
 

 
 

 
 
 

Initial stages of metal- and 
organic-semiconductor 

interface formation 
 

 
 

Pål Palmgren 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Microelectronics and Applied Physics  
School for Information and Communication Technology 

Royal Institute of Technology  
Stockholm 

 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Initial stages of metal- and  
organic-semiconductor 
interface formation 
 
 
 
Copyright © 2006 Pål Palmgren 
 
 
 
ISRN KTH/MF/FR-2006/1-SE 
ISSN 0284-0545 
TRITA-MF 
Forskningsrapport 2006:1 





 



i. Abstract 
 
This licentiate thesis deals with the electronic and geometrical properties of metal-
semiconductor and organic-semiconductor interfaces investigated by photoelectron 
spectroscopy and scanning tunneling microscopy.  

First in line is the Co-InAs interface (metal-semiconductor) where it is found that 
Co is reactive and upon adsorption and thermal treatment it alloys with the indium of the 
substrate to form metallic islands, about 20 nm in diameter. The resulting broken bonds 
causes As entities to form which are loosely bond to the surface and evaporate upon 
thermal treatment. Thus, the adsorption of Co results in a rough interface.  
 Secondly the metal-free phthalocyanine (H2PC) - titanium dioxide interface 
(organic-semiconductor) is investigated. Here it is found that the organic molecules 
arrange themselves along the substrate rows upon thermal treatment. The interaction with 
the TiO2 is mainly with the valence π-electrons in the molecule causing a relatively 
strong bond, but this interaction is short range as the second layer of molecules retains 
their molecular character. This results in an ordered adsorption but limited mobility of the 
molecules on the surface prohibiting well ordered close packed layers. Furthermore, the 
hydrogen atoms inside the cyclic molecule leave the central void upon thermal treatment. 
 The third case is the H2PC-InAs/InSb interface (organic-semiconductor). Here 
ordered overlayer growth is found on both substrates where the molecules are 
preferentially adsorbed on the In rows in the [110] direction forming one-dimensional 
chains. The InSb-H2PC interface is found to be weakly interacting and the bulk-like 
molecular character is retained upon both adsorption and thermal treatment. On the InAs-
H2PC interface, however, the interaction is stronger. The molecules are more affected by 
the surface bond and this effect stretches up a few monolayers in the film after annealing. 
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iv. Acronyms 
 
AES   - Auger Electron Spectroscopy 

CB  - Conduction Band 

CL  - Core Level 

DOS  - Density Of States 

FWHM - Full Width at Half Maximum 

H2PC  - Metal-free Phthalocyanine 

HOMO - Highest Occupied Molecular Orbital 

LEED  - Low Energy Electron Diffraction 

LUMO  - Lowest Unoccupied Molecular Orbital 

MBE  - Molecular Beam Epitaxy 

MIGS  - Metal Induced Gap States  

ML  - Monolayer 

MTJ   - Magnetic Tunneling Junction 

OLED   - Organic Light Emitting Diode 

OMBD - Organic Molecular Beam Deposition 

PES   - Photoelectron Spectroscopy 

STM  - Scanning Tunneling Microscopy  

UPS  - Ultraviolet Photoelectron Spectroscopy  

VB  - Valence Band 

VBM  - Valence Band Maximum 

VIGS  - Virtual Induced Gap States 

XPS  - X-ray Photoelectron Spectroscopy 
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1. Introduction 
 
This thesis concerns interfaces formed between semiconductor materials and adsorbates 
such as metals and organic molecules. Why the interest in the formed interfaces? They 
play a crucial role in as diverse applications as spintronics and solar cells.  
 The experimental techniques utilized in this work to investigate the interfaces on 
an atomic level are mainly Scanning Tunneling Microscopy (STM) and synchrotron 
radiation based Photoelectron Spectroscopy (PES). Also Auger Electron Spectroscopy 
(AES) and Low Energy Electron Diffraction (LEED) have been utilized but mainly to 
assure a clean and well-ordered surface prior to either STM or PES measurements. 

 This thesis is organized in the following way: in chapter 1 an introduction is 
given covering basic models about the electronic and geometric properties of various 
interesting interfaces together with an example of an application of each of the above 
mentioned interfaces. The materials used as substrates and the molecules used as 
adsorbate are described in chapter 2 together with some basic surface physics regarding 
reconstructions and the reciprocal space. All the above mentioned experimental 
techniques are described in chapter 3. The results obtained with PES and STM are briefly 
described in chapter 4. A summary for each appended paper is given in chapter 5 together 
with some conclusions and finally, in chapter 6, a future outlook presents the next steps 
in continuing this work. 

The first system under investigation in this thesis is the InAs(111)A and B 
surfaces deposited with small amounts of cobalt. The magnetic properties of thin films 
are under current investigation due to technologically important applications, e.g. 
magnetic memories. To date, few atomic level studies exist investigating this interface. 
The 110 surface has been shown to exhibit a two-dimensional electron gas after 
deposition of cobalt, in contrast to the perfect cleaved 110 surface. On the clean (111)-
type surfaces only the A side (In-terminated) has a two-dimensional electron gas and it is 
also present on the (100) surface. To date (and to my knowledge) no investigation of the 
InAs(100)-Co system has been performed. The aim of Paper I was to investigate the 
growth of thin magnetic layers and the possibility of inducing a two-dimensional electron 
gas on the (111)A and B surfaces by depositing Co. However, Co was found to be too 
reactive, disturbing the surface and forming metallic islands, upwards band-bending 
resulted and no two-dimensional electron gas can be formed, further details are given in 
section 1.3, 4.1 and in Paper I. 
 In the other two appended papers, organic molecules are deposited on three 
different semiconductor surfaces. The organic molecules in question are phthalocyanines; 
they are ring shaped molecules with a central void. The archetype is the metal-free 
phthalocyanine (H2PC) in which the central void contains two hydrogen atoms, they can 
easily be substituted with metal ions or other compounds e.g. oxometals such as TiO or 
VO. The interest in phthalocyanines comes from the possibility to control their physical 
and chemical properties by selecting the central atom/molecule (e.g. the color changes 
with central group), high quantum efficiency and their chemical stability (they sublime at 
~550 ºC). The technologically important material titanium dioxide is the first substrate as 
it is commonly used as a transparent electrode. The titania sample used in this work is a 
110 oriented single crystal, a well defined surface suitable for surface science 
experiments. Few studies exist of the phthalocyanine-oxide interface formation on an 
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atomic level although of great interest in e.g. molecular electronics and in dye-sensitized 
solar cells, which are further described in section 1.3 together with some issues related to 
the interfaces in this system. How the molecules are adsorbed on the surface is of 
importance in e.g. the charge transfer across the interface. For the first time, we present 
STM images with sub-molecular resolution of the TiO2(110)-H2PC interface and find that 
the molecules are aligned with the oxygen rows after thermal treatment and that the bond 
to the surface is relatively strong for the first layer but already in the second layer the 
molecules have bulk-like character.  

Secondly, the 100 surfaces of InAs and InSb are used because they reconstruct to 
form one-dimensional structures, a suitable template for ordered growth of large organic 
molecules. These systems, in particular with metal phthalocyanines as adsorbate, are 
more thoroughly investigated; they form one-dimensional chains on the In-rows of the 
substrates. Furthermore, it is known that metal-free phthalocyanines form ordered 
structures on both InAs and InSb. An example of application for these types of systems is 
given in section 1.3 with a more detailed description of the interfaces and some about the 
interest of phthalocyanines in this context. We present for the first time highly resolved 
STM images of the H2PC molecules on these two surfaces, showing that the adsorption 
site is the same for both substrates. As for metal phthalocyanines, the adsorption site is on 
top of and along the In-rows and self-ordered growth follows. It is possible to have two 
surface structures simultaneously on InSb; one consisting of the In-rows and one Sb-rich, 
we show that the coverage is smaller on the Sb-rich domains clearly showing the 
dependence of surface termination to achieve ordered growth of organic molecules on 
these types of surfaces. 
 
1.1 The Schottky model 
 
In an isolated atom the electrons occupy discrete energy levels but when a huge number 
of atoms are put together to form a solid crystal, energy bands of allowed electron states 
emerge. The band can be populated by electrons, known as a Valence Band (VB) or void 
of electrons and known as a Conduction Band (CB). Three cases are recognized: a) in a 
metal the VB and CB overlaps and electrons can easily change their energy leading to 
good electric conductivity, b) in a semiconductor a small gap (~1 eV) exists between the 
VB and CB and electron transfer over the energy gap (Eg) is scarce giving poor 
conductivity, c) the distance between VB and CB is large (several eV) and the material 
does not conduct electricity, it is an isolator. The Schottky model offers a simplistic view 
of how the electronic bands of two solids are aligned when they are put into contact with 
each other1.  

Maybe the simplest interface is that of an ideal (no intermixing) metal-metal 
contact, depicted in Figure 1a below where the lower row shows the materials in contact 
with each other and the upper row is before contact. In this case the Fermi levels (EF) of 
the two materials will align, i.e. charge will flow from the metal with a low work function 
(eφ1) to the one with higher work function (eφ2) until equilibrium is attained. The 
difference in work function, referenced to the vacuum level, results in the formation of a 
contact potential (∆V). This creates a space charge layer in each metal and hence a dipole 
layer at the interface which is screened by the conduction electrons. The size of this layer 
is given by the Thomas-Fermi screening length, estimated by Equation 1.1 below. 
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The Thomas-Fermi screening length is in the order of Ångström (10-10 m) assuming an 
electron density n of 1023 cm-3 and with a0 as the Bohr radius. This means that the 
interface region is only a few Å in size.  
 

 
 

Figure 1: Schematic band diagrams for some common interfaces. 
 
Things get a bit more complicated when one of the metals is exchanged for a 
semiconductor as in Figure 1b and c. The chemical potential will be equal in both metal 
and semiconductor after contact is established but the space charge layers are different. 
The metal has conduction electrons that efficiently shield the charged region but the 
semiconductor does not; the free carrier concentration is much lower and hence the space 
charge layer is larger, extending up to several hundred Å inside the crystal. Two cases of 
metal-semiconductor interfaces are depicted in Figure 1. In Figure 1b the metal work 
function compared to the vacuum level is significantly larger than the electron affinity 
(χsc) of the semiconductor; upon contact the alignment of the Fermi levels causes the 
bands to bend in such a way that a potential barrier is formed. This barrier is known as 
the Schottky barrier (eφSB in Figure 1b) and the space charge layer is a depletion region. 
Electrons crossing the interface need to overcome this potential (φSB), leading to 
nonlinear I-V characteristics.  

When the metal work function is smaller than the electron affinity of the 
semiconductor, the situation depicted in Figure 1c arises. In this case the semiconductor’s 
bands bend and cross the Fermi level, thereby populating the conduction band states 
closest to the interface and forming an accumulation layer. This leads to a smooth 
electronic transit from the metal to the semiconductor resulting in a linear I-V behavior 
following Ohm’s law, i.e. an ohmic contact forms.  
 In a more refined picture, metal deposition onto a semiconductor leads to the 
formation of interface states (known as Metal Induced Gap States (MIGS)) which pins 
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the Fermi level at the interface. Another perspective is that of Virtual Induced Gap States 
(VIGS) where Bloch states are pictured to spill out from the bulk into the forbidden gap 
and decaying exponentially outside the metal due to the lost periodicity at the surface. 
The VIGS are derived from semiconductor bulk states and thus states both from the 
conduction and the valence band contribute. The point of overlap is known as the 
branching point energy (EB) and here the electron states have equal valence and 
conduction band character. The density of states (DOS) gives weight to the participating 
donor/acceptor states of the VIGS and thus determines the position of EB in the gap. In 
Figure 2a below is a schematic picture of the VIGS for the metal-semiconductor case 
presented, EB is at the position of equal amount of acceptor states (solid line) and donor 
states (dotted line) and is aligned with the Fermi level upon contact. 
 

 
Figure 2: VIGS for the a) metal-semiconductor and b) semiconductor-semiconductor interface. 

 
An even more complicated case is the ideal semiconductor-semiconductor interface in 
Figure 1d. The Fermi levels strive to align upon contact as they must at thermal 
equilibrium. The band bending situation is complex and within the refined model of the 
VIGS the branching point energies will become equal at the interface. An energy gap 
exists as they are derived from bulk semiconductor states. The position of the branching 
point energies is determined so that charge neutrality is set up in the acceptor and donor 
derived VIGS. In Figure 2b the situation is shown for the semiconductor-semiconductor 
interface case, with the acceptor VIGS (solid line) and donor states (dotted line) shown 
for semiconductor 2 but omitted for clarity in the semiconductor 1 schematic.  

In the figures only n-type semiconductors are shown but a similar situation occurs 
for p-type semiconductors but here the position of the Fermi level in the semiconductor is 
close to the valence band resulting in different band bending.  

This is still a simple model and neglects to account for several important factors 
such as intermixing of the elements, geometrical aspects (e.g. lattice mismatch) or the 
creation of chemical bonds between the atoms in the two materials. 
 
1.2 Initial interface formation - growth modes 
 
When atoms or molecules are deposited on a surface, the growth of the film can proceed 
in three different ways. In the first case, the atoms build up complete layers on the 
substrate and the next layer does not begin to grow until the former is completed. This 
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mode is known as Frank-van der Merve growth or layer by layer growth. The second case 
is the formation of islands, consisting of the deposited adsorbate, on the substrate. This is 
known as Volmer-Weber growth or island growth. The third case is a combination of the 
two previously mentioned modes. The first layer (or several layers) is formed and after 
it’s (their) completion, islands start to grow. This growth mode is called Stranski-
Krastanov growth or layer plus island growth. An explanatory figure is presented below 
in Figure 3: a shows Frank-van der Merve growth, b shows Stranski-Krastanov growth 
and c shows the Volmer-Weber growth mode. Θ is the coverage in monolayers (ML). 
One of the determining factors to which growth mode is prevailing is the affinity between 
the adsorbed species and substrate; if the interaction between the atoms/molecules in the 
adsorbate is stronger, islands will form and if the interaction is stronger between 
adsorbate and substrate, layers will form.  

 
Figure 3: Different growth modes (from Ref. 1). 

 
1.3 Examples of applications: Magnetic thin films, solar cells and molecular 

electronics 
 
Magnetic thin film – semiconductor interfaces 
 
The underlying idea of spintronics is to utilize not only the charge of the conduction 
electrons as in the majority of today’s semiconductor technology but also its spin and 
thereby associated magnetic moment. Magnetic properties of thin films on semiconductor 
surfaces are interesting with their potential use as spin-memories and spin-transistors2. 
Nonvolatility is an intrinsic property of the magnetic system making it interesting for 
memory applications. One example is Magnetoresistive Random Access Memories 
(MRAM) based on the Magnetic Tunnel Junction (MTJ)3. The junction consists of a 
sandwich of magnetic material spaced by a tunnel barrier; one example is a sandwich of 
thin FeCo/Al2O3/Co layers4. The basic working principle of this kind of device is to use 
the magnetic field that surrounds a current-conducting wire; two wires are placed 
orthogonal to each other and the MTJ between them at the point of coincidence. One of 
the magnetic layers has a fixed magnetization and in the other magnetic film it is possible 
to change the orientation of the magnetic field, depending on the direction of the two 
currents. If the magnetizations coincide in the two films, magnetic coupling over the 
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tunnel barrier leads to a small junction resistance and if the orientations do not coincide, a 
large resistance results. This is interpreted as “0” and “1”, i.e. a bit. 
 How the electronic/magnetic properties of Co are affected at interfaces are 
important issues when trying to integrate this type of magnetic junctions with III-V 
semiconductor processing technology. The usefulness of magnetic thin films for device 
applications depends largely on chemical reactions and ordering at the interface that may 
alter or destroy the magnetic properties. The number of potentially useful metals is fairly 
limited; essentially Fe, Co, Ni and Mn, whereas the number of semiconductor substrates 
is larger. However, all combinations are not suitable, for example GaAs(001) has proven 
to be less suited for interfaces with 3d metals due to formation of reacted phases at the 
interface5. The same is also true for Si and Ge6, , ,7 8 9. A potentially useful candidate is 
Fe/ZnSe(001) that presents an epitaxial system with low reactivity and high thermal 
stability2,6.  
 InAs is a promising material for high-speed transistors. On many InAs surfaces a 
free electron like charge accumulation layer is formed, both on clean surfaces10 as well as 
upon adsorption of various adsorbates11, ,12 13. The combination of high mobility with spin-
polarization must be regarded as very attractive. This present study of Co interaction and 
growth on InAs surfaces is started in order to find potentially useful candidates for 
spintronic applications. Little has been done on the Co/InAs system. On the 
Co/InAs(110) interface it was found that Co grows in islands, which act as electron 
donors. The inhomogeneous band bending induces small electron droplets on the 
surface14. Reports on Co interacting with other low index surfaces of InAs have not been 
found in the literature. The (111) surfaces have shown intricate and unexpected behavior, 
both the clean unreconstructed InAs(111)B surface as well as the reaction upon oxygen 
adsorption15. 
 
Solar cells: the dye-semiconductor interface 
 
The dye-sensitized solar cells is a quite recent concept which show promising capability 
to convert sunlight into electrical energy16, ,17 18. The efficiency reached with this type of 
cell is about 11 %19, having the possibility of competing with Si cells which so far show 
25 % efficiencies for crystalline cells20. A variety of compounds have been tried in the 
dye-sensitized solar cell, among other phthalocyanine-based organometallic 
complexes21, , ,22 23 24, for which conversion efficiencies of about 4 % for monochromatic 
illumination has been reported. However, some substrates are not suitable in dye-
sensitized solar cell applications as the bandgap (e.g. 0.18 eV for InSb) is too small and 
hence optically opaque. Here oxides, titanium dioxide is often used, play an important 
role as they frequently are optically transparent semiconductors with their relatively large 
bandgap. In this thesis, the dye-semiconductor interface is investigated for a model 
system consisting of metal-free phthalocyanine and single crystal TiO2(110). 

The basic working principle of the cells, schematically depicted in Figure 4 
below, is the photonic excitation of an electron in the molecule. This electron transits the 
HOMO-LUMO (Highest Occupied Molecular Orbital, Lowest Unoccupied Molecular 
Orbital) gap, and is conducted away in the substrate conduction band. Regeneration of 
the dye is done by an electrolyte, usually containing an iodine-based redox couple, thus 
closing the circuit.  
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Figure 4: The dye sensitized solar cell. 

 
The electron injection into the substrate is competing with recombination within the 
molecule or CB-HOMO charge transfer. Spatial separation of the HOMO of the dye with 
the semiconductor substrate is believed to slow down the recombination25. A bonding 
configuration where the phthalocyanine molecules are upright on the surface ought to 
favor electronic transfer into the CB while a configuration with flat lying molecules may 
have the opposite effect, with the HOMO spatially close to the substrate. The efficiency 
of the cell is highest when the dye has ML coverage on the electrode. Agglomeration into 
thicker layers gives rise to unwanted side effects such as intra-molecular charge transfer 
and recombination or shielding26,27. One way to achieve this separation is to add ligands 
to the center or periphery of the molecules. These ligands function as spacers both to the 
substrate surface and adjacent molecules, preventing close contact with the surface as 
well as agglomeration.  

Injection of the electrons from the excited state into the TiO2 CB are for 
phthalocyanines a rapid process (order of 100 fs) while the recombination takes place 
over longer times (order of 100 ps to >1 ns). This is to be compared with the more 
efficient dyes such as the Ru complexes, (e.g. Ru(dcbpy)2(NCS)2, dcbpy = 4,4´-
dicarboxy-2,2´-bipyridine) having similar injection rates but even slower 
recombination28. The time window for injecting the excited electron is thus short; 
therefore coupling of the molecule to the semiconductor substrate is important and the 
bonding geometry and electronic properties of the interface plays an important role in cell 
performance. 
 
Organic molecular electronics 
 
Down scaling in microelectronics have continued to produce smaller and smaller devices 
and semiconductor structures, but in order to reach the smallest possible structures, i.e. of 
atomic or molecular sizes, something new is needed and here the “bottom up” approach 
comes into play. By means of self-organization it is possible to assemble nanometer sized 
or 1-D structures on a substrate. One approach to achieve self-assembled structures is by 
the Langmuir-Blodgett technique in which a self-assembled ML is picked up onto a 
substrate from a bath. Another way (and the one used in this thesis) is to deposit the 
organic film in vacuum by means of Organic Molecular Beam Deposition (OMBD) in 
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which a beam of highly purified organic material is impinging of the surface and the 
molecules organize themselves upon landing or after thermal treatment.  

Some examples of electronic components using organic materials (not necessarily 
by self-assembly) are the Field Effect Transistor (FET)29,30, gas-sensor, rectifier31,32, and 
Organic Light Emitting Diode (OLED)33,34. In all of these applications, phthalocyanines 
are used. This is an intriguing class of cyclic molecules with a delocalized π-electron 
system. One of the key properties of phthalocyanines in this context is the chemical 
stability both thermally and under a photon flux, they are further described in section 2.4. 

To illustrate the importance of interfaces, the OLED is chosen as an example. The 
ordinary LED consists of a p-n junction and its basic working principle is to inject 
minority carriers, i.e. injection of holes into the n-type semiconductor and electrons into 
the p-type semiconductor35. The minority carriers recombine with the holes/electrons in 
the respective layer. If the semiconductor is a direct band gap material a photon will 
emerge from this process whereas in an indirect semiconductor the generation of heat 
will severely compete with the production of photons. The OLED is built up in a slightly 
different way; it is usually a hetero-structure with multiple organic layers on a conducting 
glass substrate serving as window but the operation principle is similar: injection of 
minority carriers for radiant recombination. Phthalocyanines are interesting as hole 
conductors closest to the substrate since they are p-type semiconductors with a relatively 
large band gap giving less absorption of the generated photons. The emitting material is 
also an organic, e.g. Alq3 (or aluminum tris(8-hydroxyquinoline)) and it also serves as 
the electron transport layer36. The electrons injected into the Alq3 layer recombines here 
with holes conducted by the phthalocyanine layer and photons emerge. 

The coupling between molecules and substrate is important as charge transfer 
should not be impeded over the interface nor should it be to easy as in a short circuited 
interface layer. Therefore, defects such as pinholes need to be avoided when creating 
multilayered structures. This can be done if epitaxial or self-assembled layers are utilized 
as they can supply an abrupt and well-ordered molecule-semiconductor interface. For 
growth on the III-V semiconductors, the (100) surfaces are often chosen as substrate; they 
are in a mature state gained from years of microelectronics related research. Fortunately, 
phthalocyanines self-assemble on many of these substrates37, , , , , , , ,38 39 40 41 42 43 44 45 making it 
possible to obtain suitable interfaces. On the surfaces of interest to this thesis, InSb(100) 
and InAs(100), e.g. lead and tin46 phthalocyanine (PbPC and SnPC) have been shown to 
form ordered structures consisting of 1-D chains, deposited through the OMBD method. 
The alternative Langmuir-Blodgett deposition method produces poor quality films as 
phthalocyanines are chemically stable and have strong intermolecular forces and thus 
forming aggregates instead of smooth films47.  

On the other hand, some substrates are unsuitable as templates for self-organizing 
phthalocyanine molecules; they are too reactive and bind the molecule too tight with their 
dangling bonds. Some examples are Si (both the (111) and (100)2×1 surfaces 45, , , ,48 49 50 51) 
and GaAs52,53 (among the III-V semiconductors), have been tried with limited success. 
On these substrates it would of course be interesting to achieve ordered molecular growth 
as they are commonly used substrates in the semiconductor industry. One approach to 
resolve this issue is to terminate the dangling bonds with H in the case of Si and S or Se 
in the case of GaAs, leading to weakly interacting surfaces. 
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2. Properties of the investigated materials 
 
2.1  Reconstructions and surface lattices 
 
When crystals are terminated at a surface, the periodicity normal to the surface is lost and 
the inter-atomic bonds are broken. These broken bonds will form dangling bonds, which 
represent an electric potential on the surface. Electron orbitals constitute the dangling 
bonds, which can be either empty or filled, i.e. void of or populated by electrons. 

In order to minimize the surface energy, the surface will reconstruct or relax. A 
relaxation means that the outermost atomic layers are compressed or expanded in the 
direction of the surface normal. A reconstruction means that the surface atoms rearrange 
to form a new periodically ordered structure.  
 
2.1.1 Woods notation 
 
A convenient way of describing the reconstructions is to use Woods notation. For 
element X and lattice plane {hkl}, the notation is X{hkl}(p×q) or X{hkl}c(p×q), where c 
stands for centered, i.e. an extra net point in the center of the surface mesh. The c can be 
exchanged with a p, which stands for primitive. It means that the surface cell is a 
primitive cell. An R after (p×q) means that the surface mesh is rotated relative to the 
substrate. The p and q, in the notation above, are defined in equations 2.1 and 2.2. 
 
 b1 = pa1        (2.1) 
 b2 = qa2       (2.2) 
 
In the equations above, ai is the translation vector of the bulk unit cell in the surface plane 
and bi is the translation vector of the surface superlattice. This is valid if b1//a1 and b2//a2. 
 
2.1.2 The reciprocal lattice 
 
The reciprocal lattice is a useful construction when it comes to diffraction of electrons or 
photons in a crystal. It is also known as the k-space. The reciprocal lattice vector is 
calculated from the reciprocal axis vectors, which in turn are found through taking the 
cross product of the cyclic permutations of the real space lattice vectors, according to 
equations 2.3-2.5 (for the three-dimensional case): 
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The superscript index * denotes the reciprocal axis vector and they are primitive 
reciprocal vectors if the lattice vectors are primitive. The indices 1, 2 and 3 correspond to 
the real space directions, in a simple cubic system they are equal to the Cartesian 
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coordinates x, y and z. A reciprocal lattice vector is usually denoted by G, and is a 
multiple of the reciprocal axis vectors according to equation 2.6: 
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In equation 2.6, n1, n2, and n3 are integers54. 

In two dimensions, as is the case at surfaces, the translation symmetry is lost in 
one dimension and one way of dealing with this situation is to exchange one lattice vector 
with the surface normal. The equations for the reciprocal axis vectors then take the form: 
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Here  is the surface normal with unit length. The reciprocal lattice is convenient to use 
when discussing diffraction and electrons in crystals because both photons and electrons 
have a wave vector k associated with them, which is in the same dimension as the 
reciprocal lattice. 

n̂

 
2.2  Crystal lattice of III-V compound semiconductors  
 
The III-V semiconductor materials of interest in this thesis are single crystal InAs and 
InSb with surfaces in the (100) and (111) plane. These materials are arranged in the zinc-
blende structure, as is the usual among the III-V semiconductors. This lattice can be 
considered to consist of two face-centered cubic (fcc) Bravais lattices, one lattice with 
group-III atoms and the other with group-V atoms. The second lattice is displaced by ¼ 
of the space diagonal to the first lattice. The atoms are bonded to each other in a 
tetrahedron with bonds that are partly ionic and partly covalent. The bonds are made up 
from sp3-hybrid electron orbitals. The atomic positions in the zinc-blende unit cell are 
shown in Figure 5 below, with green spheres for group-V atoms and blue ones for group-
III atoms and with |a| = |b| = |c|. 
 

a

b

c

 
 

Figure 5: The cubic unit cell of the zinc-blende structure. 
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Both compounds are direct band gap semiconductor materials, with values of the band 
gap amounting to 0.18 eV for InSb and 0.36 eV for InAs. 

 
2.2.1  The {111} surfaces 
 
Crystals that are terminated in the {111} planes have polar surfaces, since these planes 
consist solely of atoms of one species. The crystal can be viewed as alternating planes of 
group-III and group-V atoms, as seen in Figure 6 below. In the figure, a, b and c are the 
lattice vectors in the crystal and since it is a cubic system, |a| = |b| = |c|. To keep the 
stoichiometry of the crystal it is, in the case of InAs, terminated with In atoms on one 
side and As atoms on the other. The In terminated side is denoted (111), or A, and the As 
terminated one ( 111 ), or B.  
 

 
 

Figure 6: The (111) surface planes of a III-V semiconductor, A-side (top) and B-side (bottom). 
 
The III-V semiconductors show many different reconstructions depending on the 
crystal’s surface plane and on how the surface is prepared. It is common that similar 
materials show the same reconstructions. This is the case for InAs(111) and InP(111), 
they are 2×2 reconstructed when In terminated and unreconstructed (1×1) when As or P 
terminated. The InAs( 111 ) and InP( 111 ) are relaxed surfaces55. In Figure 7 below, a 
top view of the (111) surface, both the above mentioned surface periodicities are shown 
as rhombs.   

Other III-V semiconductor surfaces are for example InSb(111), GaAs(111) and 
GaSb(111). These materials also show a 2×2 reconstruction on the A-side, but a 3×3 
reconstruction on the B-side. The reconstructions mentioned above occur when the 
sample is prepared by argon sputtering and annealing56, ,57 58. 

The III-V semiconductor materials show different reconstructions when they are 
prepared with Molecular Beam Epitaxy (MBE). In this case, for example, InAs(111), as 
well as InSb(111), has a 2×2 reconstruction on both A- and B-side59, ,60 61; whereas 
GaAs(111) show a 2×2 reconstruction on the A-side and a °−× 4.23R1919  
reconstruction on the B-side depending on temperature. It is also possible to get another 
reconstruction for sputtered and annealed samples, depending on annealing temperature. 
One example is InSb( 111 ), which show a 3×1 reconstruction if annealed at ~750 K62. 
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Figure 7: The 1×1(small rhomb) and the 2×2 (large rhomb) surface lattices. 
 

One method for figuring out possible reconstructions is to apply the electron counting 
rule55, ,63 64. The basic idea of this rule is that a possible reconstruction is one that leaves 
the surface semiconducting, i.e. with the valence band full and the conduction band 
empty. This is the same condition as if no excess electric charge is present on the surface. 
A surface has lower surface energy and is therefore more stable if it is electrically neutral. 
 
2.2.2  The (100) surface 
 
The (100) surfaces of the zinc-blende structure are also polar; the ideal surface would be 
terminated by solely one kind of species. Instead reconstructions occur usually leading to 
the formation of a non-polar surface terminated by both kinds of atoms (exceptions occur 
e.g. the β2(2×4) phase which is As-dimer terminated65). A variety of surface 
reconstructions appear (depending on annealing temperature) for the non-polar surfaces 
prepared by sputtering and annealing. In the case of InSb(100), the structures normally 
achieved  with ion bombardment and annealing is the 1×3 and c(8×2) structures 
depending on annealing temperature (around 675 K is necessary for the latter). If the 
surface is prepared by MBE, among others 1×1, c(4×4), 1×3 and c(8×2) structures are 
found as a function of the surface concentration of Sb (highest for the 1×1 and lowest for 
the c(8×2) structure) and on the arrival rate of Sb and In66, ,67 68.  

On InAs(100) the most common reconstruction is the 4×2/c(8×2)69 on sputtered 
and annealed surfaces as it is difficult to have stable As terminated surfaces, other than 
under conditions with excess As such as in MBE. In LEED this surface appears as a 
streaky pattern with the spots related to the reconstruction elongated in the [ 011 ] 
direction, indicative of irregularities in the stacking of 4×2 cells in the [110] directions. 

The structure of the surfaces used in the present work are c(8×2) for InSb and 
4×2/c(8×2) for InAs, respectively. These surfaces have been under investigation for quite 
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some time and the currently accepted model was supplied by Kumpf et al.70 using surface 
x-ray diffraction to determine the atoms positions, the result is shown in Figure 8 below.  
  

 
 

Figure 8: The currently accepted model for the c(8×2) reconstruction of the  
(100) surface proposed by Kumpf et al. . 

 
2.3  Rutile TiO2
 
Titanium dioxide or titania exists in three different crystallographic modifications, rutile, 
anatase and brookite. In this thesis the rutile modification is used; its structure belongs to 
the tetragonal crystal group and the unit cell is spanned by two lattice vectors of equal 
length and a third shorter vector, see Figure 9 below in which |a| = |b| ≠ |c|. The vectors 
are all orthogonal to each other.  

a

b

c

 
 

Figure 9: The tetragonal unit cell of rutile TiO2. 
 

In TiO2 the formal charge of the Ti ions is 4+ and for the oxygen it is 2-, although the 
bond between the ions has covalent character. In the bulk of the crystal each Ti4+ is 
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sixfold coordinated, i.e. with six oxygen ions as nearest neighbors, whereas the O2- are 
threefold coordinated, hence each unit cell contains two formula units.  
 Normally rutile TiO2 is an insulator due to a rather high band gap, equaling 3.1 
eV. The valence band is mostly made up by O2p orbitals while the conduction band is 
mostly Ti3d derived71,72. TiO2 single crystals are initially transparent but reducing the 
crystal by heating it in vacuum at ~1000 K for a few hours results in a light blue color of 
the sample. This thermal treatment induces defects in the bulk of the crystal, consisting of 
oxygen vacancies with two remaining electrons, i.e. F-centers and is done in order to 
increase the conductivity of the oxide, enabling measurements in the STM as well as 
avoiding charging problems in the PES experiments.  
 
2.3.1  The (110) surface 
 
The (110) surface of the rutile crystal structure is the lowest energy surface and hence the 
one formed on macroscopic crystals. On an atomic level, it consists of rows of bridging 
oxygen ions in the [001] direction, i.e. one O2--ion is bonded to two underlying Ti4+ ions. 
Parallel to and between these rows, fivefold coordinated Ti4+ ions reside spaced ~6.5 Å 
apart. A schematic stick and ball model of the (110) surface is shown in Figure 10.  
 

 
 

Vacancy Rows of bridging oxygen 

 _ 
[110] 

[001] 

[110] 

Figure 10: Schematic figure of the rutile (110) surface. 
 
When a bridging oxygen vacancy is created, the two electrons associated with the ion are 
left behind and they occupy the Ti3d level resulting in the formation of two Ti3+ions. On 
this surface, no intrinsic surface states exist and hence defects play a crucial role for the 
electronic properties of TiO2.  

The polished and (110) oriented TiO2 sample used for this work was subjected to 
the initial heat treatment described above resulting in a blue color. The filling of d-states 
in adjacent cations due to the oxygen vacancies introduces on the (110) surface an 
electronic state in the bandgap, located roughly 2.3 eV above the Valence Band 
Maximum (VBM). In order to maintain the slightly reduced stoichiometry of the sample, 
gained from the initial thermal treatment, during the experiments it was annealed in 1·10-6 
mBar O2 at ~700 K prior to 1.5 kV Ar+ ion sputtering, and subsequent annealing at ~1000 
K. This procedure provided a clean and well ordered surface showing a 1×1 LEED 
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pattern and the STM images showed 30 nm large terraces with a bridging oxygen 
vacancy density of ~8 % and few other impurities or defects. The color of the crystal 
remained blue, although it darkened somewhat with time.  
 
2.4 Adsorbates 
 
Phthalocyanines are cyclic molecules consisting of four isoindole groups (each consisting 
of a benzene ring attached to a pyrrole ring) interlinked through nitrogen atoms. This 
leaves a void in the center of the molecule which can be filled with a metal ion or in the 
case of metal free phthalocyanine; two hydrogen atoms bonded to the pyrrole group 
nitrogen, see Figure 11 for a schematic presentation together with two defined directions, 
1 and 2 according to the figure. The two hydrogen atoms are exchangeable to a metal 
atom usually adopting a fourfold (e.g. Cu, Zn, Pb), 6-fold (e.g. Ru) or 8-fold (e.g. Sn) 
bonding position. It can also be a compound such as a titanyl group (TiO) or a Cl-based 
compound. Depending on the size of the metal atom inside the void, the molecule will 
have a flat symmetry (the metal fits inside) or it will be bowl-shaped if it is too large 
(Pb). If the coordination possibility of the central metal atom is larger than fourfold; 
ligands will be attachable. With the 8-fold bonding configuration it is possible to obtain a 
“double-decker”, i.e. two phthalocyanine rings to one central metal atom positioned in 
between the two rings.  

 

       2
 
    1 

Figure 11: Schematic drawing of H2PC with two defined directions. 
 
The HOMO in H2PC consists of the π-electrons in the isoindole group, and the LUMO is 
an excited state of these electrons73,74. If the center of the molecule contains a metal atom, 
the HOMO can be located on the metal (3d) or on the PC ring75. The H2PC used in this 
work is home made, supplied by N. Papageorgiou and G. Terzian, and >99 % pure. 

A home built Knudsen type evaporation cell with a resistively heated quartz 
crucible was used in the OMBD of the phthalocyanines. A photograph of the sublimation 
cell with its shield removed so that the interior is visible is shown in Figure 12. No 
further purification of the dye was done, but it was used after a thorough degassing of the 
sublimation cell for several hours, until no contaminants from the powder was observed 
in the quadrupole mass spectrometer in front of the cell. The sublimation temperature in 
the cell loaded with H2PC was 500 K, measured with a thermocouple (TC) attached to the 
outside of the quartz crucible. The W filament is wound around the quartz crucible, and 
the current through it is a few Ampere. During evaporation the cell was positioned a few 
centimeters from the sample, the pressure in the chamber was below 5·10-9 mBar.  
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Figure 12: Picture of the pht ocyanine evaporation cell. 
 

.  Experimental techniques 

.1 Scanning Tunneling Microscopy 

ith Scanning Tunneling Microscopy (STM) it is possible to create images of solid 

 mechanical 
phenom

hal

3
 
3
 
W
surfaces with atomic resolution. The microscope was developed in the early 1980´s by 
Binnig and Rohrer and rendered them the Nobel Prize in Physics in 1986.  

Tunneling of electrons through a vacuum barrier is a quantum
enon and the principle used in STM. The wave functions of the electrons in the 

sample and in the tip have a small extension out into the vacuum. A tunneling current is 
possible when these wave functions overlap. The wave functions decrease exponentially 
with distance from tip and from the sample, hence the exponential behavior of the 
tunneling current, as is seen in equation 3.1. 
 

)1.3(φKd
t e

d
UI −∝  

 
 equation 3.3 (based on the Fowler-Nordheim relation), U is the bias between sample In

and tip, K is a constant equal to 1.025 Å-1eV-1/2, d is the distance from sample to tip and 
φ is the average work function of the tip and the sample. The exponential behavior also 

plies that the distance between tip and sample cannot be too large, a separation of ~ 5 - 
10 Å is necessary to achieve a tunneling current. 

Since the tunneling current is highly sensi

im

tive to the separation of tip and sample, 
the distance must be controlled with high accuracy. This is accomplished with 
piezoelectric elements, both for the distance to the surface and the in-plane movement. 
The piezoelectric elements stretch or contract when a positive or negative bias is applied 
to it. The change in length is on the order of Ångström when the bias is on the order of 
tenths of Volts.  
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Figure 13: a) A schematic figure of the STM and b) The electric potentials for tip and sample. 
 
The basic principles of STM is displayed in Figure 13 a, where It is the tunneling current 
and Vbias is the voltage applied between sample and tip. Vx,y,z are the voltages applied to 
the piezoelectric elements, controlling the motion of the tip, and s is the separation 
between tip and sample. Depending on the sign of the bias, it is possible to tunnel 
electrons into the sample or out of it. In the work done for this thesis, two microscopes 
were used; one STM1 and one VT-STM (variable temperature-STM) both manufactured 
by Omicron in Germany. In the case of STM1, the tip is grounded so with the sample at a 
positive potential the electrons tunnel into it, thus probing unoccupied states, and at a 
negative potential electrons tunnel out of the sample, probing occupied states. In the VT-
STM, the sample is grounded so a positive bias means that electrons tunnel to the tip and 
the opposite occurs at negative bias. 

In Figure 13 b, the potentials for the tip - vacuum - sample surface are displayed. 
The tip, in the figure metal, is made from W wire and electrochemically etched in a KOH 
aqueous solution, biased with roughly 10 V. The sample, in the figure denoted 
semiconductor, does not necessarily have to be a semiconductor as in the figure; the only 
requirement is that it conducts electricity so a metal will also work. In the figure, φm 
represent the work functions of tip and χsc is the sample electron affinity respectively. EF 

s
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s

b) Metal Vacuum Semiconductor
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is the Fermi level, i.e. the highest energy level occupied by electrons and eVbias is the 
energy of the electrons available for tunneling. 

On a scanning tunnel microscope, a feedback loop correlates the tunneling current 
with the voltage over the piezoelectric element normal to the surface, Vz. Usually the 
STM measurements are in constant current mode, i.e. the tunneling current is kept 
constant, and at a fixed bias. The feedback loop causes Vz to change in order to keep It 
constant. This implies that the tip moves according to the surface topography. The STM 
image is a recording of the voltages over the piezoelectric elements, Vx,y giving the 
coordinates in the surface plane and Vz giving the topography.  

The STM image is not a picture of the atoms in real space, but an image of the 
electron orbitals protruding from the surface and the orbitals involved in the bond 
between the atoms. In the case of III-V semiconductors the orbitals are localized to the 
atoms as dangling bonds, and the positions of the orbitals correspond to the positions of 
the atoms. For metals the corrugation of the surface is smaller, due to the delocalized 
conduction electrons. 
 
3.2 Photoelectron Spectroscopy 
 
In Photoelectron Spectroscopy (PES), the photoelectric effect described by Einstein in 
1905 is used. The basic principle is to irradiate the sample with photons of well-defined 
energy, ħω, which will be absorbed by electrons in the sample. This excitation causes the 
electrons to gain enough energy to leave the crystal. The transferred photon energy has to 
exceed the electrons binding energy, Eb, and the work function, φ. Otherwise the 
electrons will not be emitted from the crystal. The rest of the photon energy is converted 
into kinetic energy of the photoelectrons, according to equation 3.2:  
 

Ekin = ħω - Eb - φ      (3.2) 
 

Several acronyms are used in the field of photoemission; traditionally XPS (X-ray 
Photoelectron Spectroscopy) and UPS (Ultra-violet Photoelectron Spectroscopy) are used 
stemming from the excitation source used but with the advent of synchrotron radiation 
the terms are overlapping.  
 

 
Figure 14: Some photoemission processes. 
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The basic process involved in the two are schematically shown in Figure 14 above, XPS 
probes the Core Level (CL) and UPS the VB of the atom, of course XPS also probes the 
VB but the cross-section for photo-ionization is low and the signal is therefore weak. An 
open circle is an empty state and the filled circle is an occupied state and γ symbolizes 
the photon. The third part of Figure 14 is mentioned later in the text. 

A simple picture of the photoelectron emission process is provided by the three 
step model; Figure 15 below is a schematic drawing of the process. In step 1, the 
photoelectron becomes excited from the initial energy level Ei to the final state with 
energy Ef by a photon with energy ħω. In step 2 the electron travels to the surface and 
finally in step 3 the photoelectron transverses the surface and finds its way to the 
detector.  

 

 
Figure 15: The three step model of photoelectron emission. 

 
During the second step the electron can be scattered by phonons or plasmons causing the 
photoelectron to loose energy. Herein lies the benefit to surface science, only those 
electrons within the mean free path from the surface will contribute to the useful signal. 
This phenomenon causes PES to be very surface sensitive, the mean free path is about 5-
20 Å for electrons with kinetic energy excited by commonly used photon sources such as 
X-ray tubes or synchrotron light.  
 

 
 

Figure 16: Mean free path of electrons at various kinetic energies76,77. 
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How the mean free path varies with kinetic energy is shown in Figure 16. The various 
symbols represent different elements (the legend is omitted) and the calculated dashed 
line closely follows the data points. 

It is possible that the photoelectron on its way to the surface interacts with the 
valence electrons, which become excited and populates higher energy levels. The 
photoelectron is only slightly affected by this and looses typically a few eV, this 
phenomenon is called shake-up and is schematically shown in Figure 14. Normally in 
semiconductors the VB is about 5-10 eV wide, this means that the shake-up related 
intensity is seen with a few eV higher binding energy than the main peak in the spectra. 
This loss feature is commonly seen in photoemission experiments. 

In most of the photoelectron emission experiments done in this thesis, the core 
levels of the atoms are probed. The core levels are electron states that are localized to 
each atom and remain essentially atomic like. A change in the atoms geometrical or 
chemical surroundings might also affect the CL. This is the origin of the surface or 
chemical shift in the measured photoelectron energy. The surface shift is due to the 
different arrangement of atoms that occur when a surface is created and the chemical shift 
comes from the difference in electronic structure when the atoms form new chemical 
bonds, e.g. to adsorbed atoms or molecules.  
 
3.2.1 Analysis of photoelectron spectra 
 
The spectra obtained in a PES measurement are plots of intensity versus binding energy. 
The analysis of the recorded spectra is not straightforward. In order to resolve surface and 
chemical shifts, the spectra usually need to be fitted numerically because the shift might 
be small (less than 1 eV is often seen). This is done by fitting several Voigt functions (a 
combination of Gaussian and Lorentzian functions) so that the sum of the introduced 
functions equals the experimental data.  

There are several parameters that need to be adjusted. The position on the energy 
axis of the Voigt function gives the core level’s binding energy for surface, bulk and 
chemisorbed atoms. The intensity in the peak is related to how many atoms that 
contributes. The spin-orbit (S-O) interaction results in an energy split; e.g. in the As3d, 
one of the peaks is the d3/2 state and the other is the d5/2 state, and the S-O split is the 
energy difference between the two peaks. The branching ratio, i.e. the intensity difference 
of the two peaks from the d3/2 state and from the d5/2 state, in the spin-orbit split Voigt 
function. The width of the core level peak has two principal contributions. The first has 
Gaussian shape coming from the change of potential (due to the charged final state), 
which creates phonons due to the different bonding situation, inhomogeneities in the 
surface and an instrumental contribution. The second has Lorentzian shape and it comes 
from the limited lifetime of the core hole. The core hole is filled by another electron in 
Auger decay; if it is a rapid Coster-Kronig process the energy broadening is larger78. 
There is also an asymmetry parameter; it is introduced to account for the small energy 
losses of the photoelectrons by scattering from the electrons close to the Fermi level. It is 
not applicable in the analysis of semiconductors as they do not have a high density of 
states close to EF. However, when analyzing photoelectron spectra from metals the 
asymmetry parameter may have to be used. To account for the background of 
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inelastically scattered electrons in the spectra, a Shirley background (a step function) is 
chosen. 

The curve fitting is done in a computer and as a measure of the goodness of fit 
between the sum of the fitted curves and the experimental spectrum, besides the visual 
alikeness, the program calculates χ2 for the fitting procedure according to equation 3.3: 
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In the equation above, n corresponds to one data point i.e. a value of the binding energy, 
IM is the measured intensity in the point n, IF is the calculated intensity for the sum of the 
fitted curves in the point n and N is the total number of points.  
 
3.2.2 Synchrotron radiation 
 
A suitable light source for photoelectron spectroscopy experiments is synchrotron 
radiation. From the beginning it was a byproduct from synchrotrons used for accelerator 
experiments but as it proved to be a powerful tool for scientific analysis, the modern 
electron storage rings are used solely to produce synchrotron radiation. In the ring the 
electrons travel with near the speed of light. When the electrons are deflected, they will 
emit light with a wide spectral range and high intensity. The light is linearly polarized 
with the E-vector in the horizontal plane. The spectrum begins with X-rays and stretches 
into the visible and infrared region, as is seen in Figure 17 below.  
 

 
Figure 17: Spectrum for synchrotron radiation and some other light sources. 

 
In Sweden two storage rings are currently in operation; MAX 1 and 2, both found at 
MAXlab in Lund. The electrons travel in bunches in the ring, one bunch is ~20 ps long, 
and in the MAX 2 case the total current is about 200 mA. The electron energy is 1.5 
GeV. The ring is actually a polyhedron with a circumference of about 90 m. In MAX 1, 
the electron energy is 550 MeV producing less brilliant light and lower photon energies. 
In the storage ring, magnetic and electric fields control the path of the electrons. The 
straight parts of the polyhedron holds devices, such as quadrupoles for focusing the 
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beam, undulators and wigglers, which makes it possible to extract light with enhanced 
intensity. These devices are basically periodic magnetic arrays, which deflect the electron 
beam, thus causing the electrons to emit radiation. In the corners of the polyhedron are 
bending magnets to guide the electrons. In Figure 18 below is a schematic over the layout 
of the I511 beam line presented. The role of the undulator is briefly mentioned above and 
the monochromator is used to get a well defined energy of the photons. With the beam 
splitter it is possible to switch between two end-stations. Before the synchrotron radiation 
illuminates the sample it is focused so that the spot size is about a few hundred µm in 
size. 
 

 
Figure 18: schematic layout of the I511 beam line at maxlab. 
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3.3  Low Energy Electron Diffraction 
 
The purpose of Low Energy Electron Diffraction (LEED) is to determine whether the 
surface of the crystal is ordered or not. It is a diffraction technique, which utilizes the 
elastic scattering of electrons from the surface. According to de Broglie, the electron has 
an associated wavelength, given by: 
 

mE
h

2
=λ        (3.4) 

 
This expression is valid for free electrons. In the equation, h is Planck’s constant, m the 
electron mass and E their energy. For low energy electrons e.g. E = 50 eV, the de Broglie 
wavelength is 1.7 Å. This makes them useful for investigating atomic structures, which 
are on the Å scale.  

When low energy electrons irradiate single crystal surfaces, they are diffracted by 
the periodic atomic structure. The electrons interfere constructively in certain directions, 
both for the bulk periodicity and the periodicity of the surface superlattice. The diffracted 
electrons are seen as spots on a fluorescent screen. LEED is a surface sensitive method 
due to the small escape depth of low energy electrons.  

The diffraction condition for the LEED situation is the same as for x-ray 
diffraction: 
 
 k = k′ + G       (3.5) 
 
Here k is the wave vector of the incident beam, k′ is the wave vector of the diffracted 
beam and G is a reciprocal lattice vector.  
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In brief, the experiment is done by accelerating electrons from an electron gun in 
the center of the diffractometer. It consists of a filament, which is heated and therefore 
emits electrons. These electrons are accelerated by a variable voltage and impinge upon 
the sample, where they are diffracted and traverse the vacuum to a series of grids. This 
variable voltage determines the kinetic energy of the emitted electrons. The first grid is 
grounded in order to obtain a field-free region. The second and third has a variable low 
voltage, the suppress voltage, so that the background of inelastically scattered electrons 
can be filtered out. Between the fourth grid and the fluorescent screen is a high voltage, 
which accelerates the electrons so that they gain enough energy to light up the screen, and 
the diffraction pattern can be seen. 
 
3.3.1  The Ewald construction 
 
One way to determine which directions that fulfill the diffraction conditions is known as 
the Ewald construction. It is shown in Figure 19 below, where the dots correspond to 
reciprocal lattice points.  
 

 
Figure 19: 2-dimensional Ewald construction. 

 
In the 2-dimensional case, as for surfaces, a circle is drawn with a radius of |k| = 2π/λ and 
the point of the vector at an arbitrary reciprocal lattice site. If the circle intersects a lattice 
point, it will contribute to the diffracted beam. The angle of diffraction (θ ) is given by 
the difference in directions between the incoming and diffracted beam, shown as the 
angle 2θ in Figure 19. The dots on the fluorescent screen image the reciprocal space. Not 
only determination of the surface symmetry, but also the lattice parameter of the crystal, 
is possible to calculate from the dots on the fluorescent screen.  
 
3.4 Auger Electron Spectroscopy  
 
With Auger Electron Spectroscopy (AES) it is possible to determine which elements are 
present on the surface and, to some extent, in which quantities; the sensitivity is roughly 
0.1 % of a monolayer79. The only elements, which cannot be detected, are H and He, 
since the Auger electron process is a three-electron process.  

In the Auger electron process incident electrons ionize the atom by knocking out 
one of the core electrons. The ion relaxes by filling the hole with an electron from a 
higher lying state. The energy gained in this de-excitation, transfers to a third electron, 
the Auger electron, which leaves the ion with a well-defined kinetic energy. Thus the 
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atom becomes doubly ionized. Since the difference in core level energies for each 
element has a unique value, AES is element sensitive. In Figure 20, the Auger process 
denoted KL1L2 is depicted.  

 
Figure 20: The Auger electron process KL1L2.  

 
The K, L and M correspond to the principal quantum numbers 1, 2 and 3. The indices 1 
and 2 correspond to the subshell. The electron in the K-level is knocked out by the 
incident electron, L1 is the energy level from which the de-exciting electron originates 
and L2 is the level the Auger electron comes from. It is also possible to have for example 
LMM or LVV Auger processes where V stands for the valence band. Another possibility 
is to have a transition where the core hole is filled by an electron from the same shell, e.g. 
L1L2M1. This is known as a Coster-Kronig transition1,79. They occur very fast, thus the 
Coster-Kronig transition has a large energy spread, according to Heisenberg’s uncertainty 
principle. 

AES is a surface sensitive method since only the electrons from the first few 
atomic layers can emerge from the crystal without changing their energy, in the same 
way as for PES described in section 3.2. The electrons from deeper layers will interact 
with the atoms in the crystal, phonons or plasmons and the information they carry will be 
lost. These scattered electrons only contribute to the background together with the 
backscattered electrons. In Figure 16 shown above, the mean free path for electrons in a 
solid material is shown as a function of the electrons kinetic energy.  

Every element has a specific cross-section for ionization; consequently the 
sensitivity to electron irradiation varies for different elements. This accounts for the 
variation between measured intensity of the different elements with equal concentration 
and is known as the relative sensitivity factor.  

The principle of AES is to irradiate the sample surface with primary electrons of 3 
keV energy accelerated from an electron gun in the center of the apparatus. Around the 
electron gun is a cylindrical electron analyzer, which is built up of two concentric 
cylinders. A variable sweep voltage applied between the cylinders determines the kinetic 
energy of the electrons reaching the detector. Around the analyzer and electron gun is a 
µ-metal shield, which maintains a magnetic field free interior. Without it, the electrons 
would be deflected by outer magnetic fields, e.g. the earth’s field, and false readings of 
the Auger energies would occur. The primary electrons produce Auger electrons as well 
as backscattered and inelastically scattered electrons. The Auger electrons are quite few 
compared to the background; the spectra are therefore differentiated, i.e. dN(E)/dE versus 
E is plotted, where N is the number of electrons and E is their kinetic energy. The signal 
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from the detector is fed via a lock-in amplifier, to a computer where dN(E)/dE versus E is 
displayed.  

 
4.  Results and Discussion 
 
In this section the main results from the appended papers will be presented together with 
a brief discussion. A more thorough discussion of each system is presented in the 
respective paper. 
 
4.1 InAs(111)A&B-Co 
 
The results from the STM and PES experiments are in this section mainly focused on the 
InAs(111)B side of the crystal. The experiments on the A-side are performed in an 
identical manner and the results follow those from the B-side closely and are hence 
omitted here. The results are briefly described and discussed, the reader wanting a full 
presentation together with further experimental details is referred to Paper I.  

In this paper we investigate the initial stages of thin film growth of Co on 
InAs(111)A and B surfaces to study surface ordering and interface chemistry. The Co-
coverage is in the ML range and the properties of the formed interface are characterized 
with STM and PES.  

The PES experiments were performed at two end stations, namely I511 on MAX 
2 and BL41 on MAX 1. Further details of the beam lines are found in Paper I and in Refs. 
80 and 81. The results from the PES experiments are presented in Figures 21-23 below. 

After the deposition of Co on the surface, new peaks are introduced in the In4d 
and As3d CL spectra. They are denoted Si and due to surface atoms with a new chemical 
environment, induced by the adsorption of Co. The In4d core level spectra (Figure 21 left 
panel) are modified with a new peak S4, its intensity grows steadily as the Co coverage 
increases and the peak remains after annealing. Also in the As3d3/2 core level (right panel 
in Figure 21) is a new peak, S5, introduced after the adsorption of Co. The intensity for 
the S5 peak increases when more Co is evaporated onto the surface and decreases after 
annealing of the sample.  

A similar behavior is found on the A-side, with the introduction of a new peak 
(S1) in the In4d CL. Both S4 on the B-side and S1 on the A-side originate in a chemical 
bond formed by In and Co. Also in the As3d CL spectra are two new peaks introduced 
for the A -side.  

The introduction of the new peaks indicates a chemical reaction at the interface 
and we assign this to In-Co alloying. The peak S5 on the B-side corresponds with the 
peak S3 on the A-side and they also have a common origin; as the Co forms a chemical 
bond with In on the surface, In-As bonds are broken and As-As entities are formed. 
These are loosely bound to the surface since the two components (S5 and S3) diminish 
upon thermal treatment. 
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Figure 21: The In4d (left panel) and As3d (right panel) core levels of InAs(111)B-Co. 
 

In Figure 22 is the valence band spectra for the InAs(111)A and B side (photon energy of 
112 eV) displayed. In the VB new electronic states (A3) appear upon Co adsorption, 
located at the Fermi level. The valence band spectra measured at a photon energy of 20.5 
eV for the InAs(111)A is displayed in the left panel of Figure 23. In the spectrum for the 
clean sample a feature denoted P is visible just at the Fermi level. These electronic states 
constitute the accumulation layer. After adsorption of Co, this feature (P) disappears. 

No accumulation layer is formed on the B-side since the spectrum for the clean 
InAs(111)B (right panel in Figure 23) is not showing the feature P. The new states (A3) in 
Figure 22, found at the Fermi level after adsorption, are indicating that the formed 
interface has metallic character. These new states is also seen at 20.5 eV photon energy in 
Figure 23, although not as clear as for the 112 eV photon energy spectra.  
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Figure 22: The valence band spectra for InAs(111)A and B-Co at 110 eV photon energy. 

 

 
Figure 23: The valence band spectra for InAs(111)A and B-Co at 20.5 eV photon energy. 
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In the STM experiment (STM1), LEED and AES was used to determine surface ordering 
and contamination. STM images of the InAs(111)B-Co system is shown in Figure 24 
below. The clean surface is displayed in a, the image size is 150×150 nm2; the surface 
has a characteristic appearance with triangular shaped pits and step edges. A line profile, 
55 nm long (white line in image), from this surface is presented in b. Each step is roughly 
4 Å high, i.e. there is a single atomic step between adjacent planes. The surface is then 
covered with a 1.1 ML thick film of Co, Figure 24 c, annealed to about 575 K, the size of 
this STM image is 180×160 nm2. The surface is covered with islands of uniform size, 
~20nm in diameter and ~10 nm high, and in between is the InAs substrate visible.  

The formation of islands also occurs for the A-side of the crystal upon thermal 
treatment, the islands show a similar size distribution as on the B-side, i.e. ~20 nm in 
diameter.  Further details of the STM experiments are given in Paper I. 
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Figure 24: STM images of a) the clean InAs(111)B with a line profile in b) and  
c) the Co covered surface with its line profile in d). 

 
That the islands consists of In and Co atoms can be seen when comparing the core level 
spectra for In4d and As3d, the Co-induced peaks (S1 on the A-side and S4 on the B-side) 
remains after annealing while the new peaks in the As3d core level spectra either 
disappear (A-side) or are strongly reduced (B-side). Co is reactive and pulls the In atoms 
out from the crystal to form islands. In-As bonds are broken and As floats on top (peak S2 
(A-side) and S5 (B-side) are corresponding to an As-As bond between floating atoms). 
Islands are formed after annealing as is evident in the STM images in Figure 24. That the 
formed interface has metallic character is evidenced by the appearance of new states (A3) 
at the Fermi level in the VB spectra.  
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4.2 TiO2(110)-H2PC 
 
In this work we investigate the interface between H2PC and rutile TiO2(110) single 
crystals using STM and synchrotron based high resolution photoelectron spectroscopy. 
To model the solar cell interface we have chosen single crystal rutile TiO2 as substrate in 
order to keep good control of the surface structure and using standard surface science 
techniques. The phthalocyanine-oxide interface is on an atomic level poorly studied 
although it has great implications for dye-sensitized solar cell performance. In previous 
experiments, H2PC has been shown to form ordered overlayers39, , , , ,82 83 84 85 86. The 
possibility of a self-ordering system on oxides ought to give a well defined thin film 
concurring with the demands for the solar cell application. Also thicker films (100nm) 
have been investigated, giving information about the bulk properties of H2PC73,87.  

The scanning tunneling microscope used in this work is an Omicron VT-STM, 
used in constant current mode and at room temperature (298 K). The PES experiments 
were performed at beam line I511 at MAX-lab. The core-level spectra were recorded at 
room temperature, normal emission and grazing incidence (approximately 80° off-
normal) of the photons. 

The clean surface is first measured both by STM and PES. Figure 25a is a 
220×220 Å2 STM image of the clean surface, showing strong electronic effects, the lower 
lying rows of fivefold coordinated Ti4+ ions appear to be protruding as they are imaged 
bright, due to a higher local density of filled states (cf. the stick and ball model of the 
(110) surface in Figure 10). The bright dots in dark rows (one is encircled and marked 
“V” in the image) are vacancies in the bridging oxygen rows, occurring with a density of 
about 8 % (normal for a sputtered and UHV annealed surface). The O vacancies appear to 
be protruding from the surface (also an electronic effect), see line profile in Figure 25b.  
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Figure 25: a) The clean TiO2 surface. b) A line profile 80 Å long placed across a vacancy. c) The surface 
with H2PC at sub-ML (~1/4) coverage and after annealing to 450 K. Encircled is one individual 
phthalocyanine molecule. d) A 120 Å long line profile across two individual phthalocyanine molecules. 
 
The surface is then exposed to H2PC and Figure 25c (320×130 Å2 large) shows the 
surface at sub-ML (~1/4 ML) coverage and after annealing to ~450 K. Each molecule 
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(one is encircled in the image) is imaged as four lobes depicting the delocalized π-
electrons of the isoindole group, commonly seen on other substrates. A line profile is 
presented in Figure 25d, in which the rows of Ti4+ ions are seen in the leftmost part. The 
H2PC molecule is determined to be ~16 Å in size.  

The substrate core levels are presented in Figure 26. In the O1s CL, a new feature 
shifted 1.3 eV from the main peak (about 5% of total intensity), appears when the surface 
is exposed to the phthalocyanine. For the 2 ML thick film, this shifted peak is not seen as 
the surface has been covered with the adsorbate, indicating that it is related to the 
interface. For the Ti2p core level, only the 2p3/2 state is shown in the right panel in Figure 
26. This core level requires two components to be properly fitted because of the Ti3+ 
states, located 1.7 eV from the main line in agreement with literature88, ,89 90, associated 
with the surface oxygen vacancies. 

 
Figure 26: O1s (left) and Ti2p3/2 (right) core levels of TiO2(110)-H2PC. 
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In Figure 27 are the C1s and N1s core levels of the adsorbate presented. The C1s 
spectrum (left) at sub-ML coverage is dominated by two broad (FWHM 1.1 eV) features. 
The line shape remains essentially the same also after heat treatment at 475 K, although 

 35



the width of the peak is reduced (FWHM 0.96 eV). At higher coverage a shoulder appear 
on the low energy side of the main peak. In order to separate the contributions form the 
first and second layers; a difference spectrum is created by subtracting the sub-ML 
spectrum (multiplied by 3 to account for the non-covered surface) and hence represents 
the second layer. This difference spectrum is then fitted with four separate components; B 
and BSU are related to benzene like carbon and P and PSU are related to pyrrole like 
carbon, see Figure 11 for clarification and Paper II for details. The line shape for the 
second layer is very similar to the one found for bulk phthalocyanine, i.e. the second 
layer has molecular character. Furthermore, the intensity for benzene-type and pyrrole-
type carbon is 75.6 % and 24.4 % respectively, very close to the expected ratio between 
the carbon atoms found in the molecule.  
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Figure 27: C1s (left) and N1s (right) core levels of H2PC adsorbed onto TiO2(110). 
 

The right panel of Figure 27 shows the N1s core level. The spectra are fitted with two 
peaks of equal area for the sub-ML coverage. The peak at higher binding energy is 
related to the nitrogen atoms bonded to hydrogen (NH), and the peak at lower binding 
energy (NC) is related to the other nitrogen atoms in the molecule (see Figure 11). Upon 
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thermal treatment the line shape alters; NH is strongly reduced whereas NC gains 
intensity such that the total intensity is only slightly reduced (93 % of the original 
intensity), i.e. no desorption occurs.  This change in line shape indicates dehydrogenation 
of the molecule, a similar behavior occurs for PbPC on InSb(100), where the Pb is found 
to detach from the molecule. The surface is then exposed to a higher dose of H2PC (the 2 
ML coverage) on top of the annealed layer, resulting in a structure that consists of both 
annealed and as-deposited molecules. The relative intensity of the high binding energy 
component increases again. Hence, the dehydrogenation is due to thermal treatment and 
not induced by the adsorption. 

The appearance of a new component in the O1s core level of the substrate, 
originates in the formation of a chemical bond between the molecule and the TiO2. The 
most likely candidate being responsible for this chemical interaction is the electronic 
orbitals of the HOMO, pointing out from the molecular plane making them available for 
chemical interaction and in O1s a 1.3 eV chemical shift is found in agreement with what 
is usually found in a C-O bond91,92. The HOMO consists of the delocalized π-electrons to 
which mainly the carbon atoms contribute. Furthermore, N induces a >2 eV chemical 
shift in the O1s core level93 and H atoms induce a ~3 eV chemical shift  and in addition, 
dehydrogenation of the central H occurs upon thermal treatment but the molecules 
remain. Thus, N and H are ruled out as bonding partners with the substrate O ions. 
 
4.3 InAs(100)/InSb(100)-H2PC 
 
Self-ordering systems are important in the field of molecular electronics, they might 
eventually lead the miniaturization to its ultimate goal: individual molecules acting as 
devices. There is of course a long way to go but that does not prohibit the investigation of 
interesting systems such as the phthalocyanine-III-V semiconductor interface, where 
metallo-phthalocyanines have been shown to self-order on semiconductor surfaces. In 
this manuscript (Paper III), we examine the initial interface formation of H2PC on 
InSb(100) and InAs(100). These systems have previously been investigated using LEED 
and a 3×3 structure superposed with a °±× 4.18R 1010  periodicity was found 
indicating ordered growth of H2PC on InSb(100). The InAs(100) surface did not produce 
any ordered overlayers in the study of Yim and Jones. However, our present results are in 
part contradicting earlier findings.  
 Figure 28 below shows STM images of the InSb(100) surface with two 
depositions; sub-ML where individual molecules are visible (Figure 28a-c) and found to 
preferentially adsorb on top of In rows in the [110] direction. Secondly (in Figure 28d) a 
several ML thick film is deposited and annealed so that the topmost layer is contracted, 
revealing the ordered first ML. This surface showed extra lines in the LEED pattern 
similar to Angot et al.  and we adopt their notation of “×3”, meaning that the molecules 
are closely packed along the In rows. The LEED pattern was a superposition of this new 
“×3” periodicity together with the c(8×2) structure of the substrate indicating a weak 
interaction as the substrate seemingly did not need to rearrange itself and a coexistence of 
the two phases. 
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Figure 28: STM images of InSb(100)-c(8x2) dosed with H2PC and annealed to 450-575 
K. Sub-ML coverage is shown in figures a-c. Image sizes are in a (325×170 Å2), b 
(375×205 Å2) and c (290×170 Å2). Part d (475×725 Å2) shows the surface dosed with 
more than 1 ML and after annealing to ~575 K. In e a line profile 96 Å long according 
to the line in part c is shown, giving a molecular size of 19 Å.  

 
The results for InSb(100)-H2PC from the PES experiments are shown in Figure 29 below. 
The C1s CL line shape is very similar to the one found for bulk or thick film H2PC. This 
indicates that the molecules retain their molecular characteristics even after adsorption. 
The C1s core level is fitted and the relative positions of the components are in good 
agreement with what is found in Ref. [87]. Their relative intensity, 77% for benzene-type 
carbon and 23% for pyrrole-type carbon, is also in good agreement with the molecular 
fraction. Further details of the fit results are given in Paper III. 

The N1s CL in the right panel is fitted with three components; NH comes from 
the N-H bond in the center of the H2PC molecule and NC is related to the rest of the 
nitrogen atoms, see Figure 11. Upon annealing the interface, drastic changes occur in the 
N1s spectra. The NH component is almost completely gone indicating deprotonation of 
the H2PC´s central void.  
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Figure 29: C1s and N1s core levels measured on InSb(100)-H2PC 
 
For the InAs(100)-H2PC interface formation the similarities with the InSb(100)-H2PC 
interface are striking. The adsorption site is also found to be on In rows as can be seen in 
the sub-ML coverage STM images presented in Figure 30. In the same fashion, the 
molecules are contracting upon thermal treatment making the ordering in the first ML 
visible. This surface also showed a “×3” pattern in LEED and the periodicity of the clean 
surface (the 4×2/c(8×2) structure) remained also here, evident of the coexisting phases.  

In the PES experiments on the InAs surface, the result is shown in Figure 31, 
differences with the InSb case arises in the C1s CL spectra. For the sub-ML coverage the 
peak is perturbed by the interaction with the surface, and not until the higher coverage is 
the line shape similar to the bulk case. The multi-layer spectrum is fitted in the same way 
as in the InSb case (although the width of the components is larger) and is corresponding 
well with the previous results, further details are given in Paper III.  

The development of the N1s CL spectra is indicating that the same event is 
occurring on this surface; the NH component is drastically reduced upon thermal 
treatment resulting in deprotonation of the molecules central void. 
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Figure 30: STM images of H2PC adsorbed onto the InAs(100)4x2/c(8x2) surface at two different 
coverages; sub-ML in a (490×240 Å2) and b(125×160 Å2) and >1 ML in c (530×110 Å2). Some 
streakiness is seen evident of mobile molecules. From the 80 Å long line profile in d; the size of 
the molecules is found to be 16 Å. 
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Fig 31: C1s and N1s core levels measured on InAs(100)-H2PC 
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The adsorption site on both InSb(100) and InAs(100) is found to be the In rows of the 
4×2/c(8×2) reconstruction as seen in Figures 28 and 30 above. However, on the clean 
InSb(100) it is possible to have two surface reconstructions present on the surface if the 
annealing temperature after sputtering is chosen correctly. This is more difficult to 
achieve on InAs, As rich surfaces are only obtained after annealing in an As atmosphere. 
Figure 32 below shows the coexistence of the c(8×2) and 1×3 reconstructions on InSb. 
Clearly the H2PC molecules prefer to adsorb on the In rows as the coverage on the Sb-
rich 1×3 phase is significantly lower as is seen in upper right corner in Figure 32b and in 
the middle part of Figure 32c. 
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Figure 32: The Sb-rich domains on InSb(100), usually with a 3x1 reconstruction, are 
oriented perpendicular to the In dimer rows of the c(8x2) reconstruction, both are visible 
in  a (485x560 Å2). b (230×225 Å2)and c (745×460 Å2) are imaged after deposition, the 
adsorbed molecules are aligned along the [110] direction, i.e. they prefer the In dimer-
site and not the Sb-rich domain as it shows a significantly lower coverage. 

 
The electronic properties of the two systems are investigated by measuring the VB with 
PES and the result is shown in Figure 33. The different features in the VB is denoted A - 
F; A - C are features of the substrate with B and C originating in bulk states and A is 
comprised of several surface states. Features D - F are originating in the molecule. In the 
figure, the small vertical lines in the spectra are marking zero binding energy, i.e. the 
chemical potential.In the case of InSb(100) (left panel), the VBM is not crossing this line 
indicating that the formed interface is of semiconducting nature. On InAs(100) however, 
the interface is initially semiconducting but upon thermal treatment, the features D and E 
shift (F is not affected), leading to the shift of VBM towards and crossing zero binding 
energy, hence the annealed film is metallic in character.  
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Figure 33: The valence band of InSb(100)-H2PC (left) and InAs(100)-H2PC (right). 
 
5. Summary and Conclusions 
 
Paper I 
 
Adsorption of cobalt on both the InAs(111)A and InAs(111)B surfaces results in a 
metallic layer formed together with indium. The interaction between the adsorbate and 
substrate is reactive and the Co alloys with In causing In-As bonds to be broken. The left 
over arsenic forms entities loosely bound to the surface, desorbing upon thermal 
treatment. The topography of the surface is after thermal treatment rough and consists of 
islands of rather homogenous size distribution; they are on both surfaces roughly 20 nm 
in diameter. The interface formation results in upward band bending prohibiting a two-
dimensional electron gas to form. The chemical reactions on the surface is prohibiting a 
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smooth interface and thus the InAs(111)A and B-Co interface is believed to be unsuitable 
for devices as they usually require smooth interfaces with small intermixing of the 
adsorbate and substrate. 
 
Paper II 
 
We find ordered adsorption of H2PC on TiO2(110); the molecules are lying flat on the 
surface and tend to align themselves with the oxygen rows so that direction 1 (defined in 
Figure 11) is parallel with the [001] direction of the oxide. Based on the analysis of the 
PES data, we find two types of molecules; interface molecules with an altered C1s as 
well as N1s line shape relatively strongly bound to the surface and second layer 
molecules which have a C1s line shape similar to bulk phthalocyanine, thus showing 
molecular character. The N1s line shape reveals that the molecules are deprotonated upon 
thermal treatment. With the ordering of the molecules it is possible to produce well 
defined and uniform thin films, which in turn ought to be promising for improving solar 
cell or device performance. 
 
Paper III 
 
The InAs and InSb (100) surfaces offers a good template for ordered growth of large 
organic molecules as the most stable reconstruction (i.e. the c(8×2) reconstruction) 
consists of 1-D rows of In atoms and it is possible to cover both substrates with a well 
ordered, closely packed ML of H2PC. The interface formed on InSb is molecular in 
character and the interaction is weak as the molecules retain their geometric structure 
(seen in the STM) and their chemical structure (bulk-like line shape in C1s). The 
interaction between H2PC and InAs(100) is stronger with the alteration of the C1s line 
shape as seen in PES, but the molecules geometric structure is conserved after adsorption. 
For both systems the hydrogen atoms in the central void leaves the molecule upon 
thermal treatment. Furthermore, the InSb(100)-H2PC system is semiconducting for both 
the as-deposited and the annealed interface whereas the InAs(100)-H2PC becomes 
metallic in character after thermal treatment. In contrast to earlier findings, we show that 
both systems are self-organizing with similar adsorption site of the molecules and ordered 
structures form. 
 
6. Outlook 
 
The phthalocyanines show different properties depending on the central element or group 
and are allowing a variety of compounds to reside in the central void. One of the topics 
for further investigation is to deposit phthalocyanines of increasing complexity; one 
example is titanyl phthalocyanine (TiOPC) which has a built-in electric dipole with the 
polar Ti-O bond. Tuning the band bending might be possible by substituting O in TiO to 
e.g. Cl having different dipole strength. Another example is Ru-based phthalocyanines to 
which ligands are attached at the Ru-ion making the molecules more bulky, forcing them 
into an upright position on the surface. 

The orientation of the molecules has a large impact on the properties of the 
interface. One experimental technique not used so far but highly suitable to determine 
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molecular orientation is Near Edge X-ray Absorption Fine Structure (NEXAFS), in 
which synchrotron light is used and the energy of the photons is scanned over the 
absorption edge of e.g. N1s, thus exciting photoelectrons into unoccupied states of 
different orbital symmetry. Together with the possibility to align the E-vector of the 
photons with the N orbitals by rotating the sample (or E-vector), the orientation of the 
molecule can be determined.  

The relative position of the energy bands in the dye-sensitized solar cell 
determines the output from it. One possible way to increase the power output is to use a 
semiconductor with a larger band gap, e.g. ZnO with 3.4 eV. Work is in progress were 
TiOPC has been deposited onto ZnO(0001)-Zn to determine the adsorption site and 
characteristics of the interface.  

It is also possible to combine the systems presented here by using phthalocyanines 
with a magnetic central atom. This opens up the possibility to achieve ordered structures 
of the magnetic moment associated with the magnetic atoms. Here are dichroic 
measurements useful to probe the magnetic properties of the interface. A self-assembling 
magnetic structure ought to be considered interesting. 
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