiments where one might want to
align a certain direction of the sample with the electron analyzer.
To describe the theory behind LEED one needs to describe the reciprocal
space of a two dimensional surface structure. If a periodic 2D surface
structure is described by two lattice vectors in real space, a1 and a2 , the
corresponding lattice vectors in reciprocal space a∗1 and a∗2 are given by
a∗1 = 2π

b
a2 × n
,
|a1 × a2 |

a∗2 = 2π

b × a1
n
|a1 × a2 |

(4.10)

b is the surface normal. However, to be able to formulate a diffracwhere n
tion condition in this reciprocal space, the component normal to the surface
needs to be taken into account. This can be done illustratively for a true 2D
structure by considering that the atomic planes normal to the surface are infinitely far apart in real space. In reciprocal space this results in the distance
between atomic planes normal to the surface having zero distance between
them. Hence the reciprocal space of a 2D structure can be described by infinitely dense rods normal to the surface that originate from the 2D lattice
points in the surface described by a∗1 and a∗2 . This is schematically drawn
in Figure 4.9 b).
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The elastic scattering from diffraction can now be described using Ewald
sphere construction by making a circle with radius equal to |k|, the wave
vector for the incoming electrons. The diffraction conditions are fulfilled
at all places where the rods cross the Ewals sphere. LEED spots generally
show an intensity variation with respect to the electron energy for several
reasons. One reason is multiple scattering of the electrons. This can actually provide information about the atomic arrangement within the unitcell
by studying how the intensities change with respect to the electron energy
of the incoming electrons. Another reason is that the reciprocal rods can be
modulated due to the partial 3D structure of the surface. The surface morphology can also change the spots intensity with respect to electron energy,
but also change the spot profile. For instance in the pattern from a stepped
surface each spot can be split into several spots.
Many systems involve LEED patterns where the spots originate from different structures. For instance, metal induced reconstructions have a simple 1 × 1 pattern from the bulk and a different pattern from the surface
structure. In these cases the LEED pattern is simply a combination of spots
from the reciprocal space of the bulk (b∗1 ,b∗2 ) and the surface, (s∗1 ,s∗2 ). One
can complicate this further by studying molecules on metal induced reconstructions, where the LEED pattern then originates from three structures.
Molecules on weakly interacting surfaces tend to produce LEED patterns
that are fairly complex, and involve many spots. An example of this is
presented in Figure 4.10 where the LEED pattern of the clean surface is
presented in a), while b) shows the LEED pattern after 1 ML PTCDI has
been evaporated onto the substrate.
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p
p
Figure 4.10: LEED images of a) a clean Ag/Si(111)- 3 × 3 surface and b) same surface
after 1 ML PTCDI have been evaporated onto it. In both images the 1 × 1 spots from the bulk
p
p
are marked with blue circles and the 3 × 3 spots are marked with red circles. All other
spots in b) originate from the molecular layer.
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Chapter 5
Introduction to papers
Paper I
p
In this paper, the morphology of thin PTCDI films on the Ag/Si(111)- 3 ×
p
3 surface is studied using STM and LEED. The electronic structure around
the Fermi level is also studied using STS. At low submonolayer coverages
the molecules form well-ordered 1 ML films that nucleate near defects and
step edges. In these films the molecules only grow in one phase, the canted
phase. The films are elongated in the direction of the rows in the canted
p
p
phase. In the 1 ML thick films, rows of darker molecules form a 3 39× 21
superstructure. At a coverage of 2 ML the aforementioned superstructure
p
p
is not visible. However, a c((12/5) 39 × 2 21) superstructure can be observed at 2 ML, under certain tip conditions. The growth is characterized
as layer-by-layer, however above 2 ML coverage new layers can start to
grow before the previous layer is complete. This usually happens when
the growth direction of the preceding layer is hindered by a step edge or
another island. The STS data show that the electronic structure of the
molecules is changed due to the interaction with the substrate. The spectra
recorded at 1 ML PTCDI coverage have three filled states at -2.5, -1.2 and
-0,3 eV, and two empty states at 0.6 and 2.0 eV relative to the Fermi level.
This is considerable different from the multilayer spectrum, in which one
filled- and one empty state are found at -2.5 and 1.5 eV, with respect to the
Fermi level.
Paper II
p
p
In this paper, the electronic structure of PTCDI on Ag/Si(111)- 3 × 3
is studied using XPS, UPS and NEXAFS. The core-level spectra show that
there is an molecule/substrate interaction that involves the imide group.
The core-levels that are related to the imide group have an extra feature on
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their low binding energy side at low coverages. In the C 1s core-levels there
is also a shift of the main peak related to the perylene core towards lower
binding energies at low coverages. The main peak is also more symmetric
at low coverages because the low binding energy side has more relative intensity, than at high coverage. The Si 2p core-level shows a small shift of
0.16 eV towards lower binding energies when PTCDI is evaporated. This is
interpreted to be due to band bending since the shape of the Si 2p peak is
unaltered. UPS and NEXAFS spectra also show that the HOMO and LUMO
levels are affected by the interaction with the substrate. The multilayer UPS
spectra only have one pronounced feature at 2.4 eV below the Fermi level.
The 1 ML spectra however have three extra states at 1.6, 1.0 and 0.3 eV
below the Fermi level. The feature at 1.0 eV is considered to be a surface
related feature since the clean substrate also has a feature at a similar energy position. The 1.6 and 0.3 eV features are however interpreted to be
related to the molecules. The NEXAFS spectra show a strong dependence
on the angles of incident light, where the transitions to π∗ are strong at
gracing incidence and low at normal incidence. This is interpreted as the
molecules being adsorbed flat on the surface. The transitions to the LUMO
also show a strong dependence on the PTCDI coverages, i.e. these transitions are heavily depressed at low coverages. From these results it is argued
that the interaction with the substrate results in two types of molecules with
shifted HOMO/LUMO pairs but similar gaps. One type receives charge from
the interaction with the substrate, which explains the extra features at low
binding energy in the core-level spectra. These molecules also have their
LUMO pulled under the Fermi level, which explains the depression of the
LUMO related resonances in NEXAFS and the state at 0.3 eV below the
Fermi level, in UPS.
Paper III
p
p
In this paper, the delicate interactions of PTCDI on Ag/Si(111)- 3 × 3
are studied using STM and ARUPS. High resolution STM images are used to
study the shape of the molecular orbitals at different biases. The molecule/
substrate interaction clearly modifies the orbital shapes as they are quite different at 1 and 2 ML PTCDI coverage. The number of lobes that are found
in the orbitals changes when using biases corresponding to the different
states that were found in Paper I and II. The STM images are also used to
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study how the intermolecular interactions affect the shape of the orbitals.
Clear asymmetries are found in the orbitals due to inter-row O· · ·H hydrogen bondings, and lobes are also found between molecules. The positions
of these lobes match the positions where the O· · ·H and O· · ·H-N hydrogen
bondings are supposed to reside. The ARUPS data are used to thoroughly
investigate the electronic structure of the system. The data shows that the
states around 0.3, 1.5 and 2.4 eV below the Fermi level indeed are related
to the molecules, while the states around 1.0 eV are derived from the substrate. The ARUPS data also show that the interaction with the substrate
is quite weak, since the substrate keeps its electronic structure after PTCDI
has been deposited.
Paper IV
In this manuscript, the morphology of thin PTCDI films on the Sn/Si(111)p
p
2 3×2 3 surface is studied using STM and LEED. The molecule/substrate
interaction is quite strong and the molecules are locked into specific adsorption geometries. The molecules also form 1D rows. Three different types of
rows are identified. In the two most common row types, two neighbouring
molecules are determined to be interacting through two O· · ·H hydrogen
bondings. In the least common type of rows, the molecules are interacting
with their neighbours through the H atoms along their sides. STM images
recorded at low coverage, using different bias voltages, reveal that the electronic structure of the PTCDI molecules is changed by the interaction with
the surface. States are found around -1.0 and 1.0 eV which are inside the
normal HOMO-LUMO gap of the molecules. At PTCDI coverages around 0.5
p
p
ML, the 1D rows interact and form patches of a commensurate 4 3 × 2 3
reconstruction. At coverages close to 1 ML, several 2D structures can be
found, which are based on the previous 1D rows. Most of these structures
involve O· · ·H-N hydrogen bondings. The film growth above 1 ML is characterized as island growth. The molecules are arranged according to the
canted phase in the islands.
Paper V
In this manuscript, the electronic structure of PTCDI on the Sn/Si(111)p
p
2 3 × 2 3 surface is studied using XPS, UPS and NEXAFS. The core-level
spectra show that the C atoms in the imide group strongly interact with the
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surface, since the entire peak is shifted about 1.5 eV towards lower binding
energies at low coverages. The N 1s core-level peak has a feature on its
lower binding energy side at low coverages, indicating that some of the N
atoms are involved in the interaction. The O 1s core-levels however are almost unaffected by the substrate interaction and only exhibit a slight shift at
low coverages. This is similar to the perelyne core related C 1s core-levels,
which also shift slightly toward lower binding energies, at low coverages.
The Sn 4d core-level spectra have the opposite behaviour: After deposition
of PTCDI, a new component is found at higher binding energy, therefore
the Sn atoms lose charge in the interaction with PTCDI. This suggests that
the molecule/substrate interaction is mainly through charge transfer from
the Sn atoms directly to the the imide C atoms and some of the N atoms.
The HOMO and LUMO levels are also affected by the interaction with the
substrate. The first transition to the LUMO is completely missing in the
NEXAFS spectra at low coverages. In UPS spectra the regular HOMO is
found around 2.3 eV below the Fermi level at all coverages, but at low coverages there is an additional state at 1.1 eV below the Fermi level. This is
interpreted as a split of the HOMO level and a lowering of the LUMO level
due to the charge transfer from the substrate.
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Electronic Structure and Film Morphology
Studies of PTCDI on Metal/Semiconductor
Surfaces
In our modern world we are surrounded by electronic devices that have
become integral to how we live our lives. Central to most electrical devices are
semiconductors such as silicon. The last decades a new type of materials, organic
semiconductors, have received increasing attention. There exists a wide variety
of these materials with a wide range of properties, so an organic molecule can
be selected or even tailored for specific applications. Their tunable electronic
properties have made it possible to use them in devices such as solar cells and
light emitting diodes. Organic semiconductors have additional benefits, such as
low weight and mechanical flexibility, which opens the horizon for new potential
novel applications. A common device architecture involves layers of organic
semiconductors sandwiched between metallic or semiconducting electrodes.
The thesis presents the use of complementary microscopy and spectroscopy
methods to study thin films of the organic semiconductor PTCDI on two
different semiconductor surfaces with different interaction strengths. The
morphology of the film and its interface with the substrates are investigated.
Additionally, the molecular interaction with these substrates are studied in detail.
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