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1. Introduction 

Organic molecules as low band gap materials are promising candidates for 
active layer in organic devices such as solar cells or organic light emitting 
devices (OLED)1, 2. Investigation of the electronic structure and transfer of 
charge carrier of organic molecular films through interfaces is fundamental 
to improve the optical and electrical properties of the molecular film based 
devices3, 4, 5. It is important to study the electronic structure of molecular 
films at different molecular coverage (mono and multilayer), interaction of 
the molecular film with the substrate as well as transfer of charge carriers in 
order to design and control the efficiency of molecular devices. Furthermore, 
modification of the electronic structure of molecular films by introducing 
charge dopant is crucial for charge transport in these molecular systems. 

Development of new experimental instrument and techniques to investi-
gate the physical and chemical phenomena in the molecular systems resulted 
a great advances in this field. 

 Invention of Scanning Tunneling Microscopy (STM) by Binning and 
Rohrer in the mid 80’s was a revolution in this field6. It became possible to 
image surfaces, adsorbates and ordered molecular overlayer with resolution 
down to the atomic scale.  

X-ray Photoelectron Spectroscopy (XPS) and X-ray Absorption Spectros-
copy (XAS) are two other powerful techniques used to obtain information 
about occupied and unoccupied electronic states of the substrate and the 
molecular adsorbate, as well as the geometric orientation of the molecules on 
the surface. New generation synchrotron radiation facilities provide a tuna-
ble and polarized X-ray with high flux and high brilliance7. Combination of 
using a better X-ray source and high-tech devices provides more accurate 
and high-resolution data that give information about the physical and chemi-
cal phenomena occurring at the surfaces and interfaces of the adsorbate sys-
tems. 

Phthalocyanine (Pc) molecules are macro-cyclic compounds extensively 
studied in recent years due to the possibility to use them in different applica-
tions. They are extensively used as pigments and dyes and as model systems 
for important biological system/process due to their similarity to porphyrins, 
hemoglobin and chlorophyll8, 9. Pc molecules are good candidate for applica-
tion in organic solar cells or organic light emitting devices (OLED)1, 2. Those 
can also be used as the active elements in chemical sensors (gas sensors)10, 11 
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and have been successfully used in homogeneous and heterogeneous cataly-
sis during a long period for oxidation reactions12. 

This thesis focuses on studies of correlation between molecular film 
properties at different thicknesses, strength of interaction of molecular film 
with substrate and effect of temperature on intermolecular and adsorbate-
substrate interactions. Moreover, charge transport and modification of the 
electronic properties after alkali doping of Pc molecules have been studied.  

The investigations have been carried out using complementary spectro-
scopic and microscopic techniques that provide detailed experimental infor-
mation about the electronic and geometric structures of Pc’s on substrates. 

 
The thesis consists of eight chapters:  
• Chapter 1: Introduction 
• Chapter 2: Substrate and adsorbate. Includes a general introduction 

about the substrates, metal and metal–free phthalocyanine as the adsorb-
ate molecule, alkali doping and types of interaction as well as growth 
modes. 

• Chapter 3: Surface characterization techniques. This is a brief summary 
of the basic principle of Photoelectron Spectroscopy, X-ray Absorption 
Spectroscopy and Scanning Tunneling Microscopy 

• Chapter 4: Equipment and experimental set-up. In this chapter, the 
beamline and the sample preparation are explained. 

• Chapter 5: A brief research review. This chapter presents a brief review 
of the investigations that have been done. 

• Chapter 6: Summary of results. A brief summary of the results is pre-
sented. 

• Chapter 7: Summary and outlook 
• Chapter 8: Populärvetenskaplig Sammanfattning 
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2. Substrate and molecular adsorption 

Adsorption of molecules on a solid surface (e.g. a metal substrate) to form an 
organic thin film is affected by the chemical and physical interactions be-
tween the substrate and the adsorbate molecules. Further modification of the 
molecular film by introducing alkali metals into the molecular film affects its 
geometric and electronic properties. The substrate, the adsorbate molecule 
and the alkali dopant as well as their mutual interactions are discussed in the 
following. 

2.1. Substrate 
A single-crystal Au(111) substrate and a single-crystal Al(110) substrate 
have been used in our studies. Au is dense, soft and the most malleable and 
ductile known pure metal. It is a good conductor of heat and electricity. The-
se properties make it a promising material widely used in electronic, bio-
chemistry and physics applications13, 14, 15. Moreover, it is a stable material 
under UHV conditions and can be used for spectroscopic and microscopic 
investigations. Figure 2.1 shows an STM image of the ( 3×22) surface 
reconstruction of Au(111), well known as herringbone structure, consisting 
of alternating fcc and hcp domains separated by so-called soliton walls. Min-
imization of surface free energy is achieved by a zigzag structure of the soli-
ton walls, induced by partial dislocations at the turning points, i.e, elbow 
sites in the structure16.  
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Figure 2.1: A (150 nm × 150 nm) STM image of herringbone-reconstructed Au 
(111) surface was taken with (-1.3V, 0.96 nA). Brighter lines are the soliton walls, 
forming a zig-zag structure. 

Aluminum is a lightweight, soft and durable metal. It has different applica-
tions in industry and semiconductor technology. Al is used as a main con-
ductor between components in transistors and a good contact in semiconduc-
tor devices due to its low resistivity (2.7 mohm-cm)17, 18.  

 

2.2. Adsorbate 
Phthalocyanine molecules (Pc) are used as the adsorbed molecules in this 
thesis. Pc is a planar molecule, formed by four isoindole groups consisting of 
a pyrrole group coupled to a benzene ring. These isoindole groups are con-
nected via nitrogen bridging (N3 in Figure 2.2) forming a macro-cyclic mol-
ecule with a void in the center.  A metal atom fills the void in the center of 
the molecule and forms a metal phthalocyanine molecule (MPc) with four-
fold symmetry. In a case of metal-free phthalocyanine molecule (H2Pc), the 
hydrogen atoms are connected to two of the nitrogen atoms (N1) in the mo-
lecular center and form a two-fold symmetry molecule. Figure 2.2 shows a 
schematic of metal and metal-free phthalocyanine molecules. 
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Figure 2.2: Schematic of metal and metal-free phthalocyanine. N1, N2 and N3 are 
three non-equivalent nitrogen atoms in the molecule and Cp and Cb correspond to 
the pyrrole and benzene carbon, respectively. 

Phthalocyanine is used in many different applications such as solar cells, 
p-type organic semiconductors19, 20, gas sensors21, cancer therapy22, organic 
light-emitting devices23, 24 and magnetic switches25. 

The molecule is a good candidate for spectroscopic and microscopic stud-
ies due to its high thermal and chemical stability26, 27. Phthalocyanine thin 
films exist in different polymorphic forms depending on their growth condi-
tions28, 29.  

The most common forms are called α and β phases30, 31. In these two 
phases, the molecules are arranged in columnar fashion and the molecular 
stacks are parallel to each other. The α and β phases are distinguished by the 
angle formed between the normal to the molecular plane and the stacking 
direction of the molecules32. In the case of metal-free phthalocyanine mole-
cule, the angle is 26° and 45° in the α phase and β phase, respectively. The α 
phase is usually produced when the molecular film is grown onto the sub-
strate at room temperature. Annealing of an α-phase film at a temperature 
about 320°C (and up to 400°C) leads to a phase transition to the β phase and 
forms a more compact and stable structure25. Moreover, another phase, 
called x-phase, has been reported for this molecule, that forms the angle of 
42° between the normal to the molecular plane and the stacking direction33. 
This phase is considered as an intermediate phase between the α and β phas-
es. However, the arrangement of the Pc’s molecules on different substrates is 
under debate and the molecules do not form these phases in all cases. 
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2.3. Alkali dopant 
Investigation of charge carriers and parameters that control the efficiency of 
organic molecular films is fundamental to design molecular devices. Fur-
thermore, modification of the electronic properties of molecular films by 
introducing charge donation or acceptance from a dopant is crucial for 
charge transport in theses molecular systems 34, 35. p-type molecular films are 
created using an acceptor-like molecule such as F4-TCNQ that has a variety 
of hole transport matrices34. n-type organic molecular films are created using 
alkali metals34. Several theoretical and experimental studies of alkali doping 
on phthalocyanine films have been reported36, 37, 38, 39.  Alkali doping of or-
ganic films reduces ohmic resistance of the transport layer, e.g. a molecular 
film, and improve the charge transport in the molecular films34. Moreover, 
an electronic phase transition from semiconductor to metallic has been re-
ported for alkali doping of metal phthalocyanine (MPc) films35, 37. It has 
been observed that the alkali doping of MPc is a reversible process. Over-
doped MPc films can be de-doped by exposing the films to oxygen that re-
moves electrons from the film by oxidizing of the alkali metal. However 
recent photoemission studies of the MPc did not show metallic phase at any 
doping level of alkali doping 39, 40. 

2.4. Types of interaction 
The adsorption of atoms or molecules onto a solid substrate changes the 
electronic structure of the system. The adsorbates bond to the surface either 
via a physical interaction (physisorption) or a chemical interaction (chemi-
sorption)41. 

Physisorption is a weak interaction, mediated via long-range van der 
Waals forces. Therefore, there is no significant redistribution of the electron 
density in the molecules and the substrate, resulting in a weak adsorbate-
substrate interaction. Thus, in physisorption the electronic structure of the 
molecules or the atoms is not significantly perturbed upon adsorption, retain-
ing many gas-like properties. 

In contrast, chemisorption is a strong and site-specific process. The elec-
tronic structure of the adsorbate and the substrate is strongly perturbed upon 
adsorption, thus resulting in changes of the electron density of the system. 
As a result, either covalent bonds or ionic bonds are formed between the 
adsorbate and the substrate due to sharing of electrons. Covalent bond is 
usually formed between two non-metallic elements, for instance the bonds in 
an organic molecule, including s bonds and p bonds. Ionic bond is the chem-
ical bond between metal and non-metal elements. 
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2.5. Growth modes 
Epitaxial growth of thin films on a solid surface, e.g. a semiconductor or a 
metallic surface, is one of the important techniques in semiconductor tech-
nology. Many studies have been done in recent decades for better under-
standing the growth mechanism and related conditions42, 43, 44. A classifica-
tion of the growth modes has been proposed by Bauer et al.45. They intro-
duced three main modes, namely layer-by-layer (Frank-van der Merve, FM), 
island (Vollmer-Weber, VW) and layer-plus-island (Stransky-Krastanov, 
SK) modes. Figure 2.3 presents a schematic of the growth modes. 

 

 
Figure 2.3: A schematic of the growth modes, namely layer-by-layer, island and 
layer-plus-island  

The layer-by-layer growth mode is a two-dimensional growth, leading to 
the formation of a complete film on the substrate. In this mode, the interac-
tion between the substrate and adatoms (adsorbate) is stronger than the inter-
action between the adatoms.  

Instead, in the island growth mode the interactions among the adsorbates 
are much stronger than those between adatoms and the substrate. It leads to 
the formation of islands or three-dimensional adatom clusters on the sub-
strate.  

The layer-plus-island growth mode contains both the two-dimensional 
layer-by-layer and the three-dimensional island modes. Lattice mismatch 
between the substrate and the deposited film is one of the important factors 
that lead to this type of growth. Moreover, the surface energy of the substrate 
and the deposited film (overlayer) should be taken into account and deter-
mines the growth modes. If the surface energy of the substrate is higher than 
that of the overlayer, it will lead to either layer-by-layer or layer-plus-island 
growth modes. However, in the island growth mode, the surface energy of 
the overlayer is larger than that of the substrate. 
  

Layer-by-layer growth Island growth Layer-plus-island growth 
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3. Surface characterization techniques and 
equipment 

As mentioned earlier, the invention of new experimental instruments such as 
Scanning Tunneling Microscopy (STM) and the development of new genera-
tion synchrotron facilities provide better tools to study the physical and the 
chemical phenomena occurring at surfaces and interfaces. A general descrip-
tion about the experimental techniques and equipment used in this thesis is 
presented in this chapter. 

3.1. Synchrotron radiation, a unique light source 
Synchrotron radiation (SR) is an electromagnetic radiation generated by 
charged particles, typically electrons7. Electrons are accelerated at almost 
light speed around a circular path by an electric field. The accelerated elec-
trons emit radiation in a presence of magnetic fields that force them to travel 
on a curved trajectory. Synchrotron radiation is a polarized light with high 
flux and brilliance and the photon energy can be varied continuously from 
infrared (IR) (10-1 eV) to hard X-ray (105 eV) energy range. This provides a 
tunable and flexible light source that makes it an ideal light source for exper-
iments. All photoelectron spectroscopy experiments in this thesis have been 
performed at beamline I511 at MAX-lab, the national synchrotron radiation 
laboratory at Lund in Sweden. A brief introduction about the beamline is 
presented in the equipment section. 

3.2. Concepts in spectroscopy 
Spectroscopy in general is the study of interaction of electromagnetic radia-
tion with matter. It includes a variety of techniques that provide information 
about physical and chemical properties of the matter. Different techniques 
are categorized, depending on the wavelength of the electromagnetic wave, 
the physical concepts and technical equipment used. For instance, X-ray 
Photoelectron Spectroscopy (XPS), X-ray Absorption Spectroscopy (XAS) 
and Ultraviolet Photoelectron Spectroscopy (UPS) are different spectroscop-
ic techniques where photons are used in the X-ray and Ultra Violet energy 
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ranges (Figure 3.1). These techniques provide information about the occu-
pied and unoccupied density of states of the studied system.  

 
 
Figure 3.1: A schematic of different spectroscopic techniques  

More detailed descriptions of the techniques will be presented in following 
sections.  

3.3. Photoelectron Spectroscopy (PES) 
PES is based on the photoelectric effect, described by Albert Einstein in 
190546. A sample is irradiated by photons and electrons are ejected from the 
sample if the energy of the impinging radiation is higher than the ionization 
potential(s). Energy conservation implies that by knowing the photon energy 
(hν) and measuring the kinetic energy of the photoelectrons (EK) the binding 
energy (EB) of the photoelectrons can be determined as shown in equation 
(3.1), 

  EB = hν - EK – φ (3.1) 

EB is the target of investigation. In the equation hν is the known photon en-
ergy of the incoming light, EK is the kinetic energy of the photoelectrons 
measured by the spectrometer, φ is the work function, i.e. energy difference 
between the Fermi level and the vacuum level. 

The photoemission process can be divided into three steps. The first step 
is the photoexcitation of a core electron from a ground state with an initial 
energy level of Ei to a final state with energy of Ef. The photoelectron propa-
gates in a solid (matter) in a second step and finally it escapes from the solid 
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surface into the vacuum level. Propagation of the photoelectron in the matter 
will discuss with more details further.    

Intensity of PES spectrum depends on the escape depth and ionization 
cross section for each element. These two concepts are discussed with details 
further on.    

Resolution of the photoelectron spectrum is limited by core-hole lifetime 
and resolution of the experimental devices such as spectrometer. The short 
lifetime of an ionized atom responds to a relatively large uncertainty in the 
energy of the core hole due to Heisenberg uncertainty principle. This leads to 
a Lorentzian broadening in the spectrum. The equipment resolution can be 
controlled by change of pass energy and slit width of the spectrometer. Limi-
tation in the equipment resolution leads to a Gaussian broadening of the 
spectrum. Therefore, the final spectrum is a convolution of both Lorentzian 
and Gaussian broadening.   

PES is an element-specific method, since the core-level binding energies 
of different elements are unique. Formation of molecules, as well as bonding 
between atoms and molecules with a surface, slightly changes the electron 
orbital energies and causes an energy shift in the spectrum. This energy shift 
occurs due to the presence of chemically non-equivalent atoms and is called 
“chemical shift”. Therefore, PES is a chemically sensitive technique and is 
also called ESCA (Electron Spectroscopy for Chemical Analysis)47.  

X-ray photoelectron spectroscopy can be a surface-sensitive technique 
and can be used to study outermost atomic layers of the surface. The surface 
sensitivity arises from the interaction of the photoelectrons with solid (mat-
ter). The propagated photoelectrons in the solid can be elastically or inelas-
tically scattered. In the elastic scattering, the electrons escape the solid with-
out losing the energy and their kinetic energy is preserved, whereas the ine-
lastically scatted electrons lose some of their kinetic energy on their way out 
from the solid.  
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Figure 3.2: The universal curve of inelastic electron mean free path 

Figure 3.2 presents the relationship between the kinetic energy and the ine-
lastic mean free path of the electrons, the so-called “universal curve”48. At 
low kinetic energy, the electron does not have sufficient energy to interact 
with other electrons of the solid, resulting in a long mean free path. The low 
energy electron-electron scattering process occurs at the energy range be-
tween 5-20 eV, causing to excitation of plasmons in the solid. At a higher 
kinetic energy, the electrons on their way out from the solid can have enough 
energy to excite an interband transition, for instance excitation of a valence 
electron to a conduction band. Moreover, a photoelectron may have enough 
energy to ionize a core-level electron and create another photoelectron or an 
Auger electron. However, the electron with high kinetic energy spends less 
time to pass through a given thickness of solid and interact with other elec-
trons.  

At the minimum of the universal curve (20-50 eV) the mean free path is 
in the sub-nm range. Even at higher energy the mean free path stays well 
below 10 nm, making the XPS a surface sensitive technique. 

3.4. Final-state relaxation in PES  
Final state of PES is a photoelectron and an ionized atom or molecule. The 
new ionized atom or molecule will have a new potential state caused by the 
contraction of the system toward the nucleus. The electrons of the ionized 
atom or molecule are relaxed by redistribution of the electron density of the 
system either by rearrangement of the atomic level or charge transfers to the 
created core hole49. This process is called relaxation of the final state. The 
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final-state relaxation reduces the core ionization energy through these rear-
rangements49, 50. Therefore, a photoemission line in the photoelectron spec-
trum shifts to lower binding energy.   

For an adsorbate atom or molecule onto the surface, new final-state relax-
ation channels will open up and surface-induced relaxation can lower the 
final state energy by several eV49, 51. This type of screening is not present for 
a free atom or molecule. 

There are two types of screening of the adsorbate by the substrate, namely 
metallic screening and image potential screening49.  

The metallic screening of the adsorbate involves charge transfer from the 
substrate to the molecule. Strong screening of the adsorbate by the substrate 
is interpreted as chemisorption52.  

The image potential screening involves screening of the adsorbate on the 
metallic substrate. In this type of screening, the ionized state will not be 
screened by electron transfer from the substrate 49, 51. Therefore, the relaxa-
tion occurs by polarization of the metallic substrate in which a charge redis-
tribution in the metal causes a negative polarization charge. The positive 
charged state of the ionized atoms or the molecules is relaxed by the nega-
tive charged state of the metal substrate. These effects have been seen in 
both physisorption and chemisorption types of interaction of the adsorbate 
and the substrate53. 

Correlation of XAS and PES spectra with the final-state effect will be 
discussed with details in the summary part. 

3.5.  Satellite peaks 
“Multi-electron” excitations during photoemission process lead to satellite 
structures namely, “shake-up” and “shake-off” peaks50. These peaks appear 
at the low kinetic energy side (higher binding energy) of the main (one-
electron) photoelectron peaks. The shake-up transition is created due to exci-
tation of a valence electron to a bound state whereas the shake-off satellite 
peak is created due to excitation of the valence electron to a continuum state 
(above the vacuum level). For instance, the shake-up transition in the C1s 
spectrum of metal-free phthalocyanine molecule has been studied by time-
dependent density functional theory54. Two intensity contributions due to 
shake-up transitions associated to benzene and pyrrole carbons of the metal-
free phthalocyanine molecule have to be taken in consideration to fit the 
experimental C1s photoelectron results properly.  
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3.6. Fermi’s golden rule and ionization cross section 
Fermi’s golden rule (Eq. 3.2) provides information about the probability of 
transitions and their related intensity55, as given in the following.  

 
𝜔!" =

!!
ℏ

𝛹! ,𝛫! 𝐻!"# 𝛹! ,𝛫!
!𝛿 𝛦! − 𝛦! − ℎ𝜈   (3.2) 

The transition rate depends on the strength of the coupling between the ini-
tial state and final state of the system and the density of the final state. 𝐸!  is 
the energy of the multi-electron system in the initial state i with the wave 
function Ψ! and the wave vector Κ!. Ε! is the energy of the system in the 
final state f with the wave function  Ψ! and the wave vector Κ!. The delta 
function 𝛿 Ε! − Ε! − ℎ𝜈  gives condition of conservation of the energy. 
According to the conservation of the energy, the final state must be equal to 
the difference between the photon energy ℎ𝜈 and the initial state energy for 
the function to be non-zero.  

The Hamiltonian for the interaction between the electron and the photon 
of the electromagnetic field is determined by 

 
   Η!"! = !

!"
 Α ∙ p             (3.3) 

where A is the vector potential of the electromagnetic field and p is the mo-
mentum operator of the electron.  

Ionization cross section is the probability of ionization from different 
atomic levels of an element. The Fermi’s golden rule implies that the final 
states are different for the different spectroscopic techniques. For instance, 
the final states in PES can be described by the photoelectron and the remain-
ing ionized atom or molecule. The final state in XAS is a neutral atom or 
molecule with an excited electron.  

3.7. X-ray Absorption Spectroscopy (XAS) 
XAS was first used by a theory of Kossel in the 1920s to investigate the 
structure of matter and was for many years referred to as “Kossel struc-
ture”56. XAS is a technique to probe unoccupied valence states in a presence 
of a core hole57. It is an element-specific technique due to the unique binding 
energy of the core electron of the different elements. The photon energy is 
scanned across the absorption edge to excite core electrons to unoccupied 
valence levels and create core holes. These core-hole states can decay (with-
in 10-15 s) either by Auger electrons in low-Z elements such as N and C or by 
emission of fluorescence photon in high-Z elements.  
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The intensity of the transition is obtained from the cross section for the 
transition between the initial ground state and the final excited state calculat-
ed by the Fermi’s golden rule (Eq. 3.4) as derived below,   

 
𝜎!"#  ∝ Ψ! ,Κ! 𝐻!"# Ψ! ,Κ!

!𝜌 Ε! 𝛿 Ε! − Ε! − ℎ𝜈   (3.4) 

where 𝜎!"# ,, is the cross section of the X-ray adsorption and 𝜌 Ε!  is the 
density of the state for the final states. This equation shows that the XA pro-
cess is a “dipole interaction” between the photon and the electrons and leads 
to an angular dependence of the cross section. Therefore, the orientation of 
the molecular films or adsorbates on the surface can be probed58. Moreover, 
the “dipole selection rules” governs and transitions are allowed only if the 
difference of the angular momentum between the initial state and the final 
state is △ 𝑙 = ±1. For example, in a case of a K-shell excitation, the elec-
trons are excited from a 1s orbital to a p-type orbital. 

The XA spectra can be measured in three modes: Auger electron yield, 
partial electron yield and total electron yield. A dispersive-type electron 
energy spectrometer is used in the Auger electron yield by setting an energy 
window defined by the kinetic energy of the Auger transitions of the element 
of interest. In the partial electron yield, a retarding voltage is set in front of 
the XAS detector to retard the low kinetic energy electrons. In the total elec-
tron yield, all the emitted electrons (the photoelectrons and the Auger elec-
trons) from the sample are detected by a multi-channel plate detector. 

XAS is usually called Near Edge X-ray Absorption Fine Structure 
(NEXAFS) or Extended X-ray Absorption Fine Structure (EXAFS) depend-
ing on the energy range investigated. NEXAFS covers the spectral region 
from the threshold to about 50 eV above the edge and gives information 
about the unoccupied valence states of the system. EXAFS covers the region 
from 50 eV to several hundred eV above the edge and provide information 
about bond length and coordination.  

This thesis concerns the NEXAFS region and the absorption spectra are 
recorded with the Auger electron yield mode covering a region of about 30 
eV from above the edge.  

3.8. Scanning Tunneling Microscopy 
As mentioned earlier, the invention of the Scanning Tunneling Microscope 
(STM) was a revolution in the field of surface science and related areas. 
STM was invented by Binning and Rohrer in 1982 and they were awarded 
the Nobel Prize for this invention in 19866, 59. This technique provides in-
formation about distribution of the electronic states at the surface and real 
space images of the surface with atomic resolution. Moreover, it can be used 
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to manipulate single atoms or molecules to form artificial structures with the 
atomic scale60, 61, 62. 

3.8.1. Quantum mechanical tunneling 
STM is a local probe technique, which uses the concept of quantum mechan-
ical tunneling. Indeed, electrons can tunnel through an infinite potential bar-
rier between a very sharp metallic tip and a (semi) conducting surface, there-
fore creating a tunneling current63.  

 
 
Figure 3.3: A schematic of tunneling events between a metallic tip and a metallic 
surface, separated by a distance d. 

Figure 3.3 shows a schematic of tunneling events between the metallic tip 
and the metal surface. The tunneling probability increases exponentially with 
decreasing the width of the potential barrier, that is, the tip/ surface distance. 
Wave functions of electrons belonging to the tip and the surface can overlap 
when the distance between the tip and the substrate is a few Ångstrom. A 
bias voltage (V bias) is then applied resulting in a misalignment of the tip 
and surface Fermi levels, causing the electrons to tunnel from one to the 
other64. The tunneling current can be described by  

 

                           𝐼! = 𝑉𝜌! 𝐸!! exp −2𝑑 !!"
ℏ

   (3.5) 

where d is the potential barrier width (the distance between the tip and the 
substrate), m is the free electron mass, ϕ is the potential barrier height and 
𝜌! 𝐸!!  is the density of the state of the sample at the Fermi level. 

Different electronic states can be probed by changing the bias voltage65. 
In our instrument, negative bias voltage is applied to image filled states, 
whereas positive bias voltage are used to image empty states. 
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Figure 3.4: A sketch of the standard STM setup, consisting of the metallic tip, the 
scanner, the electronic controller and the vibration isolator64   

3.8.2. Imaging modes  
Figure 3.4 shows the important parts of a standard STM setup, consisting of 
a sharp metallic tip, a piezoelectric scanner, an electronic controller and a 
vibration isolation of the STM system. The STM tip is made by mechanical-
ly cutting or etching of thin platinum-iridium (PtIr) or tungsten (W) wires to 
obtain a very sharp tip, ideally with a monoatomic apex. The tips made of 
PtIr alloy are chemically inert and good for use in ambient condition, where-
as the W tips are stiffer and good for measurement under vacuum. The pie-
zoelectric scanner allows the tip movements with sub-Ångstrom precision. 
The tip scans over the substrate at a few Ångstrom (Å) distances. The elec-
tronic controller adjusts the position of the tip compared to the surface, de-
pending on the operating conditions that are presented further. STM is a 
computer-based technique and all processes from providing the tunneling 
current, bias voltage, collecting, storing and processing of the data are done 
by the computer software. Moreover, a good vibration isolation of the STM 
system is necessary to obtain high-resolution images. In the following dis-
cussion, imaging modes of the STM system are described in details. 

There are two modes of operation in STM, namely constant current and 
constant height modes. In the constant current mode, the tunneling current is 
set to a certain value typically between 0.1 nA to 10 nA. The distance be-
tween the tip and the substrate is constantly adjusted by the feedback loop 
during the scanning in order to keep the tunneling current constant. There-
fore, the tip follows the surface structure (Figure 3.5-a). The tip-surface dis-
tance is recorded for each lateral position of the tip, i.e. z = f(x,y), and gives 
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computer feedback

sample
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the topographic image of the substrate. This is the general operation mode in 
the STM method, although the scanning speed (rate) is limited due to finite 
response time of the scanner to the feedback loop.  

 

 
 

Figure 3.5:  Two operation modes of the STM method. (Figure 3.5-a) The constant 
current mode, in which the current is kept constant by the feedback loop during the 
scanning. (Figure 3.5-b) The constant height mode, in which the tip scans at a con-
stant height over the surface. (Courtesy: Emmanuelle Göthelid) 

In the constant height mode, the tip scans the substrate at an absolute con-
stant height that is chosen by the operator and the feedback loop is turned 
off. Therefore, the tunneling current is recorded as a function of the lateral 
position of the tip, i.e. I = f(x,y) (Figure 3.5-b). This operation mode has 
higher scanning rate due to switching off the feedback loop and is often used 
to observe dynamical processes66. However, the disadvantages of this mode 
are an increased risk of crashing the tip onto the substrate and a higher sensi-
tivity to thermal drift (internal heating of the experimental equipment during 
normal operation) due to switching off the feedback loop. Thus, this opera-
tion mode is suitable to study atomically flat surfaces at well-controlled tem-
peratures.  

3.9. Density Functional Theory (DFT) 
Density Functional Theory is a suitable method for calculation of the struc-
ture of atoms, molecules, crystals, surfaces and their interactions67. Theoreti-
cal simulations of the experimental results are often necessary for a correct 
interpretation of the spectral features. On the other hand the experimental 
data represent a valuable opportunity to test the validity of the description 
offered by different theoretical models of spectroscopic results68. 
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Part of the presented results in this thesis was obtained within an experi-
ment-theory collaboration. We compared our measurements with Density 
Functional Theory (DFT) simulations of the x-ray spectra. We could thus 
exploit the combination of experiment and theory to determine the contribu-
tions of different molecular orbitals in the valence spectra as well as the 
mechanisms of adsorbate-substrate interactions. DFT calculations have pro-
vided accurate and valuable interpretations of the experimental results in the 
papers II, IV and V. Different simulation methods and assumptions have 
been explained in the theoretical method part of the above articles.  
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4. Equipment and experimental set-up  

The experimental set-up, including equipment as well as sample preparation, 
will be explained in this chapter. All photoelectron spectroscopy experi-
ments have been performed at the surface end station of beamline I511 at 
MAX-Laboratory in Lund, Sweden. This beamline has been equipped with 
different devices in order to have better control of sample preparation and 
high accuracy in the experimental performance. The following part is a short 
description of this beamline. 

4.1. Beamline I511, MAX-lab 
The photoelectron spectroscopy and X-ray absorption experiments were 
performed at beamline I511 at MAX-Lab. This is an undulator-based beam 
line69. The surface end station of the beamline consists of two chambers, an 
analysis chamber and a preparation chamber with base pressures of 8 × 10-11 

and 5 × 10-10 mbar, respectively. The analysis chamber is equipped with a 
Scienta R4000 hemispherical electron analyzer, which can be rotated around 
the photon beam axis. Due to the end-station construction the incoming light 
is always hitting the sample at a grazing angle of 7° off the surface plane. 
The preparation chamber is equipped with sputtering and annealing facili-
ties, LEED, mass spectrometer and evaporators. The sample holder (manipu-
lator head) can be rotated independently, making it possible to change the 
angle between the surface and the E vector of the incoming light.  

The XAS spectra were detected at two different geometries with the elec-
tric field vector E of the light parallel and perpendicular to the surface. 

Figure 4.1 is a sketch of a typical hemispherical analyzer. It consists of 
several parts, mainly electrodes for acceleration, collection and focusing of 
the emitted electrons from the sample into the hemispherical part. The hemi-
spherical part consists of two inner and outer electrodes. Electrons with dif-
ferent kinetic energy pass through the hemispherical part, but only the elec-
trons with kinetic energy equal to the pass energy (EP) can be imaged in the 
middle of detector. These electrons pass through the hemispherical analyzer 
with a curve trajectory with the mean radius of 𝑅=(Rin + Rout)/2.  

Energy resolution (∆E) of the spectrum is obtained by the following equa-
tion. 
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   Δ𝐸 = 𝐸!× 𝑆 2.𝑅  (4.1) 
    

where S is the entrance slit and 𝑅 is the mean radius of the analyzer. 

 
Figure 4.1: A sketch of a typical hemispherical analyzer, consisting of different 
electrode parts, hemispherical part, multi channel plates (MPC) and CCD camera.  

4.2. Sample preparation 
The single-crystal Au (111) substrate was purchased from Surface Prepara-
tion Laboratory-SPL Company. The 3 × 22  surface reconstruction of Au 
(111) was prepared by cycles of argon sputtering and annealing to 720 K. 
The H2Pc molecule was purchased from Aldrich (98% dye content). The 
molecules were deposited, in situ, onto the sample in an evaporation cham-
ber under UHV conditions, using a home-built evaporator positioned a few 
centimeters away from the substrate. The evaporator consisted of a quartz 
glass tube with a diameter of about 5mm with a tungsten heating wire twist-
ed around it. The evaporator and the molecules were outgassed carefully 
before the deposition. The evaporation temperature was controlled by careful 
adjustment of the current used to heat the glass tube. The sample was kept at 
room temperature during the deposition of the molecules. The monolayer 
was prepared by annealing of the multilayer at 670 K.  

 

CCD camera

Multi-channel plate

Electron lens

Sample

Outer 
electrode

Inner
electrode



 31 

5. A brief research review 

Phthalocyanines (Pcs) have been studied extensively in the last two decades. 
A brief review of studies about geometric and electronic structure of phthal-
ocyanines at different molecular coverages and modification of the molecu-
lar film after alkali metals intercalation is presented in this chapter.  

 

5.1. Phthalocyanine monolayer and multilayer films on 
different substrates 
Studies of adsorption behavior, electronic structure and transfer of charge 
carrier of organic molecular films at different molecular coverages are fun-
damental to improve the optical and electrical properties of the molecular 
film based devices3, 4, 5. STM studies of metal phthalocyanines such as FePc, 
CuPc and CoPc on Au(111) substrate have revealed that the molecules at 
monolayer coverage are aligned with their molecular plane parallel to the 
surface forming a highly-ordered adlayer with a square unit cell. The mole-
cules in the multilayer film (from the second and third layers to higher thick-
nesses) are standing on the surface, i.e. with the molecular plane tilted with 
respect to the surface normal70, 71, 72. Furthermore, standing geometry or tilt-
ing of the molecular plane in the multilayer films have been confirmed by 
XAS studies of multilayer films of H2Pc on conductive glass (FTO)26 and 
graphite73 and FePc on Si(100)74. For such systems, the standing orientation 
of the molecular plane has been interpreted as a sign of a more significant 
molecule-molecule interaction with respect to the monolayer case, where the 
molecule-substrate interaction would has an important role.  

Moreover, PES studies of the phthalocyanine overlayers at different mo-
lecular covereges, i.e. monolayer and multilayer film, provide information 
about the electronic structure of the molecular film and the strength of inter-
action between the adsorbate and the substrate. Weak van der Waals forces 
have been reported upon investigations of adsorption of H2Pc and ZnPc on 
InSb(001), since the spectral appearance of the monolayer and the multilayer 
spectra did not change drastically75, 76. However, studies of a H2Pc molecular 
film on TiO2(110) showed that the C1s core-level spectrum of the monolayer 
is strongly modified 77. It was found that the reactivity of the substrate signif-
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icantly affects the strength of the adsorbate-substrate interaction. The bridg-
ing oxygen atoms on the TiO2 and dangling bonds of the Si substrate are 
known to make such surfaces reactive causing chemical interactions between 
the adsorbate and the substrate77, 78.  

5.2. Alkali-doped phthalocyanine films 
Modification of the electronic structure of organic molecular films by intro-
ducing alkali dopant is an object of interest recently. STM studies and 
transport measurement of alkali doped metal phthalocyanine (MPc) films 
revealed an electronic phase transition from semiconductor to metallic 
phase35, 37. It has been observed that the alkali doping of MPc is a reversible 
process. Over-doped metal phthalocyanine films can be de-doped by expos-
ing the films to oxygen that removes electrons from the film by oxidizing the 
alkali metal. Theoretical studies of K-doped ZnPc and MgPc have predicted 
an observation of an insulator-to-metal transition of Pc films upon alkali 
intercalation79.  Moreover, room-temperature conductance measurements of 
MPc molecules as a function of K concentration (between 0 and 4 K atoms 
per molecule) have revealed that the electronic structure of the molecular 
film changes drastically by alkali doping from insulator–to-metal depending 
of doping level, as reported in a work by Cracium et al.37. However, these 
results have not been confirmed by any other subsequent study. Recent va-
lence band photoemission studies of the MPc such as CoPc, FePc and CuPc 
did not show metallic phases at any alkali doping level39, 40.  
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6. Summary of results 

A brief summary of the results is presented in this chapter. The results in the 
first section concern molecular film properties at different thickness, strength 
of interaction of the molecular film with the substrate and effect of tempera-
ture on intermolecular and adsorbate-substrate interactions. Furthermore, 
modification of the geometric and electronic structures after alkali doping of 
Pc molecules is discussed in the second section of this chapter. 

6.1. Adsorption of metal and metal-free phthalocyanine 
on Au(111) at different molecular thicknesses 
It is fundamental to investigate electronic structure of molecular films at 
different molecular coverages (mono and multilayer), interaction of the mo-
lecular film with the substrate as well as charge transfer processes in order to 
design and control the efficiency of molecular devices. In the following, our 
results will be presented, which cover these fundamental subjects. 

6.1.1. Temperature-dependent adsorption of H2Pc monolayers on 
Au(111) (paper I) 
Adsorption of monolayers of metal-free phthalocyanine molecules (H2Pc) on 
the Au(111) 3 × 22  reconstructed surface has been investigated by 
Scanning Tunneling Microscopy (STM) at room temperature (RT) and low 
temperature (LT), namely 70 K. STM images of the system at both tempera-
tures revealed that the monolayer forms a densely-packed structure on the 
substrate with a square unit cell, and the molecules are aligned with their 
molecular planes parallel to the surface (Figure 6.1). Table 6.1 lists the val-
ues for the lattice parameters of H2Pc adsorbed on the Au(111) surface. It 
was found that the angle between molecular adsorption direction and the 
112  crystallographic orientation of the substrate is significantly changed 

from 30° at LT to ± 60° at RT.  
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Figure 6.1:  Low-temperature (left image, -1.45 V, 0.17 nA, 10.4 nm x 10.4 nm) and 
room-temperature (right image, -1.74 V, 1.01 nA, 21 nm x 18.6 nm) STM images of 
the monolayer coverage of H2Pc on the Au (111). b1 and b2 represent the unit vec-
tors, β is the angle between the unit vectors and θ is the angle between the molecular 
adsorption direction and the crystallographic direction of the substrate 

This difference is due to the adsorption behavior of the molecules onto the 
substrate at different temperatures. The difference becomes more evident in 
larger-scale images. Figure 6.2 shows the adsorption of H2Pc on the herring-
bone reconstructed Au(111) surface at LT (left image) and RT (right image).  

 
 
Figure 6.2:  Low-temperature (left image, -1.75 V, 0.03 nA, 54.8 nm × 54.8 nm) and 
room-temperature (right image, -1.74 V, 1.01 nA, 35.6 nm × 33.6 nm) STM images 
of the monolayer coverage of H2Pc on the Au (111). Crosses in the images indicate 
the symmetry axes of the molecules from one domain to the other. 

The molecular adsorbates on the surface reconstruction are clearly visible in 
the STM images. The bright rows correspond to the soliton walls of the gold 
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herringbone reconstruction following the 112  direction of the substrate. At 
LT, the H2Pc molecules form domains with well-defined boundaries, follow-
ing the elbow sites of the gold herringbone reconstruction. It can be seen in 
the corresponding images that the adsorption direction of the molecules is 
dependent on the underlying reconstruction and follows the substrate struc-
ture, i.e. the molecular adsorption direction changes at the elbow sites. How-
ever, the orientation of the molecular symmetry axes (x and y) stays identical 
from one domain to the other, as evidenced by the two crosses in the image. 

In contrast, RT STM studies of the system (right image in Fig. 6.2) 
showed that the angle between the molecular adsorption direction and the 
substrate 112  direction varies, with an angle of about ± 60°. Indeed, the 
adsorption direction of the molecules remains unchanged across the elbow 
sites, the molecules themselves rotating instead to follow the underlying 
substrate structure. The symmetry axes (x and y) of the molecules at the 
elbow site are shown with crosses in the image. Therefore, very few domain 
boundaries are created in this temperature. These results are similar to what 
has been found in LT STM studies of FePc adsorption on Au(111)70, 80. It 
was reported that at monolayer coverage the adsorbate molecules rotate at 
the elbow site to follow the substrate structure. 

These differences observed for the molecular adsorption at the two stud-
ied temperatures can be explained by the strength of molecule-molecule and 
molecule-substrate interactions. At LT, the intermolecular interaction is 
more significant, keeping the orientation of the molecules themselves con-
stant from one domain to the other, thus causing a change in the molecular 
adsorption direction at the elbow sites. At RT instead, STM studies of H2Pc 
on Au indicate that adsorbate-substrate interaction plays an important role, 
resulting in rotation of the molecule at the elbow sites, allowing their adsorp-
tion direction to remain unchanged. The same argument is valid in LT STM 
studies of adsorption of FePc on Au (111), where molecule-substrate interac-
tion was more significant in the monolayer coverage, causing the rotation of 
the molecules at the elbow site.  

 
Unit cell H2Pc LT H2Pc RT 

b1 1.43 ± 0.04 nm 1.51 ± 0.08 nm 
b2 1.38 ± 0.07 nm 1.44 ± 0.03 nm 
β  87.7° ± 1.0° ∼90°  
θ  29.7° ± 1.5° ± 60° 
δ 27.4° ± 1.9° varying 

Table 6.1: Values for the parameters of H2Pc adsorbed on Au(111) at low and room 
temperatures 
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6.1.2 Geometric and electronic structure of H2Pc monolayer and 
multilayer film on Au(111) (paper II) 
Adsorption of monolayers and multilayers of metal-free phthalocyanine 
molecules (H2Pc) on Au(111) 3 × 22  reconstructed surface (at room 
temperature) was investigated by X-ray Photoelectron Spectroscopy (XPS) 
and X-ray Absorption Spectroscopy (XAS). 

The carbon 1s core-level photoemission (PE) spectrum for the monolayer 
exhibits a two-component spectral feature while the multilayer spectrum 
consists of three main features (Figure 6.3.a). In both the monolayer and the 
multilayer spectra, the most intense peak at lower binding energy (284.1 eV 
and 284.9 eV respectively) corresponds to benzene-type carbon atoms. The 
second peak, at 281.3 and 286.5 eV for the monolayer and multilayer respec-
tively, is due to pyrrole-type carbon atoms together with the shake-up transi-
tions associated with the benzene carbons. Finally, a low-intensity peak at 
288.4 eV BE is resolved in the multilayer spectrum, and is associated with 
the shake-up transition of almost exclusively pyrrole carbons. 

 
 
Figure 6.3: C1s and N1s PE spectra of the monolayer and the multilayer coverages 
of H2Pc on Au(111) 

Figure 6.3.b presents N1s core-level spectra obtained on the phthalocyanine 
monolayer and multilayer. The monolayer spectrum exhibits a main peak at 
398.1 eV followed by a (low intensity) feature at 399.6 eV. The multilayer 
spectrum consists of two main components at 398.9 and 400.4 eV BE, fol-
lowed with two broad intensity features at 402.6 eV and 404.6 eV BE. These 
components (and features) are associated to the three non-equivalent nitro-
gen atoms in the molecule and the shake-up and shake-off transitions, re-
spectively. 

Comparison of the binding energy of the different components in the 
monolayer and the multilayer spectra of C1s and N1s shows a shift to higher 

(a) (b)
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BE for the multilayer with respect to the monolayer. This can be attributed to 
final-state effects, i.e. different core-hole screening for the different molecu-
lar coverage. Moreover, in the monolayer film, the interaction between the 
molecular overlayer and the substrate is stronger than in the case of the mul-
tilayer film as m. As a result, the electronic structure of the molecular film is 
perturbed by the substrate, causing a redistribution of the electron density of 
the system, manifested by the changes of the spectral appearance of the 
monolayer spectrum in comparison with the multilayer spectrum, the later 
being more similar to the molecular (gas phase) spectrum54. Thus, the bind-
ing energy shift and the small changes of the line appearance observed in the 
spectra of the mono- and the multilayer can be also related to initial-state 
effects, i.e to the different interaction between the adsorbate and the sub-
strate for the two coverages. The broadening and the binding energy separa-
tion of the two main peaks in the C1s XP spectra (1.2 eV for multilayer and 
1.6 eV for monolayer) can be regarded as a fingerprint of surface-induced 
modification of the molecular layer.  

This is further confirmed by X-ray Absorption Spectroscopy (XAS) stud-
ies, which show a decreased density of unoccupied states due to charge 
transfer from the Au substrate to the molecules. N1s XAS measurements 
were performed on the monolayer and multilayer film with the polarization 
E vector of incoming light aligned perpendicular (𝐸!, right spectra in Figure 
6.4) and parallel to the surface (𝐸∥, left spectra in Figure 6.4).  

At E⊥, the monolayer spectrum shows a π* feature at 398.3 eV together 
with very low-intensity peaks at 399.9 eV and 401.9 eV. For the multilayer 
film, a high-intensity π* feature is observed at 398.2 eV, together with lower 
intensity peaks at 399.9 eV and 402.3 eV, followed by a low-intensity σ* 
feature at 403.6 eV. A previous theoretical study on a single H2Pc molecule 
based on Density Functional Theory (DFT) calculations revealed the atomic 
origin of the N K edge absorption peaks26. 
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Figure 6.4:  N1s XAS spectra of monolayer and multilayer films of H2Pc/Au (111) 
at two different experimental geometries: (right panel) where the E vector of the 
incoming light is perpendicular and  (left panel) parallel to the surface. Solid black 
lines in the XA spectrum of the monolayer (for both experimental geometries) mark 
the N1s PE binding energy of the monolayer 
 

The relative intensities of the π* and σ* features for the two experimental 
geometries reveal that the molecules both in the monolayer and in the multi-
layer films are aligned with the molecular plane parallel to the surface. We 
had already found such a parallel orientation of the H2Pc in the monolayer 
on Au(111) in our previous STM study (paper I) where we could observe 
that the monolayer forms a densely-packed structure on the substrate with a 
square unit cell. However, concerning the multilayer coverage, the parallel 
alignment of the molecules with respect to the surface is in contrast with 
what has been reported for other multilayer systems such as H2Pc on conduc-
tive glass (FTO)26 and graphite73 and FePc on Si(100)74 where the molecules 
had been oriented in standing geometry with respect to the surface.  

In our investigated system, the influence of the Au substrate seems to be 
strong enough to cause the monolayer affects the orientation of the subse-
quently deposited molecular layers within the film. 

Our results indicate that the interaction of the molecule with the surface 
affects the N1s XA spectrum for the monolayer.  Observation of changes in 
the intensity of the LUMO (Lowest Unoccupied Molecular Orbitals) peaks 
of the monolayer compared with the one for the multilayer XA spectrum 
supports this argument.  

The intensity in XAS is related to the occupancy of the orbital that the 
core electron is excited into. Then the different intensity of such threshold 
peaks (LUMO peaks) can be related to a charge transfer from the substrate to 
the molecules, indicating a quite significant molecule-surface interaction.    

N  K edge

E Substrate

N  K edge

E  Substrate
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Furthermore, the interaction between H2Pc and the Au substrate has been 
analyzed by DFT calculations. A side view image of Figure 6.5 shows of the 
relaxed molecule (slightly bucking of 0.3 Å) with an average distance of 2.9 
Å from the surface. Within the molecule, the central N bound to H has the 
largest distance to the surface, 3.1 Å, while the benzene rings are closer to 
the surface with a distance of 2.8 Å. One of the molecular symmetry axes is 
aligned parallel to a surface lattice vector, in agreement with the STM meas-
urements on the same system performed by our group27.   

 
 
Figure 6.5: Hexagonal gold cluster consisting of 37 gold atoms of the Au(111) sub-
strate top layer, plus the relaxed adsorbed H2Pc. One of the molecular symmetry 
axes is aligned parallel to one surface lattice vector. The molecule shows an overall 
vertical distortion of 0.3 Å due to interaction with the surface. Yellow spheres: gold 
atoms; brown spheres: carbon atoms; light blue spheres: nitrogen atoms; white 
spheres: hydrogen atoms. 

Monolayer XAS simulated spectra at the experimental geometries with the E 
vector almost parallel and perpendicular (7° and 83°) to the substrate are 
shown in figure 6. 6 and 6. 7. In the geometry of E parallel (7°), the first 
small peak is partly due to the 7˚ tilted experimental configuration, which 
results in a projection of π states onto the measurement. In the inset of this 
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figure, we have compared the threshold region of the XA spectrum of the 
relaxed molecule with and without the gold cluster. Therefore, the features at 
lower energies (between 397 and 398 eV) arise from the interaction with the 
gold atoms. These peaks are generated by pyrrole and aza-bridge N atoms. 
The second peak has small contributions deriving from the molecular distor-
tion induced by the adsorption, as can be seen in the total XAS of the single 
molecule at 0° in Figure 6.6.  However, larger contributions arise from inter-
actions with the surface. 

 
Figure 6.6: Experimental (red dotted line) and total theoretical (black line) N1s XA 
spectra for the E║ configuration. The calculated spectrum is simulated for an angle 
of 7° between the molecular plane and the E vector. The contributions of all the 
different N species e.g. center N-H (purple line), pyrrole-N (green line) and aza-
bridge-N (blue line) are plotted. In the inset we show the photon energy region be-
tween 395.0 to 401.5 eV. The black line is the total theoretical curve XAS at 0° 
between the molecular plane and the E vector, and the black dashed curve is the 
single-molecule calculation at 0°. 

Figure 6.7 shows the XA simulation at the geometry with the E vector per-
pendicular to the surface (83°). The first peak at 398.5 eV is originated by 
the pyrrole and by the aza-bridge N.  A comparison with the single-molecule 
calculations (not presented here) shows that the shoulder at lower energy 
(about 397.5 eV) arises from the interaction with the gold cluster. The se-
cond peak (at about 400 eV), which has lower intensity compared to the 
multilayer case, has contributions from all nitrogen species.  
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The XAS results indicate a combination of charge transfer and molecular 
structure deformation upon adsorption on the Au(111) substrate. 

Since the line profiles in the C1s and N1s XP spectra of the monolayer 
are not so drastically changed with respect to the multilayer (more molecu-
lar-like case) we cannot exclude that what we see in the XAS spectra could 
be due to some strong interaction channel, which opens as the core hole is 
created81. 

 
Figure 6.7:  Experimental (red dotted line) and total theoretical (black line) N1s XA 
spectra for the E⊥ configuration. The calculated spectrum is simulated for an angle 
of 83° between the molecular plane and the E vector. The contributions of all the 
different N species e.g. center N-H (purple line), pyrrole-N (green line) and aza-
bridge-N (blue line) are plotted. 

6.1.3 Geometric and electronic structure of MPc monolayer and 
multilayer film on Au(111) (paper III) 
Adsorption of monolayers and multilayers of zinc phthalocyanine (ZnPc) 
and iron phthalocyanine (FePc) molecules on Au(111) 3 × 22  recon-
structed surface has been investigated by X-ray Photoelectron Spectroscopy 
(XPS) and X-ray Absorption Spectroscopy (XAS). 

Figure 6.8 (left panel) shows the carbon 1s core-level photoemission (PE) 
spectra for the monolayer (ML) and thick films (TF) of ZnPc and FePc, be-
fore and after annealing. Deposited ML and TF spectra of FePc and ZnPc 
exhibit two main spectral features followed by a low-intensity peak at the 
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higher binding energy associated to shake-up transition of benzene carbon. 
The two main peaks are related to the benzene carbon (CB) at lower BE fol-
lowed by pyrrole carbon (CP) peak. Comparison of the binding energy of the 
different components in the monolayer and the thick film spectra of ZnPc 
and FePc shows a shift to higher BE for the TF with respect to the ML. This 
can be explained due to different screening of the molecular film as a func-
tion of molecular coverages. Furthermore, the spectral features of the TF of 
ZnPc are broader and shows a higher shift in BE comparing the ones for the  
FePc thick film.  This can be attributed to different ordering and orienta-
tion in the two films leading to different conductivity and screening. 
The alignment of the molecular films at different coverages is further 
discussed by XAS measurements. 

Figure 6.8 (right panel) shows the carbon 1s core-level photoemission 
(PE) spectra for the monolayer (ML) and thick films (TF) of ZnPc and FePc 
after annealing. The ML spectra of ZnPc and FePc are very similar in line 
shape and BE positions. The annealed TF spectrum of the ZnPc film has 
shifted more toward lower BE comparing with TF of FePc. We believe that 
this is due to a thicker FePc film before annealing that partly remains after 
annealing. Moreover, the spectra at higher BE seem more asymmetric and 
the intensity of the shake-up transitions has decreased. 

 
Figure 6.8: C1s spectra recorded from the MPc/Au(111) system at different prepara-
tions.   
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Figure 6.9: N K-edge NEXAFS spectra at different preparations under p and s polar-
ization for (a) ZnPc and (b) FePc molecules on Au(111) 

Figure 6.9 presents N K-edge NEXAFS spectra of ML and TF films of ZnPc 
and FePc on Au(111) before and after annealing. The spectra are measured 
in two different polarizations; light polarization E vector parallel (s) and 
orthogonal (p) with respect to the sample surface. Spectra recorded at p-
polarization from MLs of FePc and ZnPc are dominated by peaks between 
398 eV and 405 eV. The spectrum from the ZnPc monolayer consists of four 
peaks at photon energies 399.2 eV (A), 400.4 eV (B1), 401.1 eV (B2), and 
finally 402.9 eV (C), whereas the FePc monolayer spectrum has peaks at 
398.7 eV (A1

’), at 398.9 eV (A2’) 400.7 eV (B’) and 402.4 eV (C’), in a good 
agreement with literature74. These peaks are assigned to the transitions from 
N1s to unoccupied π* orbitals with contribution from N2p orbitals. At s-
polarization (E vector parallel to the surface) a broader feature is observed at 
higher photon energy, due to N1s to σ* transitions. The larger width is due to 
short life-time of n1s transitions to σ* excited states82. Annealing the mono-
layers does not change the orientation of the ZnPc and FePc, although a 
small modification is observed in the line profile of B-C region of ZnPc ML 
comparing with the same region of the deposited ML. XAS measurements of 
FePc thick films showed high intensity σ* features compared to π* at the ex-
perimental geometry of E vector perpendicular to the surface, indicating the 
standing geometry of the molecular film. Standing of the molecules indicates 
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stronger molecule-molecule interactions83. However, ZnPc thick film re-
mained parallel to the substrate. Parallel alignment of molecular film at the 
both ML and TF has been observed for studies of H2Pc on Au(111). 
After annealing, the TF film of FePc regains the flat orientation on the sur-
face due to thickness reduction.  

Investigation of the valence band of ZnPc and FePc molecules as a func-
tion of coverages revealed the effects of central metals on the electronic 
structures of the films. Figure 6.10 presents the valence band PE spectra of 
the ZnPc films as a function of molecular coverage before and after anneal-
ing as well as close-up spectra around Zn3d and Fermi level.  

 
 
Figure 6.10: Valence band photoemission spectra of ZnPc on Au(111) a) clean Au, 
b)1ML ZnPc,  c) b annealed at 400 °C, d) a few ML, e) d after annealing, f) thick 
(bulk-like) film, g) f after annealing. The left-hand panel shows overview spectra, 
the middle panel shows Zn3d and finally the right-hand panel displays the HOMO 
region near the Fermi level. 

 Increasing of the molecular coverage causes a shift in Zn3d peak to higher 
BE, while annealing of the film shifts back the BE of the peak due to change 
in thickness of the film and different screening of the molecular films. 

HOMO of the ML film is observed at 0.8 eV. It shifts to higher BE by in-
creasing the molecular thickness and fully develops to the molecular HOMO 
at the TF at about 1.35 eV. The HOMO peak becomes broader by annealing 
of the thick film and a well-ordered monolayer can be found27. 

Figure 6.11 shows the VB spectra of the FePc film as a function of cover-
age (before and after annealing). The interface-HOMO appears at 0.72 eV at 
ML coverage and develops to a molecular HOMO at 1.50 eV by increasing 
the molecular layer thickness. An additional feature in the FePc monolayer 
spectra at 0.13 eV is observed which does not appear in VB spectra of ZnPc. 
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The peak has highest intensity at the ML and decreases at higher coverage 
and disappears in the thick film spectrum. A similar state was observed by 
Gargiani et al. for FePc on Au(110)84.  

 
Figure 6.11: Valence band photoemission spectra of FePc on Au(111); a) clean 
substrate, b) 1 ML FePc, c) 1 ML FePc annealed at 400 °C, d) a few ML, (e) d after 
annealing, (f) Thick (bulk-like)film, (g) f after annealing. The left hand panel shows 
overview spectra and the right hand panel focus on the near Fermi level region. 

The valence electronic structure of FePc and ZnPc are considerably differ-
ent.  In the FePc molecule, the HOMO and HOMO-1 are very close and are 
built from contributions of C2p and Fe3d orbitals, respectively, while, the 
HOMO in ZnPc is located on the phthalocyanine ring85, 86. Iron has fewer 
electrons in the d band (d6), comparing to zinc atom with fully filled d-
orbital (d10). The electrons in the d orbitals take direct part in the interaction 
with the substrate, which enhances the interaction states close to the Fermi 
level. Therefore, this state is created due to charge transfer from substrate 
metal states to the former LUMO (Lowest Unoccupied Molecular Orbital)84. 

Furthermore, we have studied the work function of the clean gold sample 
and ZnPc and FePc molecular films at different coverages before and after 
annealing to investigate the charge transfer mechanism. In PES the low en-
ergy cut-off determines the work function. After molecule deposition, the 
cutoff shifts to lower kinetic energy, which translates to a reduced work 
function according to ΔФ= ФPc- ФAu

87
. In order to obtain a more clear image 

of energy level alignment at the interface of Au and Pc molecules, the hole 
injection barrier (Δh) is also investigated which is achieved by measuring the 
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distance between HOMO edge (linear extrapolation of the low binding ener-
gy onset) and the Fermi level. The schematic energy level alignments are 
presented in Figure 6.12.  

 
Figure 6.12: Schematic energy level diagrams of FePc/Au(111), (a) monolayer, (b) 
annealed monolayer, (c) thick film, (d) annealed thick film, and ZnPc/Au(111), (e) 
annealed monolayer, (f) thick film, and (g) annealed thick film. 

Work-function changes combined with valence-band results indicate that 
both molecules donate charge to Au, however through different channels. 
The Fe3d derived LUMO (Lowest Unoccupied Molecular Orbital) hybridiz-
es with and receives charge from the substrate when forming an interface 
state at the Fermi level. 
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ZnPc donates charge through the π-system, which affects the whole mole-
cule homogeneously, where for FePc the interaction with the surface seems 
to occur via different channels: π system and the metal center. Thus, the 
central atom plays an important role in mediating the charge, but the charge 
transfer as a whole is a balance between different channels. 
 

6.1.4 Investigation of valence band structure of Pc films: A 
comparison between the metal and metal-free phthalocyanine 
spectra (paper IV) 
Valence band electronic structures of metal-free phthalocyanine have been 
studied by theoretical simulation and experiment. Comparison of the exper-
imental VB spectrum of H2Pc/Au(111) with partial and total DFT calcula-
tions (Figure 6.13) shows the atomic orbitals that have contributed to the 
valence band PE spectrum. The overall theoretical spectrum is in excellent 
agreement with the experimental data. The peaks in experimental data have 
been labeled from A to I according to our previous work on FePc/Si(100)74. 
The HOMO (Highest Occupied Molecular Orbitals) peak position at 1.5 eV 
BE (peak A) is in agreement with previous theoretical and experimental 
studies of a thick film of H2Pc on conductive glass26. It was found from the 
previous theoretical studies that the HOMO peak is a π orbital formed by 
C2p orbitals26.  

 

 
 

Figure 6.13: Experimental spectrum of a thick film of H2Pc/Au(111) and DFT cal-
culation of total and partial DOS of a single H2Pc molecule. 
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Figure 6.14 shows the experimental valence band spectra of FePc in gas-
phase, FePc/Si(100) film together with simulated spectrum of a single FePc 
molecule. In the spectrum of FePc film the HOMO gives rise to a broad peak 
at about 1.8 eV BE, while two spectral features are presented in the gas 
phase. This is also reproduced in the simulated spectrum at 1.2 eV and 1.8 
eV BE and more details are presented in inset. It was discussed in our gas-
phase studies of FePc that the HOMO peak at 1.2 eV is due to C 2p whereas 
the HOMO-1 feature at 1.8 eV is related to Fe3d contributions68. These spec-
tral features converge in a single broad peak at 1.8 eV in the film spectrum.    

 
 
Figure 6.14: Experimental spectrum of FePc in gas phase, a thick film of 
FePc/Si(100) and DFT calculation of total DOS of a single H2Pc molecule.  

The difference in contribution of the HOMO and HOMO-1 spectral features 
for the FePc spectrum becomes evident by comparison of the valence spectra 
of H2Pc and FePc together with FePc gas-phase data (Figure 6.15). It is ob-
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served that the HOMO of the H2Pc and FePc films (in both cases due to C2p 
contributions) are almost at the same BE.  

 
 
Figure 6.15: Comparison between the spectra of thick films of FePc/Si(100) and 
H2Pc/Au(111) and FePc in gas-phase. 

6.2. Modification of the geometric and electronic 
properties of Pc molecules after alkali doping 
As mentioned earlier, modification of the electronic properties of molecular 
films by introducing charge donation or acceptance from a dopant is funda-
mental to understand charge transport in these molecular systems35, 88. In 
recent years, many theoretical and experimental studies have been performed 
on modification of the electronic properties of MPcs molecular films as a 
function of metal alkali intercalation79, 89, 90. An insulator-to-metal transition 
of Pcs has been predicted by theoretical79 and experimental35 studies. How-
ever, no metallic phase has been observed at any doping level of alkali metal 
in any experimental reports to verify this prediction. In this work, we have 
investigated the modification of metal-free phthalocyanine (H2Pc) deposited 
on metal substrates and doped by alkali dopant. The lack of a metallic center 
may largely influence the geometric arrangement of the alkali atoms and 
alter the electronic and geometric structure of the molecules. Low-
temperature STM studies have been performed to image geometric arrange-
ment of the molecular monolayer after Rb doping.  Photoelectron Spectros-

2
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copy (PES) has been used to map the electronic core and valence levels. X-
ray Absorption Spectroscopy (XAS) has also been used, which provides a 
direct characterization of how the unoccupied molecular orbitals of H2Pc are 
affected by K intercalation. In addition, theoretical calculations have been 
done to support our experimental data. 

6.2.1. Rubidium doped metal-free phthalocyanine monolayer on 
Au(111) (paper I) 
Rubidium doping of H2Pc monolayer on Au(111) 3 × 22  reconstructed 
surface has been investigated by low temperature (LT) Scanning Tunneling 
Microscopy at 70 K. Figure 6.16 displays the co-adsorbed system character-
ized by Rb-induced bright protrusions observed on top of the molecular lay-
er, resulting in a well-ordered system with pairs of bright protrusions evenly 
distributed over the surface. However, a single bright protrusion is observed 
in few cases, indicated by a white ellipse in the figure. 

 
 
Figure 6.16: LT STM image (-2.61 V, 0.14 nA, 37.8 nm × 37.8 nm) of a H2Pc mon-
olayer on Au(111) surface, doped with Rb 

Investigation of the protrusion position with respect to the H2Pc layer on 
different places of the sample reveals that the Rb pairs are located on top of 
one of the Pc benzene rings in two adjacent molecules, which clearly indi-
cates that the Rb is not interacting with the H2Pc molecular center. In fact, 
STM images do not show any sign of metallization of the molecules, as the 
central ring of the macrocycle was always imaged as a dip, independently of 
the bias used. This is different from for example the study dedicated to the 
metallization of H2Pc by Fe, which instead fits in the molecular center91. The 
different behaviors observed for Fe and Rb can most likely be explained by 
the different electronic structure of the two metals, as well as by simple ge-
ometric considerations as the radius of the alkaline ion would probably not 
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fit in the molecular center. Furthermore, the metallic center in a MPc is usu-
ally in a ionic state with charge +2 while alkali are usually forming a ionic 
state with charge +1. 

Rb doping of the H2Pc monolayer also modifies significantly the molecu-
lar adsorption geometry. Figure 6.17 shows a comparison between undoped 
and Rb-doped H2Pc/Au(111) system. As discussed in the previous section 
the H2Pc/Au(111) system is characterized by a square unit cell, with 1 mole-
cule per unit cell, whereas the Rb/H2Pc/Au(111) system displays a hexago-
nal unit cell, with 4 molecules per unit cell. 

 
 
Figure 6.17: (Left) H2Pc/Au(111) (-1.45 V, 0.17 nA, and 10.4 × 10.4 nm). (Right) 
Rb-doped H2Pc on Au(111) (-2.62 V, 0.14 nA, and 10.4 ×10.4 nm). The molecular 
adsorption unit cells are indicated by white lines and schematic models marks the 
positions of single directions. 

Comparing the length of the unit vectors for both systems reveals that the 
H2Pc molecules are slightly more densely packed (about 10%) after Rb dop-
ing. The geometric arrangement of the H2Pc molecules, with respect to their 
nearest neighbors, is highly affected by the Rb doping. The former arrange-
ment with the benzene group of one molecule close to an aza-bridging nitro-
gen atom in the neighboring molecule is no longer observed. In the hexago-
nal molecular adsorption unit cell, after Rb doping, the molecules are instead 
arranged with the benzene groups of neighboring molecules close to each 
other. Moreover, in the latter case, the distances between neighboring mole-
cules are significantly different along different directions. As seen in the 
right-hand side of Figure 6.10, the molecules are arranged so that they are 
closer toward one of the pair of bright protrusion.  

It is concluded that the interactions in the system are significantly 
changed after Rb doping. The balance between adsorbate-adsorbate and ad-
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sorbate-substrate interactions in the doped system results in a modified mo-
lecular adsorption structure as compared to the pristine system. 

6.2.2. Potassium doped metal-free phthalocyanine multilayer 
films on Al(110) (paper V)  
The electronic structure of the H2Pc films on Al(110) as a function of potas-
sium intercalation has been studied by photoelectron spectroscopy. PES 
measurements reveal the presence of several charge states of the molecules 
upon K doping, due to charge transfer from the alkali to the molecular film. 
Figure 6.18 (left panel) shows C1s and K2p spectra of the pristine H2Pc film 
and the films at different K doping levels. A shift towards higher binding 
energy is observed in all features of the C1s spectra due to shift of the Fermi 
level position. The shift of Fermi level positions is ascribed to the filling of 
initially empty states upon charge transfer from the alkali atoms. 

 
 
Figure 6.18: C1s, K2p and N1s PE spectra of the pristine H2Pc film and the films 
after exposing to different doses of potassium. 

With increasing the K dose, the line shape becomes broader and two peaks at 
the higher BE are observed, which are related to K2p3/2 and K2p1/2 photoe-
mission lines at 294.1 eV and 297.1 eV BE, respectively. Moreover, no 
shake-up peak has been observed at a doping level of x=0.9 and higher dos-
es. 
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N1s spectra of the pristine H2Pc film and the films after different K dop-
ing levels are presented in the right panel of Figure 6.11. An asymmetry in 
the line shape and a shift toward higher BE are observed for the doped films 
due to charge transfer from the alkali metal and filling of the initially empty 
states.  

Observation of changes in the line profile and width of the C1s and N1s 
spectral lines are similar to previous studies of MPc as a function of alkali 
metal intercalation39, 40. These changes were attributed to a lowering of the 
molecular symmetry caused by the adsorption sites. It was proposed in the 
studies of K on FePc that the alkali atoms would form two different stoichi-
ometric phases, namely K2Pc and K4Pc depending on the alkali interaction 
(ref), 92. However, for other MPc like MnPc some investigations have pro-
posed additional phase formation, namely KMPc phase. In our studies, the 
broadening of the N1s line profile for different potassium doses indicates 
that the pyrrole atoms are probably the most affected by alkali adsorption. 
Furthermore, we cannot neglect a remarkable broadening of the peak related 
to the benzene-like carbon atoms. 

 
 
Figure 6.19: (left panel) Comparison of experimental valence band PE spectra for 
pristine and K-intercalated film (solid lines represent the theoretical simulation of 
the spectra considering a single H2Pc molecule and an anion H2Pc-). (Right panel) 
DFT simulation picture of HOMO and LUMO of a single H2Pc molecule and HO-
MO-2, HOMO-1 and HOMO of H2Pc- anion. The images show the similarity be-
tween the HOMO of the anion and the LUMO of the pristine H2Pc. 
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Comparison of the valence band spectra and DFT calculations of the density 
of states of the H2Pc anion indicates a filling of lowest unoccupied molecular 
orbital (LUMO) by charge transfer from the alkali. Experimental valence 
band PE spectra for pristine and K-intercalation H2Pc films are presented in 
the left panel of Figure 6.19, which indicates that the HOMO peak of the 
pristine film (peak A), has been split into two sub-peaks of A1 and A2 after 
K doping. These peaks are well described by DFT calculations of orbital 
pictures of HOMO and LUMO of a single H2Pc molecule that has been 
compared with HOMO-2, HOMO-1 and HOMO of a H2Pc- anion (Figure 
6.19, right panel). The addition of one electron to the molecule when form-
ing the H2Pc- anion lifts the spin degeneracy of the electronic states. The 
extra electron of the negative ion occupies the empty LUMO orbitals of the 
neutral H2Pc molecule. The HOMO of the anion is very similar to the LU-
MO of the neutral H2Pc, confirming that the new peak at the lowest BE in 
the valence band PE spectrum of the intercalated films is due to the occu-
pancy of the molecular LUMO (now anion HOMO) by the alkali electron 
transfer. This has been further confirmed by XAS studies, which showed a 
decreased density of unoccupied states.  

Figure 6.20 shows N1s XA spectra of the pristine and K-intercalated film 
in the experimental geometry of the E vector of the incoming light parallel to 
the surface. The spectra show the reorientation of the molecular film after K 
doping. 

 

 
Figure 6.20: N1s X-ray absorption spectra of a pristine H2Pc and a film intercalated 
with K at experimental geometry of the E vector parallel to the surface.  
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N1s and C1s XAS (Figure 6.21) measurements in different experimental 
geometries reveal that the molecules in the pristine film are standing upright 
on the surface or are only slightly tilted away from the surface normal, but 
after K intercalation the molecular orientation is changed in that the tilt angle 
of the molecules is increased.  

 

 
Figure 6.21: N1s and C1s XA spectra of the pristine H2Pc film and different K in-
tercalated films. The spectra have been recorded at two experimental geometries, in 
which the E vector of the incoming light was parallel (left panels) and perpendicular 
(right panels) to the surface. 
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7. Summary and outlook 

In this thesis, adsorption of monolayers and multilayers of metal-free and 
metal phthalocyanines molecules on metal surfaces has been investigated 
using complementary spectroscopic and microscopic techniques.  

It was observed by STM measurements that at monolayer coverage the 
adsorption direction of the metal-free phthalocyanine molecules with respect 
to the gold surface varies as a function of temperature, i.e. at RT and LT. It 
was explained by the difference in strength of intermolecular and adsorbate-
substrate interactions at room and low temperatures.  

XPS measurements have provided further information on the nature of the 
interaction between adsorbed species and the surfaces as a function of cover-
age.  

The alignment of molecular films at both monolayer and multilayer cov-
erages, which has been determined by XAS measurements in several cases, 
is also dependent upon the relative strength of molecule-molecule versus 
molecule-substrate interaction. Parallel alignment of the molecular film with 
respect to the surface is the result of significant interaction between the ad-
sorbate and the substrate, whilst standing geometry of the molecular film is 
due to more significant intermolecular interactions. 

Moreover, investigation of alkali interaction of the phthalocyanine films 
revealed a significant modification in their geometric and electronic struc-
tures due to charge transfer from the alkali metal to the molecular film. 
However, no sign of metallization of the molecules has been observed by 
spectroscopic and microscopic studies.   

Phthalocyanine molecules have been extensively studied in the last two 
decades due to their possible application in organic solar cells, organic light-
emitting devices and gas sensors. High performance and efficiency of such 
devices needs a better understanding of the electronic and geometric proper-
ties and parameters that affects these properties. Therefore, there are plenty 
of rooms for future investigations. In our opinion, in future new experi-
mental methods will be developed allowing to characterize such molecular 
films under working conditions. This will include study of catalytic perfor-
mance, gas sensing and pump probe investigations.  
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8. Populärvetenskaplig sammanfattning 

Organiska molekyler kan användas som material med små bandgap och kan 
därmed fungera som aktiva lager i komponenter som finns i organiska sol-
celler eller organiska ljusdioder (OLED:s). Det är således viktigt att un-
dersöka den hur elektronerna rör sig i tunna filmer av organiska molekyler, 
och hur laddning transporteras över gränsytor i sådana filmer. Vi behöver 
denna kunskap för att kunna förbättra komponenternas elektroniska och 
optiska egenskaper. Det är också viktigt att kunna studera molekylära filmer 
som täcker ytor  på olika sätt - utgör de monolager eller finns det fler lager i 
filmen? Man måste även kunna beskriva hur laddningar transporteras om 
man vill kunna utveckla och kontrollera komponenter av molekylära materi-
al.   Ett annat område för forskning utgörs av hur filmen växelverkar med 
substratet som det lagts ut på. Slutligen är det avgörande att kunna modifiera 
elektronstrukturen genom att introducera dopningsämnen för att ändra på 
laddningstransportsegenskaperna. 

Röntgenbaserad fotoelektronspektroskopi (XPS) och röntgensabsorp-
tions-spektroskopi (XAS) är två mycket kraftfulla tekniker vi använder oss 
av för att erhålla information om hur elektronerna fördelar sig på fyllda och 
tomma kvanttillstånd i substratet och i den adsorberade molekylära filmen. 
XAS kan dessutom användas till att studera hur molekylerna ligger ordnade 
geometriskt på substratets yta. Här har man stor användning av de nya gen-
erationer av s.k. synkrotronljusanläggningar som levererar oerhört 
högbriljanta, avstämbara och polariserade röntgenstrålar. Genom att kom-
binera dessa bättre röntgenkällor med högteknologiska mätutrustningar kan 
vi få mycket exaktare och högupplösta data som ger oss en mycket god bild 
av de kemiska och fysikaliska processer som äger rum på de studerade ytor-
na och gränsskikten. 

Ftalocyaniner (Pc) molekyler är makrocykliska kemiska föreningar som 
studerats intensivt de senaste åren. Intresset för detta motiveras av de 
möjligheter vi har att använda dem i olika sammanhang. Dessa molekyler 
används ofta som färgämnen och man kan också se dem som mod-
ellmolekyler som studeras för att förstå mer komplexa biologiska system och 
processer. Detta låter sig göras eftersom Pc molekylerna liknar biomolekyler 
som porfyriner, hemoglobin och klorofyll. Pc molekyler är även intressanta 
att användas  i organiska solceller och i organiska ljusemitterande fotodi-
oder. De kan också fungera som aktiva komponenter i kemiska sensorer, 
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t.ex. gassensorer, och de har också sedan länge framgångsrikt utnyttjats för 
homogen och heterogen katalys av oxidationsreaktioner. 

I denna avhandling har jag huvudsakligen studerat sambandet mellan 
molekylfilmernas egenskaper och varierat de olika typerna av molekylära 
lager. Jag har även ändrat styrkan på växelverkan mellan molekylfilmerna 
och de respektive substratytorna, samt studerat hur temperaturen inverkat på 
respektive intermolekylär- och adsorbatväxelverkan. Dessutom presenteras 
studier av hur laddningstransport och elektroniska egenskaper ändras när Pc 
molekyler dopas med alkalimetaller. 
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