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Abstract

The purpose of the research work, presented in this thesis is to offer a detailed atomic level study of interfaces
created by adsorption of organic molecules on metals and metal oxides to point out significant impact of
substrate, dye structure as well as different mediators on the charge transfer at these interfaces, which is proven
to influence the device performance to a great extent.

Adsorption of organic photosensitive molecules on metals and metal-oxides is the main focus of this thesis.
Phthalocyanines which are organic semiconductors offer a broad range of properties, such as thermal and
chemical stability, high charge mobility and strong absorption coefficient in the visible and near-IR regions,
which make them very attractive to be applied in various systems and devices. Fuel cells, organic field-effect
transistors (OFETS), organic light emitting diodes (OLEDs) and solar cells are examples of phthalocyanine’s
applications. The main focus of this work is to characterize the interfaces of Dye Sensitized Solar Cells (DSSCs).
DSSC was invented by Michael Gratzel and Brian O’Regan in 1988. At the heart of this cell there is an oxide
which is coated by a photosensitive dye. Under illumination, an electron is excited from HOMO to LUMO of the
molecule, which can be further transferred to the conduction band of the oxide by a proper energy level
alignment. The original state of the dye is regenerated by electron donation via the electrolyte, which usually is
an organic solvent containing a redox couple e.g., iodide/triiodide. The iodide is regenerated by reduction of
triiodide at the counter electrode. To improve the functionality of the cell, different additives can be added to the
electrolyte.

To mimic the interfaces of this cell, molecular layers of MPc (M: Fe, Zn, Mg) are adsorbed on both metallic
surfaces, Au(111) and Pt(111), and rutile TiO,(110). Layers of iodine were inserted between metallic substrates
and dyes to investigate the electronic properties and charge transfer at these multi-interface systems. 4-tert-butyl
pyridine is a significant additive to the electrolyte and has proven to enhance the cell’s performance. This
molecule was also adsorbed on Pt(111) and TiO,(110). Phthalocyanines were deposited by organic molecular
beam deposition and 4TBP was evaporated at room temperature. Surface structures and reconstructions were
confirmed by LEED measurements. Surface sensitive synchrotron radiation based spectroscopy methods, XPS
and NEXAFS were applied to characterize these surfaces and interfaces. STM images directly give a
topographical and electronic map over the surface. All measurements were carried out in UHV condition.

When MPc was adsorbed on Au(111) and TiO,(110), charge transfer from molecule to substrate is suggested,
while the opposite holds for MPc adsorbed on Pt(111). Moreover, stronger interaction between MPc and Pt(111)
and TiO,(110) compared to Au(111) also demonstrates the effect of substrate on the charge transfer at the
interface. The stronger interaction observed for these two substrates disturbed the smooth growth of a
monolayer; it also resulted in bending of the molecular plane. Interaction of MPc with metallic surfaces was
modified by inserting iodine at the interface. Another substrate-related effect was observed when MgPc was
adsorbed on TiO,(110); (1 x 1) and (1 x 2)-cross linked surfaces, where the surface reconstruction directly
affect the molecular configuration as well as electronic structure at the interface. Besides, it is shown that the d-
orbital filling of the central metal atom in MPc plays an important role for the properties of the molecular layer
as well as charge transfer at the interface.

Upon adsorption of 4TBP on Pt(111), C-H bond is dissociatively broken and molecules is adsorbed with N
atoms down. Modification of surface by iodine, prevent this dissociation. In the low coverage of iodine, there is
a competition between 4TBP and iodine to directly bind to Pt(111). Investigation on the adsorption of 4TBP on
TiO,(110) illustrated that these molecules in low coverage regime, prefer the oxygen vacancy sites and their
adsorption on these sites, results in a downward band bending at the substrate’s surface.

Keywords: photoelectron  spectroscopy, X-ray absorption spectroscopy, organic semiconductors,
phthalocyanine, charge transfer, electronic structure, dye sensitization.
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Introduction

Chapter 1

Introduction

The research work presented in this thesis is focused on adsorption of phthalocyanines on metallic
surfaces, modified metallic surfaces, as well as TiO,. Besides, adsorption of small metal-free organics
is investigated on both metallic and oxide surfaces.

Phthalocyanines have similarities with naturally occurring porphyrins, chlorophyll and hemoglobin,
which are involved in important biological processes of photosynthesis in plants and oxygen transport
within the red-blood cells'™. This fact was the origin of interest in phthalocyanines, since they could
be used as models for biological systems. These macro-cyclic compounds are conventionally used as
dyes and pigments. However their applications have been growing much broader in recent years. The
properties such as thermal and chemical stability, conductivity (their HOMO-LUMO gap is
comparable with inorganic semiconductors), long diffusion length of charge carriers, high charge
mobility and strong absorption coefficient in the visible and near-IR regions make them attractive for
use in various systems and devices. These characteristics make them promising candidates to be used

in catalysis®, fuel cells"®, organic thin-film transistors’, organic field-effect transistors (OFETSs)?,

9-11 12,13 14,15

organic light emitting diodes (OLEDs)” ™ , photodynamic cancer therapy “~°, sensors >, and dye

sensitized solar cells”**8,

The function of these devices is influenced by an essential factor; interaction and charge transfer at the
interface between Pc and the substrate. Numerous studies, applying several experimental and
theoretical methods have been carried out to investigate the interfacial interaction and charge transfer,
as well as the effect of these interactions on the functionality of devices. Charge transfer at the
interface of Pc and substrate can determine the layer growth mode, molecular configuration, magnetic
properties, optical properties and charge injection, which would effectively modify the organic device
function. This has encouraged many research groups to investigate the effect of substrate-adsorbate
interaction on the properties of the molecular layer and consequently the potential devices, which
would have organic components of similar nature™®*,

Besides, manipulation of the interaction at the interface of MPc-substrate is possible by either
35-37 or

decorating the molecules (adding external atoms or molecules to the center or periphery of Pcs)

modifying the substrate by inserting an intermediate layer®®*. Adsorption of other molecules on top of



Pc thin films has been also reported*®*. For instance, upon adsorption of pyridine on an ordered
monolayer of FePc on Au(111), pyridine molecules coordinate to the iron site. This coordination led to
a strong ligand field which modified the magnetic and electronic properties of the iron atom*. In
another study, Gerlach, et.al.*” showed that by fluorination of CuPc adsorbed on Cu(111) and Ag(111),
the molecular distortion and interfacial interactions are modified.

The work presented in this thesis is mainly focused on the application of phthalocyanines in dye
sensitized solar cells (DSSCs). At the heart of the DSSC, there is a mesoporous oxide layer, which can
be TiO,, ZnO or Nb,Os. The oxide is coated by dye molecules for sensitization. Under illumination, an
electron is excited from HOMO to LUMO of the molecule and with a proper energy level alignment
this electron can be transferred to the conduction band of the oxide. The original state of the dye is
restored by electron donation via electrolyte, usually an organic solvent containing a redox couple e.g.,
iodide/triiodide couple. The iodide is regenerated by reduction of triiodide at the counter electrode. In
order to improve the device performance, different additives have been introduced to the electrolyte®.
One important additive is 4-tert-butyl pyridine (4TBP), which increased the fill factor and the open
circuit voltage by approximately 0.4 \V/*°.

In this thesis, adsorption of FePc and ZnPc on Au(111) and ordered Au(111)-1 surfaces (section 3.2.1)
are studied in paper | and paper Il, which discuss the effect of central metal atom of MPc on its
interaction with the substrate, as well as the influence of the substrate modification. In paper I, ZnPc
is adsorbed on Pt(111), where molecules experience a stronger interaction with the substrate than on
Au and this interaction is further modified by adsorption of ZnPc on ordered Pt(111)-1 (section 3.2.2).
Introducing iodine as an intermediate layer was done to mimic the electrode/electrolyte/dye multi-
interface. TiO, is used as substrate in paper IV and paper V, where adsorption of ZnPc and was
studied. Paper VI and paper VII discuss the effect of 4TBP, the additive in the electrolyte, on both
Pt(111) and TiO, surfaces respectively. In paper VI, the effect of iodine as intermediate layer between
Pt and 4TBP on the electronic structure at the interface as well as molecular configuration is
investigated.

All the measurements in this work were done on single crystal substrates to eliminate the effects from
different planes and reduce defects to a controlled amount. Instead of larger molecules, which have
shown higher efficiency in DSSCs, phthalocyanines with lower measured efficiency are used, which
are smaller compared to for instance ruthenium complexes and enable us to carry out a detailed
atomic-level study on their interface with different substrates. Moreover, to better control the
measurement conditions, experiments are done in ultrahigh vacuum (UHV) chambers. Surface
sensitive methods, XPS, XAS and STM are used to characterize the surface properties. The
spectroscopy measurements are performed at the MAX lab synchrotron radiation facility. These
facilities provide high performance light sources, enabling high-resolution measurements.

The main goal of this thesis is to provide a detailed molecular description of reactions, structure and

charge transfer at interfaces in organic photovoltaics, applying highly advanced characterization and
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preparation methods. The relation between charge transport in a thin film and its structural properties
is also elucidated. This thesis has taken the initial steps to study a model-system for organic
photovoltaics, applying surface science characterization methods. On the basis of the discussions
presented in this work, further modifications or replacements of different components can be carried

out to improve the performance of this type of solar cells.






Experimental Methods

Chapter 2

Experimental Methods

2.1: Synchrotron Radiation

Synchrotron radiation is used as light source for a large number of experimental techniques. Great
advantages such as high photon flux, high brilliance (Brilliance: number of photons/(time x spot sizex
convergence x 0.1% band width), tunable photon energy, linear polarization, pulsed time structure and
wide range of energy provided by synchrotron radiation sources, make them the most versatile light
sources available.

The basic principle behind it is based on an electromagnetic theory, in which when a charge is
accelerated, it radiates. In a synchrotron radiation source, electrons are confined in a storage ring by
means of magnetic fields. When electrons are accelerated in a circular path with relativistic velocity, a
cone-shaped radiation will be emitted offering a wide spectral range, from IR to X-rays.

To be more specific, a storage ring is not perfectly circular but rather polygon and the straight sections
are connected to each other by vacuum pipes with an angle. The electrons are bent in the ring mainly
by bending magnets, which are pairs of big magnets. In the straight sections of 3" generation storage
rings, insertion devices such as wigglers and undulators are also installed to enhance the brilliance.
These insertion devices have rather similar structures, both comprising of a periodic magnet array.
However the magnetic field applied in a wiggler is stronger than the one for the undulator, which
results in higher energies and a continuous spectrum as well as larger divergence than from an
undulator (See Figure 2-1). To maximize the intensity of the photon energy coming out of the
undulator, the undulator gap should be adjusted properly.

The generated light in the storage ring will be conducted to the beamlines with experimental
equipment besides the monochromator and focusing components. The experiments in this work are
mostly done at beamline 1-511 (hv: 100 eV-1500 eV) which is an undulator-based beamline for UHV
surface science research. Some of the experiments are completed at the beamline D-1011 (hv: 30 eV-

1600 eV) which is a bending magnet beamline.
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Figure 2-1: Schematics of the electron trajectories and the photon spectrum generated by in (a) bending magnet, (b)
undulator and (c) wiggler.

2.2: Spectroscopy Techniques

2.2.1. X-ray Photoemission Spectroscopy

Photoelectron spectroscopy (PES) is a powerful experimental technique that provides information
about the occupied electronic states of molecules or solids. This technique is based on the
photoelectric effect which was discovered by Heinrich Hertz in 1887 and later explained theoretically
by Albert Einstein that the photon energy depends on the frequency of the light rather than the
intensity.

Electrons in materials can be excited to higher energy levels upon exposure to the light. When photons
hit the material, electrons absorb the photons and if the incident photon has high enough energy, these
electrons (photoelectrons) overcome the material’s energy barrier (work function) and enter the

vacuum (continuum state). A schematic view of the photoemission process is shown in Figure 2-2.
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Figure 2-2: The photoemission process (XPS and UPS). In core level photoemission by illumination of photon of proper
energy, a core electron is excited above the vacuum level. In UPS, the radiated photon lifts an electron from the valence band
to the continuum.

When applying photons with a well-defined energy hv, intensity of the emitted photoelectrons is
measured as a function of kinetic energy (KE) using an electron energy analyzer (electron
spectrometer). The binding energy (Eg) of the photoelectron is then determined by the energy
conservation law (equation 2.1), where & represents work function of the sample (energy difference
between Fermi level and vacuum level)*'.
KE=hv—Ez—® (2.1)

The technique was developed by Prof. Kai Siegbahn in the 1950’s and was called Electron
spectroscopy for chemical analysis (ESCA) and later denoted X-ray Photoelectron Spectroscopy
(XPS)*. This technique is used to study the electronic structure, chemical composition and chemical
bonds of molecules and solids.

The photoelectron which found its way out of the sample’s surface is then collected by the
photoelectron spectrometer. A schematic of the hemispherical analyzer is shown in Figure 2.3. There
are retarding lenses at the entrance, which are used to adjust the incoming photoelectrons to the
defined pass energy. The photoelectron then enters the hemispherical electrodes. The concentric
hemispherical analyzer (CHA) possesses double layer structure electrodes, where inner and outer
shells have different electrical potentials. These electrodes only conduct electrons with the desired
kinetic energy to a micro-channel-plate (MCP) at the end of trajectory. The signal is enhanced using
cascade amplifiers. A large number of electrons hit the phosphorescence screen and the signal will be
recorded on a charge-coupled-device (CCD) camera. Electrons with higher or lower kinetic energy

than the pass energy collide with the electrodes.
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Figure 0-3: The schematic view of the hemispherical electron energy analyzer.

Photoelectron spectroscopy is classified as X-ray photoelectron spectroscopy (XPS) and Ultraviolet
photoelectron spectroscopy (UPS), depending on the incident photon energy. However, since
nowadays synchrotron sources allow us to choose the photon energy in a wide and continuous range of
energies from UV to soft x-ray, the border between these two photoemission spectroscopies is not

explicit.

Cross section

As mentioned above, even though synchrotron facilities give us the opportunity to select any photon
energy from the spectrum of a fairly large window, one should keep in mind photon-electron
interaction cross-section in order to choose the proper photon energy. Electrons from the same orbital
can be excited with different quantum efficiencies depending on the photon energy, which makes it
important to consider this fact while selecting the photon energy for measurements. A complete set of
the cross section for 103 atoms at different photon energies are published by Yeh and Lindau®,

guiding us to choose the proper photon energy to probe the molecular orbitals.

Mean free path

Another point which one has to consider, when selecting a photon energy for photoemission
experiments is the scattering of the electron inside the matter. The excited electron can be inelastically
scattered by phonons or plasmon excitations. X-rays can penetrate deep in to solids (um range), but
actually the detected photoelectron in the photoemission experiments come from the topmost atomic

layers, since the interaction with the matter is much stronger. From the electrons which reach the
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analyzer, only the elastically scattered ones will contribute to the main peak of the photoemission
spectrum. The distance an electron can travel inside the matter without experiencing inelastic
scattering is called “mean free path”. This distance is defined more by the kinetic energy of the
electron rather than the type of matter. In fact since the average length that an electron travels will be
reduced by elastic scattering processes, and consequently probability of inelastic losses become
higher, the kinetic energy of the excited electron plays an important role, determining this travel
distance. The mean free path versus kinetic energy curve is given in Figure 2.4 and shows the surface
sensitive energy range. This curve which is called the “universal curve” exhibits that electrons with
kinetic energy between 50 to 100 eV show the minimum mean free path, and electrons with kinetic
energy higher or lower than this Kinetic energy, have larger probe depth. This decreases the surface
sensitivity. By increasing the thickness of the upper layer, intensity of the substrate declines

exponentially.
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Figure 2-4: Mean free path of electrons at various kinetic energies®.

Therefore, surface sensitivity can be used to calibrate the coverage of a thin film as shown in equation
(2.2), where 1, is the intensity collected at the surface, I, is the intensity from the depth d and 1 is the
inelastic mean free path.

I; =1, exp(—d/2) (2.2)

Emission angle

Besides the kinetic energy, the emission angle also affects the surface sensitivity. Two different
commonly used emission angles (normal and grazing emission) are depicted in Figure 2.6. Going from
normal emission to grazing emission, the photoelectron has to travel longer to reach the vacuum and
escape the surface, which would cause higher probability of inelastic scattering for the excited electron
from some depth, letting only the surface-area electrons make it out of the surface and reach the

analyzer.
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Figure 2.5: illustration of increasing the surface sensitivity in photoemission experiments, by going from normal emission to
grazing emission. Mean free path (d) is the same in both cases; however in grazing emission the probe depth is smaller than
in normal emission, which results in higher surface sensitivity achieved in grazing emission.

XP spectrum

In an x-ray photoelectron spectrum, the number of collected electrons as a function of binding energy
is displayed (Figure 2.6.). The electron binding energies are element-specific and specific for each
particular level inside an atom. Even though core electrons are localized and do not participate in
chemical bonds, they will be influenced by any variation in the charge distribution of valence bands.
These variations can be due to initial or final state effects and can give a shift (called chemical shift) to
the core-level spectra. Initial state effects are the shifts which are related to the ground state system
and are caused by electron-density-induced binding-energy changes. On the other hand final state
effects appear in the core-excited state of the system; when an electron leaves the matter, screening of
the core hole and refilling induce changes in the spectrum which are considered as final state effects.
The origin of chemical shifts is the surrounding electronic environment and neighboring atoms. In
other words, an electron rich environment shifts the core level to lower BE, whereas a low electron
density environment shifts the core level to higher BE.

But before making further interpretation of XPS results, an energy calibration should be done. For
solid systems, the zero energy is chosen at the Femi level. For metallic substrates, Fermi level is
measured directly on the sample, though for the semiconductor sample it had to be measured on a

metallic (Tantalum) foil in direct electrical contact with the substrate.
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Figure 2.6: N1s spectra of ZnPc on Pt(111). From bottom to top: sub monolayer of ZnPc, monolayer and the thick film. The
shift between N; of the sub-ML and N, of the TF is a final state effect. N; and N, are the two chemically shifted spectra,

corresponding to the molecules at the first and second layer on Pt respectively. SUN; and SUN, are the shake-up structures.

Resolution

Another concept to be considered for an XP spectrum is the resolution. The parameters affecting the
resolution give two types of peak broadening; the first group gives a Gaussian broadening to the peak.
Mostly external parameters such as light source, optical components and detector contribute to the
Gaussian width, but phonon excitations and different chemical components can also affect the
Gaussian width. The second group contributes to the Lorentzian width, which corresponds to the core-
hole lifetime. In some cases curve-fitting applying Voigt (Gaussian-Lorentzian) functions should be
done, in order to distinguish the different contributions. For example, in case where the shift between
different chemical components is not easily resolved in the spectrum, by curve-fitting one can
deconvolute the different peaks, which can give invaluable information about the studied system. An
example is presented in Figure 2.6, showing two different N1s peaks of Zinc Phthalocyanine adsorbed
on Pt(111), which are chemically shifted with respect to each other due to different interaction with the
substrate.

In a spectrum such as the ML in Figure 2.6, different relative intensities for different peaks are
observed, which simply correlate with the number of each atom. However diffraction effects? and

photoionization cross-section issues can vary the ratio between the different peaks.
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Satellites

Additional features at higher binding energy of the main peak of the photoelectron spectrum are often
observed. These features which are called satellites, appear when an excitation in the molecular
valence levels takes place at the same time as the photoelectron is ejected. If the valence electrons are
excited to bound states, the satellite is called shake-up. This secondary excitation in semiconductors
appears as an extra peak and since this excitation reduces the photoelectron kinetic energy, the
additional peak appears at the higher binding energy than the main peak. In semiconductors, the
minimum energy an electron in the valence band needs to be excited to the conduction band is equal to
the band gap. The difference in the binding energy of this shift peak corresponds to the band gap of the
semiconductor. In the organic semiconductors, the observed shake-up structure is the consequence of
excitation of an electron from HOMO (Highest Occupied Molecular Orbital) to LUMO (Lowest
Unoccupied Molecular Orbital) of the molecule, and the shift from the main peak is equal to the
HOMO-LUMO gap™. If the photoelectron is emitted to vacuum, similar to shake-up there will be a
satellite which is described as a shake-off. The shake-off structures appear in higher binding energies
than shake-ups®’.

In metals, instead of an additional peak, a difference in the photoelectron spectrum’s line-shape is
observed. Upon exciting an electron from the valence band of the metal surface to its conduction band,
while the photoelectron is emitted, a reduction in the photoelectron kinetic energy takes place. This
reduction in the photoelectron’s kinetic energy gives rise to intensity on the low-kinetic energy side
which is translated to be the high-binding energy side. Therefore, when fitting the spectra from
metallic surfaces, an asymmetry factor has to be considered, which gives a “Doniach-Sunjic” line

shape.

2.2.2. X-ray Absorption Spectroscopy

X-ray absorption spectroscopy (XAS) also known as “near edge x-ray absorption fine structure”
(NEXAFS) is another surface sensitive method which is applied to study the electronic structure of the
empty states (unoccupied orbitals in molecules and conduction band in solids). The absorption process
is shown in Figure 2.7 schematically. This technique deals with structure up to 30 eV above the

absorption edge.
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Figure 2.7: Schematic representation of the x-ray absorption process.

In this method, an X-ray photon is absorbed as its energy is scanned through the absorption edge.
Since the photon energy needs to be scanned continuously, these types of measurements require a
tunable source in a relatively large energy window, and synchrotron radiation is the solution for it.
Once the incident photon is of sufficient energy, it can lift the core electron to an unoccupied state,
which leaves the sample in an unstable situation. But this core hole will be filled by another electron,
either radiatively by fluorescence decay or non-radiatively via Auger decay. The screening of the
created core hole is done within femto- to attoseconds time frame. The final state of the XAS is the
main difference between this method and XPS, since XAS possess a “self-screened” final state. In
XPS, since the photoelectron leaves the sample and enters the vacuum, screening has to be done by the
surrounding electronic environment. The significant experimental characterization of XAS is the
ability to map the unoccupied states, whereas XPS provides the information of the occupied states.
Besides, both methods are element specific and also chemically specific (responds differently to
different electronic environment of the same atom); hence these two methods, as complementary
methods to each other can deliver broad and detailed information about different electronic states of
the studied system.

Different methods can be used to detect and record an XA spectrum, depending on the equipment and
the field of research. These possible methods are: transmission, fluorescence and Auger decay.
Transmission is when the intensity of transmitted X-ray is measured before and after the sample. This
seems to be a straightforward technique; however it requires a very thin solid film. It can also be used
in the measurement on liquids due to their higher penetration depth with respect to solid matters.

Fluorescence decay can be measured by a fluorescence detector but the dominant decay, following K

13
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edge excitations for low-Z elements (Z: atomic number) is Auger decay, since typically in an
absorption process, both Auger processes and photoemission processes take place (Auger peaks are
recognized by their fixed kinetic energy). Therefore since in this work K edge of N and C are
measured, we have used Auger decay methods.

Auger decay methods are classified in three categories. First one is Total Electron Yield (TEY) which
has contribution from both elastically- and inelastically-scattered electrons. Since inelastically
scattered electrons bring information from a deeper region, this method is mostly used for bulk
studies. By applying a retarding voltage in Partial yield method and filtering the low kinetic energy
electrons, surface sensitivity is enhanced. The third method based on Auger decay is the Auger
electron yield (AEY) which is somehow different from the first two. In this case, we use the
photoelectron spectrometer to detect the electrons, since this would make it possible to measure
constant-kinetic-energy Auger electrons. This kinetic energy is the kinetic energy of the desired Auger
peak, and the photon energy range normally starts just below the absorption edge. Number of Auger
electrons (intensity) depends on the number of excited electrons, and that itself depend on the
absorption cross-section. This method (AEY) provides the most surface sensitive detection technique.
In this thesis, the XAS data are collected with both TEY (at the beamline D-1011, MAX lab) and AEY
(at the former beamline 1-511, MAX lab).

Intensity of the recorded spectrum might have contributions from the light intensity correlated with the
incident photon energy and continuous movement of monochromator and insertion devices while
scanning the photon energy. It also might be influenced by the contamination of the optical
components along the beamline. Therefore it is necessary to calibrate the intensity by recording the
photocurrent at the gold mesh just in front of the sample and dividing the XAS data to this recorded
current. To remove the contributions of contaminations, the spectrum can be normalized to the
spectrum recorded from the clean substrate. In this way the useful data will be separated from
contributions of the background. Not only the photon intensities, but also their energy should be
calibrated. This is done by measuring the kinetic energy of a core level with the first and second order
light, keeping the monochromator fixed. The difference in the measured energy gives the actual
photon energy.

The first resonance in the spectrum, as shown in the Figure 2-8 represents the transition from the core
level to the lowest unoccupied molecular orbital (LUMO) typically a =* and the broad peak at higher
photon energy corresponds to the transition from the core level to o* states. The system is perturbed
upon XAS. This affects the resonance peaks in the XA spectrum. * states which are located just
below or above the vacuum level, can be shifted all the way down below the Fermi level and for the
first resonance peak, it might even be lower than the binding energy of the same core level binding
energy measured by photoemission. This shift to lower energy is described by the Coulomb potential

between core-hole and the excited electron. However delocalized weakly-bound ¢* states are located
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above the vacuum level. This causes a shorter lifetime for the excited electron in comparison with the

one excited to * and this short lifetime leads to broadening of the peak.
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Figure 2-8: N K-edge XAS of a monolayer and a thick film of ZnPc on Pt(111), showing that ZnPc molecules are almost flat
in the ML regime, but tilted at the TF.

One of the significant points about XAS is that it enables us to determine the orientation of the
adsorbed molecules with respect to the substrate. Intensity of resonances in XA spectra is directly
proportional to the absorption cross-section, which is highly angular dependent. As a consequence of
this, the angle between the light polarization and the molecular orbital influences the intensity of that
resonance peak. In Figure 2-9, the schematic of the relation between the light polarization angle and
molecular orientation is illustrated. This means that by tracing the intensity variation as a function of
changing the angle, one should be able to determine the orientation of the adsorbed molecules on the
substrate.

15



2.3: Scanning Tunneling Microscopy

(@) (b)

Figure 2-9: The schematics illustrate the polarization dependence of NEXAFS for t*and ¢ orbitals under (a) p-polarization
and (b) s-polarization.

In the work presented in this thesis, the light is linearly polarized. Experimentally we have changed
the incident angle and recorded different XA spectra. An example of XA spectrum is presented in
Figure 2-8. X-ray absorption spectra from a monolayer and a thick film of ZnPc on Pt(111) were
measured in 3 different angles. The NEXAFS measurement angles are: 6:0°, 40° and 80°(6: The
angle between E vector and surface plane). Knowing the orbital configuration in phthalocyanines (r
orbitals normal to the molecular plane and o orbitals in the molecular plane), this multi-plot
demonstrates that the molecules are lying almost parallel to Pt(111) in the monolayer (ML), while they

are tilted in the thick film (¢ < 45°, ¢: the angle between the molecular plane and the substrate).

2.3: Scanning Tunneling Microscopy

Scanning tunneling microscopy (STM) is a microscopy method which allows imaging the real space
with atomic resolution. STM was developed at 1981 by Binning and Heinrich Rohrer, and was
awarded the Nobel Prize in Physics in 1986°*. This technique is based on the quantum tunneling
effect, which allows the electron to tunnel through a potential barrier between two conductors
provided that the gap is small enough (couple of Angstréms). This gap can be vacuum or even air or
liquid, where the energy of the potential barrier is larger than the energy of tunneling electron.
Tunneling effect is the result of overlap between the wave function of two conductive surfaces, i.e. the

transition takes place via this wave function overlap despite the gap of a few Angstroms. In this case,
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electrons can tunnel in both directions, from one conductor to another, causing a zero net current. In
order to achieve a net current, a bias is applied between the two conductors.

In an experimental STM set up, a very sharp (ideally monoatomically sharp) conductive tip
(commonly made of W or Pt-Ir) scans over a relatively flat surface. The surface has to be metal or
semiconductor for the tunneling effect to happen. Since the distance between the tip and the sample
should be kept very small (couple of A), roughness of the sample should not be too high, which would
result in either disturbing the tunneling during the measurement or crashing the scanning tip.
Therefore, this measurement requires samples of high quality and careful surface —science sample
preparations.

As mentioned earlier, in order to control the direction of electron tunneling, a voltage should be
applied between the conductive surfaces. So we need to add a small bias between the tip and the
conductive sample. Depending on the polarity of the applied voltage, electrons can tunnel to or from
the tip. Schematic illustration of energy levels corresponding to the sample and the tip is presented in
Figure 2-10.
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Figure 2-10: A schematic representation of the principle of STM, for (a) zero bias voltage, (b) positive bias voltage and (c) negative bias
voltage. (Figure taken from™)

As shown in Figure 2-10, if a negative bias is applied to the sample, the electron flow is from the
sample to the tip. These electrons are from the occupied states of the sample which will tunnel to the
tip, giving information about occupied states of the sample. On the other hand, applying a positive bias
to the sample changes the electron flow; from the tip to the sample. These electrons will tunnel to the
unoccupied states of the sample (unoccupied molecular states or conduction band states), carrying

information of the unoccupied electronic states of the sample.
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As explained above, the basic principle of STM is the quantum tunneling effect, in which the
tunneling current has an exponential relation with the distance between the two conductors. (See
equation 2.3). This correspondence enables this technique to map the topography as well as the
electronic structure of the studied sample’s surface by simply scanning over it.

Zm(‘paverage_E)
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In Figure 2-11, schematic view of STM setup is demonstrated. The function of STM can simply be
described as following. A coarse motion moves the tip towards the surface until the distance is small
enough for tunneling to take place. This is controlled by the applied voltage and the reference
tunneling current. From this position, the tip’s motion is controlled by piezo components, usually X, Y
and Z components. X and Y are used to scan the tip over the sample and the Z component is
responsible for adjusting the tip-surface distance. The tip’s Z control is done in different ways,

determined by the imaging mode.
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Figure 2-11: Schematic of STM (Courtesy to Michael Schmid, TU Wien)

Imaging with STM can be carried out, using two different methods. These imaging modes are known
as constant-current and constant-height modes. In constant-current mode, the tunneling current signal
which is transferred to the control unit will be compared to the set-point in the feedback loop. Then,
the control unit sends a signal to the Z component to change the height until the tunneling current
matches the set-point. Variations in the tip position provide a topographical map of the surface, which
will be recorded as an STM image. The other imaging mode is the constant-height mode, in which the
tip-surface distance is kept fixed and the feedback loop is not active. Variations of tip position, which

keep its distance constant from the surface, correspond to the topography of the surface and cause
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fluctuations in the tunneling current. These current changes will be translated to topography in the
calibrated control unit. The drawback of the constant-height mode is that the feedback loop, which can
control the tip-surface distance and prevent the tip from crashing is deactivated. Hence the constant
current mode is the most common imaging mode in tunneling microscopy.

The extremely small tip-surface distance together with the highly precise piezo movement, results in
very high resolution obtained in this microscopy technique (0.01 A, vertical resolution and about 2 A,
lateral resolution), which makes it a highly local tool to probe the electronic properties of surfaces.
Giving an atomically resolved image of surfaces and adsorbate layers, STM provides the opportunity
to investigate the atomic arrangements at the surface and possible surface reconstructions.

The STM images presented in this thesis are obtained via two different microscopes; Omicron VT-
STM and RHK (UHV SPM 3500). In both cases, measurements are performed in UHV and in-situ
sample preparations are carried out. Image processing is done using WxSM. (more details on

preparation methods are mentioned in the articles.)

2.4: Low Energy Electron Diffraction

Low energy electron diffraction is a technique employing elastic scattering of electrons from the
surface to reveal information about the surface reconstructions. Importance of the investigation on
atomic orders at the surface comes from the fact that sometimes atoms arrange themselves differently
at the surface of a material with respect to the bulk, causing changes in the unit cell parameter. These
new arrangements as result of relaxation or reconstruction take place to reduce the total energy.
Elastic scattering or diffraction of electrons is a standard technique to obtain structural information of
surfaces®. The basic diffraction condition in LEED can be described the same as in x-ray diffraction.
The scattering parameter should satisfy Bragg’s law (equation 2.4).

nl = 2d sin6 (2.4)
(*n”: an integer, A: the wavelength of incident wave, d: the spacing between the planes in the atomic
lattice and &: the angle between the incident ray and the scattering planes.)
Results of a LEED measurement contain information of the unit cell parameter as well as the location
of atoms in this unit cell. Information of the former (lattice parameter) is extracted by a reverse
transformation, since the diffraction pattern corresponds to reciprocal lattice. However determination
of the coordination of atoms requires detailed studies, which is not included in the scope of this work.
The experimental setup for LEED comprises of the following parts; an electron gun to produce the
electron beam and a display system to show the Bragg diffraction spots. A typical four-grid LEED

system is shown in Figure 2-12.
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Figure 2-12: The schematic of a four-grid LEED optics.

The electron gun is located in the center of the diffractometer. The electron gun produces an electron
beam with the beam diameter of about 1mm or less and the energy range ~ 10-500 eV. The LEED
experiment is based on the electron acceleration from the electron gun. Acceleration occurs by
applying a variable voltage which affects the Kkinetic energy of the emitted electrons. Once the
electrons hit the sample, they will be diffracted and pass through vacuum toward a series of grids. To
get a field-free region, the first grid is grounded; in second and third ones variable voltage (the
suppress voltage) is applied to filter out the inelastically scattered electrons. A high voltage is applied
between fourth grid and the screen which gives the electrons enough energy to light up the phosphor
screen and reveal the diffraction pattern.

The electron wavelength is given by de Broglie equation 2.5.

h
A = ==(25)

In this equation, h is Planck’s constant, m is the electron mass and E, the energy of electrons.

Since the interatomic distances in solids are a few A, the electron wavelengths are selected in this
range, meaning the acceleration energy of the electrons in the electron beam is about 30 to 500 volts.
Recording and analysis of the diffraction pattern reveals the arrangement of the atoms on the surface.
Also sharpness of the pattern describes the extent of order of atoms on the surface.

In Figure 2-13(a), an example of a LEED pattern is demonstrated, in which the Au(111)-1 (5 x v/3)

reconstruction is depicted. Figure 2-13(b), shows a calculated pattern of the same reconstruction.
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Figure 2-13: (a) and (b) are the measured and calculated LEED pattern
of the Au(111)-1(5 x +/3) surface reconstruction.

21






Adsorbates and Substrates

Chapter 3

Adsorbates and Substrates

3.1: Adsorbates

3.1.1. Metal-Phthalocyanines (MPcs)

Phthalocyanines are synthetic macro cyclic compounds, constructed of four lobes; each lobe is
composed of one pyrrole and one benzene group. Metal-free phthalocyanine (H,Pc) is noted as
H,C3,NgH6 (Figure 3-1(a)). The flexibility of this molecule provides an opportunity to replace the two
central H atoms with a metallic atom (MPc) (a metal-oxygen or metal-halogen can also be inserted to
Pc center). Depending on what would occupy the center, the molecule can possess a planar or a non-
planar configuration. In most cases the molecule remains planar except when a big metallic atom e.g,
Sn or Pb occupies the center. Moreover, if a polar component such as TiO replaces the two H atoms in

the center, the molecule will possess a shuttle-shaped geometry.

(b)

Metal-free Phthalocyanine =~ Metal Phthalocyanine

Figure 3-1: Molecular structure of (a) metal-free phthalocyanine and (b) metal phthalocyanine.
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The various features, such as electronic, optical and magnetic properties of Pcs can be tuned by
changing the metallic center’®. In particular, transition metal phthalocyanines has gained lots of
attention, owing to the significant effect of d-orbitals on properties of the molecules?2*%%"2,

These molecules can create self-assembled layers, making the thin film processing very
convenient?°*"8627376 " These intrinsically semiconducting molecules, show a very high thermal
(stable up to 500°C) and chemical stability in addition to their electronic, optical and magnetic
properties. These characteristics make MPc a promising candidate to be used in organic solar cells,
organic light-emitting diodes (OLEDs) and organic field-effect transistors (OFETSs). The function of
these devices is influenced by another essential factor; the interaction and charge transfer at the
interface of MPc layers and the substrate. Charge transfer at the interface of MPc and the substrate can
determine the layer growth mode, molecular configuration, magnetic and electric properties of the
molecular layer, which would effectively modify the organic-device functions. More manipulation of
MPc-substrate interaction is possible by either decorating the molecules (adding external atoms or

molecules to the center or periphery of Pcs)®®

or modifying the substrate by inserting an
intermediate layer*®*. Adding a layer on top of MPc-substrate has been also reported***.

In this thesis MgPc, FePc and ZnPc are studied. In MgPc and ZnPc, HOMO (Highest Occupied
Molecular Orbital) and LUMO (Lowest Unoccupied Molecular Orbital) have only contributions from
organic ligand, while HOMO and LUMO of FePc have considerable contributions from Fe d orbitals.
This is described by d orbital of Fe being open-shell type while Zn has a closed d-shell. Zn?* and Mg**
show a similar electronic configuration having fully filled sub-shells. However adsorption of these
molecules on different substrates results in change in the orbital configuration and the participation of

each orbital in interfacial interactions.

3.1.2. 4-tert-butyl pyridine (4TBP)

4tert-butylpyridine is a heterocyclic molecule which possesses the structure of a pyridine, in which
one of the hydrogen atoms (position 4) is replaced by a tert-butyl [-C(CH3)3] group. The schematic
illustration of chemical formula of both pyridine and 4tert-butyl pyridine (4TBP) is presented in
Figure 3-2. Pyridine itself is actually made of a benzene ring which has accommodated a nitrogen
atom by replacing a methine-group (C — H) with the chemical formula of CsHsN. Pyridine is a
colorless liquid which is soluble in water. It is a weakly alkaline, highly flammable compound with
unpleasant fish-like smell. 4TBP is known to be a significant additive to the electrolyte of DSSCs.
There have been several works which have investigated the effect of 4TBP on the function of DSSCs.

Following results have been reported.
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1

Figure 3-2: Chemical formula of (a) pyridine and (b) 4.tert-butyl pyridine (4TBP).

Upon addition of 4TBP to the (I5/1") electrolyte, the fill factor and open circuit voltage are increased
without affecting the short circuit current®. These effects are described by occupying active sites of
TiO, by 4TBP”.

In different studies, a 4TBP-induced shift of the conduction band edge of TiO, to lower binding
energies was found to be responsible for enhancement of open circuit voltage. Moreover, 4TBP
reduces the concentration of protons and other cations in the electrolyte and remove them from the
substrate. These cations are known to induce band bending in TiO, conduction band edge in the
opposite way as 4TBP. Besides, 4TBP blocks the transport of tri-iodide to the surface and removes
adsorbed iodine from the surface reducing the electron recombination from TiO, to tri-iodide in the

electrolyte™".

3.2: Substrates

3.2.1. Au(111) and iodated surfaces

Au(111)

The clean Au(111) surface has a (22x v/3) reconstruction®, also known as the herringbone structure.
This surface is the only (111) surface between closed-pack fcc metals, which is reconstructed. In
Figure 3-3, two STM images from the clean surface are presented. Figure 3-3(a) shows large flat
terraces separated by monoatomic steps (1.3A) and Figure 3-3(b) illustrates the herringbone structure.
The herringbone structure consists of dark (lower) and bright (higher) regions. The surface plane of
Au(111) has more atoms than the bulk plane (4% higher). The surface is described by a stacking-fault-
domain model. In this surface, different areas (fcc and hcp) are periodically stacked. These two
regions are separated by a domain wall (also known as soliton wall) from each other.
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3.2: Substrates

As Figure 3.3(b) shows, fcc and hcp areas appear darker in the STM image than the domain walls. It
means that these regions (hcp and fcc) are located lower than domain walls, which appear as brighter
stripes between the two hollow site regions. A closer look in the image reveals that the widths of the

dark regions are different; wider regions have fcc and narrower ones have hcp stacking®.

. Hcp region

Soliton wall
Fcc region

W\

Figure 3-3: STM images of Au (111) surface; (a) 300x300 nm? showing large flat terraces separated by monoatomic steps
(1.3 A) and (b) 70x70 nm? herringbone structure is visible. Fcc and hcp regions and soliton wall are marked panel (b).

Au(111)-1(v3 x V3)R30°

After iodine deposition, the herringbone structure disappears. One of the possible Au(111)-1 structures
is the (/3 x v/3)R30°, which is a common organization found after deposition of smaller adsorbates
on the (111) surface of transition metals®*®. This structure most often holds 1/3 monolayer (ML) of
adatoms (1 ML corresponds to the number of gold atoms on the bulk terminated 111-surface). STM

image and LEED pattern of this surface, together with the atomic model are presented in Figure 3-4.

Figure 3-4: (a), (b) and (c) are STM image (+0.38 V, 0.7 nA), LEED pattern and atomic model of the Au(lll)-l(\/§ X
V3)R30° surface. The unit cell is outlined in the model.

In the present case, it was suggested based on 1V-LEED that every iodine atom is in contact with
three gold atoms in the hcp-hollow sites®®. Our calculations give a slight preference for the fcc site as
some other theoretical studies of the halogen adsorption on transition metal surfaces did, however the

energy difference between the two sites is very small®*®¢. STM and LEED (as used here) are not able
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to tell the difference between these two sites, therefore an atomic model of this reconstruction in

Figure 3-4(c) is presented with iodine atoms in (unspecified) hollow sites.

Au(111)-1 (5 x V3)

At the saturation limit for our deposition method, a (5 x v/3) structure was achieved. Higher coverage
structures are only observed with an over-pressure of iodine®® or in electrochemical conditions. The
STM image in Figure 3-5(a) displays the surface with atomic resolution, which fits nicely with the
atomic positions in the structure model on the right hand side (Figure 3-5). This structure has been
observed by STM®® and LEED® as discussed previously, and is known to appear in the coverage
range 0.33<6<0.4. Surface X-ray Scattering (SXS) measurements in electrochemical conditions have

also reported (px +/3) structures with p varying with the applied electrochemical potential, suggesting

an uni-axial compression of the (v/3 x v/3)R30° structure to form a striped phase®.

Figure 3-5: (a), (b) and c are STM image (-0.27 V, 8.1 nA), LEED pattern and atomic model of the Au(111)I-(5x\3)
structure. The unit cell is outlined in the model.

Basically by compressing the (v/3 x +/3) structure perpendicular to one of the +/3 directions, a higher

coverage of iodine can be accommodated on the substrate, which eventually will lead to a (5 X v/3)
LEED pattern®. The compression inevitably forces some iodine away from their hollow (hcp) sites

into bridge and the other hollow (fcc)®. Thus, whether iodine sits in the fcc or hcp hollow on the

(/3 x +/3) structure does not affect the positions in the (5 x v/3) reconstruction.
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3.2.2. Pt(111) and iodated surface

Pt(111)

As mentioned in section 3.2.1, fcc(111) closed-packed surfaces excluding Au, do not reconstruct. For
an ideally terminated Pt(111), the top interlayer spacing is prominently expanded by 0.025 + 0.01 A
(1.1%). Charge reorganization at the surface induces strengthening of intralayer bonding in expense of

interlayer bonding, causing the expansion of the first metal layer spacing®.

Pt(111)1-(v3 x V3)R30°

At 1/3 ML iodine coverage on Pt(111) is reconstructed to a (v/3 x v3)R30°. At this layer iodine
atoms only sit on 3-fold sites which provide stronger Pt-I bonding. The (v/3 x v/3) model is given in
Figure 3-4, the same as for Au(111)-1 (/3 x V3).

Pt(111)I-(V7 x V7)R19°

Further adsorption of iodine on Pt, creates a saturated layer with a (v/7 x v/7)R19° reconstruction (see

Figure 3.6).

Figure 3-6: atomic model of the Pt(111)-1 (v7 x v'7)R19° structure.

This reconstruction is confirmed by our LEED investigations. In this layer iodine atoms occupy three
different sites, 3-fold sites (hcp and fcc) and atop sites®. (The 3-fold sites are not equivalent, there are
two different 3-fold sites; one with a Pt atom directly under and the other one without. The ones with a
Pt atom directly under are more favored for electronegative adatom (iodine in this case)).
Photoelectron spectroscopy results from 14d enable us to distinguish the iodine atoms in 3-fold and 1-

fold (atop) sites (discussed in paper I11).
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3.2.3. TiO,(110)

Rutile TiO,

There are three diverse crystallographic modifications of titanium dioxide called rutile, anatase, and
brookite. Rutile is the most common one in research due its various technological applications such as,
photo assisted heterogeneous catalysis, energy conversion, gas sensors and protection layers. In this
thesis only single crystalline rutile has been used.

In the rutile bulk structure Ti** ions are six fold coordinated while O% is three fold coordinated. There
are two formula units in each unit cell. Having a relatively wide band gap, 3.1 eV, rutile TiO, is often
considered an insulator in which the valence band is mostly made of O2p orbitals and the conduction
band is mostly Ti3d derived® .

Pure TiO, crystals are transparent. However, intrinsic defects (like oxygen vacancies or Ti interstitials)
affect the conductivity and optical properties of the crystal. For example, the transparent crystal
becomes light or dark blue, depending on the amount of defects. The transformation is consequence of
sample reduction, which can be carried out simply by heating the sample (up to ~1000 K for a few
hours) in UHV. This is done on purpose in the initial steps of sample preparation to enhance the
conductivity of the sample. Upon this heat treatment, sample changes to an n-type semiconductor
which allows STM measurements. Besides, the charging problem during XPS and LEED

measurements will be avoided by reduction of TiO,.

The (110) surface
The (110) surface is the most stable surface in the rutile crystal structure, with the lowest surface
energy and because of that they are formed in microscopic crystals. The schematic of the rutile (110)

surface is given in Figure 3-7.
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Figure 3-7: Schematic figure of the rutile (110) surface, and a top view of the (1x1) surface.
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Through formation of a surface, bonds are broken, which generates atoms with different co-ordination
than in the bulk. Titanium ions are 6-fold coordinated in the bulk. At the surface there are two
different types; 6 fold coordinated, Tig;, and 5-fold coordinated, Tis;. There are also different oxygen
ions; Oy, are 3-coordinated oxygen ions in the bulk. Og, are 3-fold coordinated oxygen ions at the
surface. In addition there is also 2-fold coordinated (bridging) oxygen, O, which binds to two Tig. So
the surface has rows of Ti-ions and rows of bridging oxygen.

In STM images from this surface one can see dark and bright rows, which correspond to Ti and O
rows. The brighter rows are Ti and the darker run along the oxygen rows. The rows are separated by ~
6.5 A. In addition there are numerous bright spots in the oxygen rows. They are due to oxygen
vacancies, formed by removal of bridging oxygen. The amount of oxygen vacancies depends on the
sample history, time and temperature of heating. By creation of the bridging oxygen vacancy, two
associated electrons will be left behind and they result in formation of Ti** ions. The STM image was
achieved by applying a negative bias, i.e, tunneling from occupied states of TiO,. The oxygen
vacancies are electron rich and therefore appear brighter in the image. Oxygen vacancies at the surface

act as dopants and play a crucial role for the reactivity.

Figure 3-8: Filled state STM image from the TiO,(110) surface with plenty of oxygen vacancies (bright spots).

The effect of surface oxygen vacancies is perhaps most visible in valence band spectra. In Figure 3-9
two photoemission spectra from TiO,(110) at low binding energy are shown®. The two vertical lines
in the figure indicate the valence band edge and the Fermi level, respectively. The top spectrum is
from the clean (1 x 1) surface with a strong state in the bulk band gap. The origin is the oxygen
vacancies on the surface. By adsorption of 4TBP, lower spectrum, the intensity is reduced. Depending
on the sample history etc, it is not always possible to remove this state. It has other contributions than

surface oxygen vacancies.
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Rautile TiOy (100)
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Figure 3-9: Photoemission spectra from TiO,(110) before and after adsorption of 4TBP. The peak at 0.9 eV is due electrons
in oxygen vacancies. Their intensity is reduced after 4TBP adsorption.

By elevating the time or temperature of heat treatment, the reduction is enhanced, which results in
dark blue sample, possessing a (1 x2) reconstruction. An atomic model of the (1x2)
reconstruction is shown in figure 3-10. Large balls are oxygen and small balls are titanium. The rows
of red O and black Ti together with the atoms just below form Ti,O3 like added rows on the surface.
Further heat treatment leads to the so called (1 x 2) -cross linked (CL) surface. It is very similar to the
(1 x 2) except that the added rows are broken and partly shifted.

- Ll .- vy s vy -' -4
SE0=Z0=0=90=0=0=0x

Figure 3-10: Atomic model of the TiO»(110) (1 x 2) and TiO,(110) (1 x 2)-CL surface structures.
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Results and discussion

Chapter 4

Results and discussion

4.1: ZnPc and FePc on Au(111) and Au(111)-1 surfaces

Adsorption of Zinc phthalocyanine (ZnPc) and iron phthalocyanine (FePc) thick films and monolayers
on Au(111) and Aul surfaces are studied, using photoelectron spectroscopy and X-ray absorption
spectroscopy(Paper | and 11)®. Both molecules adsorb flat on Au(111) at monolayer. Work function
changes indicate that both molecules donate charge to Au, through the n-system. The work function is
a sensitive measure of changes on the surface; charge transfer between adsorbate and substrate,
interface dipoles and adsorbate dipoles may all contribute to the changes of work function. In PES the
low-energy cut-off determines the work function. After molecular deposition, the cutoff shifts to lower
kinetic energy as listed in Table 4.1.1, which translates to a reduced work function according to Ad=
Dp-Dp ™, by about 0.3-0.8 eV, which is within the range typically observed in literature®. This shift
is caused by formation of an interface dipole, and the direction of the shift is traditionally interpreted
in terms of an electron transfer from the organic layer to the metal substrate®?’,

In order to obtain a clearer image of the energy level alignment at the interface of Au and Pc, the hole
injection barrier (Ay) is also investigated, which is achieved by measuring the distance between the
HOMO edge (linear extrapolation of the low binding energy onset) and the Fermi level. The schematic

energy level alignments are presented in Figure 4-1.1.
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Figure 4-1.1: Schematic energy level diagrams; a) monolayer, b) thick film of ZnPc/Au(111), and ¢) monolayer and d) thick
film of FePc/Au

Table 4.1.1. Work function changes and hole injection barriers from the clean Au(111) surface and after various preparations
with ZnPc and FePc.

D(eV) AD (eV) Ay
Au(111) 5.48

FePc, ML 5.17 -0.31 0.48
FePc, TF 4.66 -0.82 0.7
ZnPc, TF 4.8 -0.68 0.7

4.1.1. Monolayer versus thick film

As mentioned above, both ZnPc and FePc are adsorbed parallel to Au(111) in the monolayer region.
ZnPc keeps this orientation in all investigated coverages, whereas FePc molecules stand up in the thick
film. The stronger intermolecular interaction between FePc molecules leads to change of orientation,
as well as higher conductivity in FePc layer in comparison with ZnPc, which is reflected in thickness-
dependent differences of core-level shifts. This is due to differences in molecular orbitals of ZnPc¢ and
FePc, which will be further discussed in 4.1.2.
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The binding energy of Cls and N1s core-level spectra measured from ZnPc and FePc layers on
Au(111) are listed in Table 4.1.2. This shows that thickness-dependent shifts are bigger for carbon
atoms than nitrogen atoms. Besides, ZnPc spectra possess larger thickness-dependent shifts compared
to FePc spectra. This is a typical behavior for organic thin films; the thicker films tend to shift to
higher binding energy, often explained as a reduced screening of the core hole®. Nevertheless, the
FePc thick film is slightly thicker than the one of ZnPc, it experiences a smaller coverage-dependent
shift. Thus there should be another origin for the observed difference. One possibility is the difference
in ordering and orientation of the two films, which would lead to different conductivity and screening.
Furthermore, the ZnPc spectrum is broader than the FePc spectrum, also indicative of a better
conductivity and screening by mobile carriers in FePc. When charge carrier screening is poorer,

polarization screening will become more important which excites more vibrations.

AR LR AR RN MR T T T T
ZnPc/Au(111) NEXAFSN K-edge FePc/Au(l1ll) NEXAFS N K-edge

TF-Ann250°C pons
—e+— p polarization —e+— p polarization
—— & polarization —o— s polarization

TF-Ann250°C

ML-Annd00°C

ML-Anun400°C

Intensity (arb.unit)
Intensgity (arb.unit)

A B C e ML

R R e A LAARRE T
395 400 405 410 415 420 395 400 405 410 415 420
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Figure 4-1.2: N K-edge NEXAFS spectra at different preparations under p and s polarization for (a) ZnPc and (b) FePc
molecules on Au(111)
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4.1: ZnPc and FePc on Au(111) and Au(111)-1 surfaces

Table 4.1.2. Binding energies (in eV) for C1s and N1s at different preparations. The values refer to the experimental peak
positions.

ML Thick AE
FePc-Cg 283.85 284.25 0.40
FePc -Cp 285.16 285.54 0.38
FePc -N 398.29 398.49 0.20
ZnPc-Cg 283.61 284.58 0.97
ZnPc -Cp 284.99 285.98 0.99
ZnPc -N 397.91 398.61 0.70

In Figure 4-1.3, near-Fermi region of valence band spectra for ZnPc and FePc layers on Au(111) are
presented. ML of ZnPc, shows an interface HOMO at 0.7 eV below Fermi level. By increasing the
thickness, HOMO shifts to higher BE and fully develops to the molecular HOMO of the thick film at
1.35 eV. The thickness dependence of the FePc VB is similar to that of ZnPc: the interface-HOMO
appears at 0.72 eV at ML coverage and develops to a molecular HOMO at 1.50 eV by increasing the
layer thickness. However there is an additional feature in the FePc monolayer spectra at 0.13 eV (lo)
which does not exist for ZnPc spectra and will be discussed in 4.1.2.

......... IR AN NN NN NSNS SRR N EEAVENERE RN AN SN AN E NNl ERE RN RN
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Binding Energy(eV) Binding Energy(eV)

Figure 4-1.3: HOMO region near the Fermi level for ZnPc in panel (a) and FePc in panel (b). The letters (a) to (g) in the
figure refer to the sample preparations. a) clean Au, b)IML ZnPc, c) b annealed at 400- °C, d) a few ML, e) d after
annealing, f) thick (bulk-like) film, g) f after annealing.
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4.1.2: d-orbital occupancy

As mentioned above, significant differences were observed between FePc and ZnPc adsorbed on
Au(111); there is an additional feature in the HOMO region of the FePc monolayer spectrum at 0.13
eV (lg) which does not exist for ZnPc (Figure 4-1.3). This peak shows the highest intensity at ML
coverage (graph c, Figure 4.1.3) and decreases at higher coverage and disappears from the thick film
spectrum. A similar state was observed by Gargiani et al. for FePc on Au(110)"%. This peak was
explained as states residing on the central metal atoms, possibly involved in the interaction with Au.
Inverse photoemission identified the LUMO close to the Fermi level for both FePc and CoPc.
Therefore, the I, peak in FePc ML spectra, very close to the Fermi level was said to be due to charge
transfer from the metal states to the former LUMO.

The valence electronic structure of FePc shows a considerable difference from ZnPc; the HOMO and
HOMO-1 (very close in BE) are C2p-Fe 3d-like in FePc, while HOMO in ZnPc is located on the
phthalocyanine ring. Fewer electrons in the d band of Fe atom compared to Zn, let the metal d orbitals
take direct part in the interaction with the substrate, which enhances the interaction states close to the
Fermi level. As mentioned above, this state is caused by charge transfer from the metal states to the
former LUMO "2 This is in excellent agreement with previous STM studies, where it was shown that
for FePc and CoPc on Au(111), Fe (d®) and Co (d’) atoms appear higher in the molecular images, 0.25
nm and 0.3 nm respectively. On the other hand, in NiPc (d®) and CuPc (d°) images the central metal
atom appears as a hole (measured with £0.5 V biased sample for FePc and NiPc, and -0.1 t0 0.9 eV in
CoPc and CuPc)®%. The interpretation points out that LUMO in Fe(I1)d® and Co(ll)d’ are of
significant d-orbital character near the Fermi energy, while it is not the case for Ni and Cu. It seems
reasonable to use the same argument for ZnPc. In ZnPc, the filled d-orbital, Zn (d*°) does not
contribute to the interaction with the substrate as much as Fe (d°) does, which explains the absence of
the peak just below the Fermi level in ZnPc valence spectra.

Knowing the differences in molecular orbitals of ZnPc and FePc, we can describe the different
thickness-dependent molecular configuration, as well as core-level shifts. The stronger interaction of
FePc with Au with respect to ZnPc can explain the smaller thickness-dependent shifts (C1s and N1s)
for FePc. FePc receives electrons from Au, which enhances the screening of its core-level spectrm and
decrease the thickness-dependent shifts. The discrepancy in X-ray absorption spectra points to a
standing configuration of FePc molecules at the thick film, due to higher intermolecular interaction of
FePc compared to ZnPc. Again the partially-empty d orbitals of Fe, can facilitate the molecular
interaction and induce a standing molecular configuration in the thick film. This change of
configuration and stronger intermolecular interaction indicate a higher electron conductivity within

FePc molecules, also supporting the small thickness-dependent shift for FePc core-level spectra.
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4.1.3. Tuning the hole barrier injection

In paper (1), the effect of adding a iodine layer as an intermediate layer between MPcs and Au(111) is
investigated. A monolayer of each MPc was deposited separately on two Au-l surfaces. The two
Au(111)-1 surfaces are described in sec. 3.2.1. The core-level spectra from Au-l surfaces with and
without MPcs are presented in Figure 4-1.4.
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Figure 4-1.4: Photoemission spectra with numerical fits from Au(111) and Au(111)-1, with and without MPc;
(a) Au4fs, and (b) 14d.

Audf,, spectra (Figure 4-1.4(a)) look different under iodine layers. The surface shift which was 0.32
eV for Au(111) is changed to 0.16 eV upon iodine deposition. This shift is the same for both Au-I-
(v/3 x V3)R30° and Au-1-(5 x v/3), which is in agreement with our calculations which showed that
iodine reduces the charge density in the first gold layer. However adsorption of MPcs does not shift
the surface peak further, similar to when they were adsorbed directly on the bare Au(111). In the panel
(b) of Figure 4-1.4, 14d spectra are presented. There is no shift or line-profile variation due to
adsorption of MPcs. However there is a slight shift (0.15 eV) between the iodine spectra of two
different surfaces, which is explained by higher electron density on the iodine atoms in the compressed

phase compared to the (/3 x v/3) surface.
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Near Fermi region of the valence band, including HOMO for monolayers of FePc and ZnPc is
presented in Figure 4-1.5 (a) and (b) respectively. The 1ML spectra from FePc on (v/3 x v/3) and
(5 x v/3) demonstrate a significant discrepancy with respect to the adsorption of the same layer on

Au(111). On (/3 x +/3), the shoulder just below the Fermi level which was assigned to the former

LUMO is less intense and is shifted to lower BE. This peak disappears when FePc is adsorbed

on (5 x +/3), indicating that this charge transfer channel is blocked on this surface.
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Figure 4-1.5: Near Fermi level region of the valence band photoemission spectra of (a) FePc and (b) ZnPc.

Figure 4-1.5 (b) shows the HOMO of a monolayer of ZnPc, adsorbed on Au and the two Au-I
surfaces. The HOMO peak is centered at 0.69 eV on Au(111) and shifts to lower BE by 0.14 eV on
(v/3 x V/3), and further to 0.36 eV on the (5 x v/3) surface. The shifts and positions of HOMO peak of
ZnPc are comparable with the low-BE feature of HOMO peak of FePc. This resemblance point to the
same origin for these two peaks, which is HOMO on the Pc-ring™. It was shown previously that FePc
on Au(111) has contributions from both Fe-3d orbitals and Pc-HOMO, whereas ZnPc HOMO only
contains Pc contributions®. In FePc, there are several Fe3d-derived orbitals which have about the

same energy as the Pc-HOMO. It has been suggested previously that upon a perturbation in the
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molecule, the order of these d-orbitals can change and the charge can redistribute in the FePc **.
Knowing the origin of ZnPc HOMO and low-BE feature of FePc HOMO, we propose that the Pc-
related HOMO shifts to lower BE due to increase of the surface electron density. These orbitals are not
directly affected by central atom of the Pc. The high-BE feature of FePc which is assigned to Fe 3d-
derived orbitals experience a minor shift compared to the shift of = orbitals. This small shift is
explained by a reduced surface-Fe interaction in the presence of iodine layers. Therefore it is
concluded that insertion of iodine layer increases the surface charge density, which results in the shift

of HOMO and LUMO upwards. As a consequence of this shift the hole injection barrier in reduced by
0.33 eV (for Au-1-(5 x V3)).

4.2: ZnPc on Pt(111): structure, chemical interaction and charge transfer

4.2.1. The effect of substrate on the molecular growth mode

The electronic structure of ZnPc, from sub-monolayers to thick films, on Pt(111) are studied by means
of XPS, XAS, and STM. Pt4f spectra from bare Pt(111) and also after ZnPc deposition are presented
in Figure 4.2.1. Considerable reduction in intensity of the surface peak (S) upon adsorption of ZnPc,
as well as appearance of a chemically-shifted component (C), points to a strong interaction between
ZnPc and Pt(111) compared to e.g. Au(111).

Pt4f, hv:125eV
ZnPc-Pt(111)

Intensity(arb.unit)

....... PH(111)

T T T T T T T
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Binding Energy(eV)

Figure 4.2.1: Pt4f spectra of ZnPc on Pt(111). B: bulk peak, S: surface peak, C: chemically-shifted peak.

Another interesting observation is that the surface peak is remained partially in the Pt4f spectrum,

indicating some “untouched” surface areas. Kroger et.al.”® showed previously for CuPc on Ag(111)
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that molecules find their favorable positions based on their interaction with the substrate rather than
intermolecular interactions. There is a substrate-mediated repulsive intermolecular interaction at the
interface, which does not allow the molecules to pack tightly and cover the whole surface”. Our STM
results confirm this type of growth for ZnPc on Pt(111) in sub-ML and ML regimes, shown in Figure
4-2.2 (a). Figure 4-2.2 (b), (c) and (d) are 330 x 350 A? 900 x 540 A? and 1800 x 1600 A?
respectively, illustrating the formation of a sponge-like structure at higher coverage. The observed
holes (dark rings) represent the surface areas which are not covered by ZnPc, in agreement with the

presence of the Pt4f surface peak in coverages higher than 1 ML.

< "_Lg- = .' - '\ . :‘ A °f
Figure 4-2.2: Room temperature STM images of ZnPc on Pt(111); (a) Sub-ML of ZnPc/Pt(111); 360x360 A?, 60 pA, 125

mV, and multilayer of ZnPc/Pt(111): (b) 330x350 A2, 68 pA, 9 mV, (c) 900x540 A2, 68 pA, 125 mV (d) 1800x1600 AZ, 0.8
nA, 53 mV.

Our NEXAFS results (not shown here) suggest a flat lying molecular configuration at the ML, and a
tilted orientation (¢ < 45°) in the thick film. Flat molecules at the lower coverages can be seen in the

STM images but there is no high-coverage STM image, illustrating the tilted molecules on the surface.
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4.2: ZnPc on Pt(111): structure, chemical interaction and charge transfer

4.2.2. Substrate-induced inhomogeneous charge transfer

Photoemission spectra of C1s, N1s and Zn3d are presented in Figure 4-2.3 (a), (b) and (c) respectively.
C1s spectrum from sub-ML of ZnPc on Pt(111) looks very different from the molecular thick film.
This considerable disturbance at the interface is due to the strong interaction between ZnPc and Pt.
Results of curve-fitting indicate the coexistence of two C1s peaks; the one in lower BE from the
interface molecules and the other from the “bulk-like” molecules. In the TF spectrum only the higher
BE components are present and shake-up structures are also visible.

Cls, hv:382 eV N1s, hv:490 eV / } Zn3d, hv:110 eV
ZnPc-Pt(111) A (a) ZnPe-Pt(111) 7% (b) (C) F ZnPc-Pt(111)
4 1 J s %

Intensity(arb.unit)

Intensity(arb.unit)
Intensity(arb.unit)

289 288 287 286 285 284 283 282 403 402 401 400 39 308 397 396 395
Binding Energy(eV) Binding Energy(eV) Binding Energy(eV)

Figure 4-2.3: (a) C1s, (b) N1s and (c) Zn3d photoemission spectra of ZnPc on Pt(111).

N1s and Zn3d spectra in Figure 4-2.3(b) and (c) illustrate the same effect. There are coverage-
dependent shifts for each group of atoms; ACg: 0.32 eV, ACp: 0.75 €V, AN: 0.65 ¢V and AZn: 1.1 eV.
Variations in coverage-dependent shifts were reported before and indicate inhomogeneous charge
transfer and/or core-hole screening for different atoms?-®*%,

On the other hand, C and N peaks have higher binding energies compared to when they are adsorbed
on Au(111), while Zn3d has a lower BE on Pt(111). Therefore it is fair to conclude that charge transfer
at the interface between ZnPc and Pt is inhomogeneous. Previously this inhomogeneous charge
transfer was assigned to a non-planar molecular configuration. It is suggested here that ZnPc is also

bent on Pt(111), i.e., Zn is protruding out towards the surface and the organic rings are bent upward.
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4.2.3. ZnPc adsorption on Pt(111)-I surfaces

Adsorption of iodine on Pt(111) leads to two different reconstructions: (v/3 x /3), at 1/3 ML and
(7 xV/7) at 3/7 ML iodine coverage. On (v/3 x +/3), iodine occupies hollow sites. Adsorption
energy calculations have not been able to tell the fcc and hcp hollow sites apart on (v/3 x v/3). In
(v/7 x \/7), both of them have been suggested to be occupied together with the top site .

There are no observable peak shifts or changes in the relative intensity of Pt4f spectra from either of

the surfaces upon ZnPc adsorption, indicating that ZnPc¢ does not affect Pt in the presence of iodine
intermediate layer.

Molecular configuration

X-ray absorption spectra from ZnPc ML on both Pt(111)-1 surfaces, presented in Figure 4-2.4 point to
a flat-lying molecular configuration. ZnPc molecules show a tilted orientation in the thick film on
(V3 x +/3), however they remain flat lying on the (+/7 x v/7) surface. The origin of the tilt of ZnPc

film on the (/3 x v/3) surface is described as weaker molecule-substrate interaction at this surface,
compared to two other surfaces.

NEXAFS, N K-edge (a) NEXAFS, N K-edge (b)
ZnPc/Pt(111)-1,V3 x\3 ZnPc/Pt(111)-1, N7 x\7

A,
g st

.‘j\/\v\- ML-G “_j\/\/\ ML-G

Intensity(arb.unit)

T T T T T T
396 400 404 408 412 416 420 396 400 404 408 412 416 420
Photon Energy(eV) Photon Energy(eV)

Fig.4-2.4: N-K edge NEXAFS spectra of monolayers and thick films of ZnPc on (a) Ptl-(+/3 x v/3) and
(b) Ptl-(V7V7)R19°.
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4.2: ZnPc on Pt(111): structure, chemical interaction and charge transfer

Zn3d

Zn3d from 1ML of ZnPc on (v/3 x v/3) is located in higher BE compared to Pt(111), indicating to
reduced charge transfer from substrate to Zn. Besides, there is no coverage-dependent shift in Zn3d
spectra as depicted in Figure 4-2.5(a), implying a weak interfacial interaction. When ZnPc is adsorbed
on Pt(111)I-(v7 x +/7), Zn3d from ML also appears at higher BE with respect to ZnPc/Pt(111),
although slightly lower than on (v/3 x v/3) surface. As presented in Figure 4-2.5(b), there is a

coverage-dependent shift on (v/7 x /7). This shift (0.47 eV) is smaller than what was observed on
Pt(111) (1.1 eV).

(a) 7 Zn3d-hv:110 eV (b) ~ Zn3d-hv:110 eV
k\ ZnPc/Pt-y3xV3 SN ZPePtVTxT
ML
7
3ML

Intensity(arb.unit)

Binding Energy(eV) Binding Energy(eV)

Figure 4-2.5: VB spectra of ZnPc layers on (a) Ptl-(v3xv3)R30 and (b) Ptl-(v7 x V7).

Clsand N1s
Cls and N1s spectra from ZnPc on Ptl-(+/3 x +/3) in Figure 4-2.6 (a) and (b) demonstrate that they

can be fitted with only one component, meaning that there is no component induced by the interfacial
interaction. Opposite to Zn3d, binding energies of both C1s and N1s at ML are slightly lower than
their corresponding BEs on Pt. However, no coverage-dependent shift is observed for the sets of Cls
and N1s spectra, confirming the weak interaction at the interface.

Figure 4-2.6 (c) and (d) present Cls and N1s spectra from ZnPc on Ptl-(v/7 x /7). The binding

energies at ML are marginally lower than the ones on Ptl-(+/3 x v/3). However there are considerable
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line shape differences compared to Ptl-(v/3 x v/3); both C1s and N1s comprise chemically-shifted
components. The direction of these shifts implies the charge transfer from substrate to ZnPc.
Furthermore there are thickness-dependent shifts; ACg: 0.52 eV, ACp: 0.57 eV, AN: 0.52 eV and AZn:
0.47 eV. We conclude that the charge transfer at Ptl-(v/7 x +/7) is stronger than on (/3 x +/3) and
weaker than on Pt(111). A more crucial conclusion which can be drawn is that for both Pt-1 surfaces,
the charge transfer at the interface is more homogeneous than on Pt(111). The origin of the strong
ZnPc-Pt(111) interaction is mediated by the central atom (Zn), leading to a non-planar molecular
configuration. Insertion of iodine between Pt and ZnPc, reduces the interaction and causes a more even

charge distribution within the molecules and consequently a more “flat” molecular plane.

1 1 1 1 1 1 1 1 1 1 1
C1s, hv:382 eV N1s, hv:490 eV
ZnPc-Ptl-Ax3 a ZnPc-Ptl-~3x3
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T T T T T T T T T T
289 288 287 286 285 284 283 282 401 400 399 398 397 396

Binding Energy(eV) Binding Energy(eV)
nnnnnnnnn I FTTTRTTE A FRR RN TR NI FA AR A AR I AR RRARRATI ARARTRAATI ARARTRAATS ITTRAIERTTRRTR I RTTR TR FRRTRTR TR RN TRRTTRRI AARTRTRRTA ATTARTRARI ATRRTRAITS
Cls, hv:382¢ N1s, hv:490 eV
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Figure 4-2.6: (a) C1s spectra and (b) N1s spectra of ZnPc layers on Ptl- (v/3xv/3)R30" ; (c) C1s spectra and (d) N1s spectra
of ZnPc layers on Ptl- (V7xv/7)R19".
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4.3: Adsorption of ZnPc on TiO2(110)

4.3: Adsorption of ZnPc on TiO»(110)

4.3.1 Charge transfer at the interface

Contribution of the d-orbital of transition-metal phthalocyanine is crucial in the charge transfer
phenomena between MPc and oxide substrates. In order to get a clear image of interaction between
organic ligands and the substrate, ZnPc layers on TiO, are studied. The fact that Zn, having a fully
filled d orbital is located deep below the organic frontier orbitals enables us to investigate more on the
role of organic ligands in the interfacial interaction.

Selected core level spectra of C1s and N1s from ZnPc on TiO, are presented in Figure 4-3.1. Curve
fitted spectra are also included to better illustrate the different components of each spectrum. These
spectra demonstrate that two adsorption modes are coexisting already at the sub-monolayer region,
indicating island growth. These two adsorption modes belong to either interfacial molecules or more
bulk-like molecules. According to the gradual development of peaks, the higher binding energy
components are assigned to interfacial molecules, whereas the peaks at lower BE side represent bulk-
like molecules, which are not in direct contact with the substrate. This is in agreement with theoretical

studies, predicting a charge transfer from Pc to TiO,'%*%,

[FTRTTRTTRI FeTTeTeen | 1 aaaalisiaaal L 1
Clshv=382eV N1s hv = 490 eV
Curve Fitting (a)

Curve Fitting

Normalized Intensity [arbi. units.]
Normalized Intensity [arbi. units.]

ku ML
B,

e e takaariess BN Lt prrreT TrerTr e e e Trrerr prreT T
290 289 288 287 286 285 284 283 282 405 404 403 402 401 400 385 398 387 386

Binding Energy [eV] Binding Energy [eV]

Figure 4-3.1: Selected curve fitted spectra (a) C1s and (b) N1s. B, and P, represent benzene carbon and pyrrole carbon
atoms of interfacial molecules respectively. Bgand Pg represent the counterparts on bulk-like molecules. The energy level
alignment is guided with dot lines. In the C1s spectra (c), the shift between P, and Py is about 1.5 eV, while that of B, and Bg
is 0.8 eV. In N1s spectra, the shift between interfacial state and bulk like state is around 1.7 eV.
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An interesting observation is the thickness-dependent core level shifts. Different atoms of ZnPc
respond differently to increase of coverage from ML to TF. Based on our curve-fitting results, the gap
between Cg in the monolayer and thick film is 0.8 eV, while this difference is 1.5 and 1.7 eV for Cp
and N respectively. Discrepancy in the gap between interfacial and bulk-like molecular layers is due
to different electronic environment around each atom. These shifts are generally explained by initial
and final state effects. Since, the inner atoms (Cp and N) experience larger shifts, it is fair to say that
the central part has lower charge density and/or is less screened than the outer part. Zn3d spectra (not
shown here) showed two components also. The shift between two components of Zn3d is smaller than
Cls and N1s, in agreement with the suggested picture. Besides, our calculations propose that by
changing the charge distribution of the molecule, Zn will be influenced the least, since it is moderated
by the electron density of the organic ligands. Similar observation was reported before by Giovanneli

et al*®,

4.3.2. d-orbital

The inhomogeneous charge transfer screening is valid for ZnPc on TiO,, while a more even one was
reported for FePc on TiO,. The reasons for this inhomogeneity are summarized as following; 1) open
shell Fe d—orbitals contribute to the HOMO and participate in interactions with the substrate or
doping. However, the zinc metal center with filled d-orbitals is rather inert compared to Fe and is less
influenced by changes in the peripheral part of the molecule. The possible Pc-orbital hybridization
through the central atom, which may generate different screening for interface molecules depend on
the central metal atom. 2) Molecular tilt angle (30° for ZnPc) may block the direct contact between Zn
and substrate. Whereas, smaller angle reported for FePc, may facilitate this hybridization. 3) Shorter
theoretically calculated bond length for FePc (Fe-N~ 1.92 A) with respect to ZnPc (Zn-N~ 1.98 A)

may intrinsically influence the screening.

4.3.3. NEXAFS

X-ray absorption spectra are measured at the N K-edge and C K-edge, which are presented in Figure
4-3.2. Similar to core level spectra, absorption spectra show different components for molecules at the
interface and bulk-like molecules. The gap between interfacial contributions and bulk-like ones in
NEXAFS are smaller than the gaps observed in core level spectra; the gaps in NEXAFS are almost of
the same size for different components. Since the observed thickness-dependent shifts in NEXAFS
correspond to initial state effects, while the shifts in XP spectra correspond to both initial and final

state effect, the inhomogeneous thickness-dependent shifts for different atoms is assigned to different
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4.3: Adsorption of ZnPc on TiO2(110)

charge transfer screening of the interface layer via the substrate. Accordingly we can conclude that a

core excited benzene carbon is better screened by charge transfer from the substrate than a pyrrole one.

4.3.4. Lifetime of a core excited state

Another significant observation from Cls and N1s core level spectra (Figure 4-3.1) is in the
Lorentzian width of different peaks. We observe larger Lorentzian widths for interfacial components
than the bulk components. Lorentzian width corresponds to the lifetime of the core excited state, i.e., a
larger Lorentzian width points to a shorter lifetime. Hence, it is suggested that the core excited state

has a shorter lifetime in the interfacial molecules than the bulk molecules.
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Figure 4-3.2: (a) p polarization and (b) s polarization NEXAFS spectra at different coverage under. A and A" stand for the
first resonant transition from N1s to LUMO in bulk like molecule and interfacial molecule, respectively. Transition B and C
of the bulk like molecule and transition D of the interfacial state molecule represent the transition from N1s to higher empty

orbital «". () C K-edge NEXAFS spectra from 0.9 ML (top) and 3.8 ML (bottom). Spectra collected under p and s
polarization are plotted with black solid dot line and red void line. A and A; are the transition from Cg and Cp to LUMO for
the bulk like molecule, while A, and Az are attributed to the C1s transition to LUMO for the interfacial state. Transition B and
C stem from the excitation from C1s to higher empty ©_ orbital.
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4.4: Adsorption of MgPc on TiO,(110); (1 x 1) and (1 x 2)-cross linked
structures

The TiO»(110) surface can exist in different structures; (1 x 1), (1 x 2) and (1 x 2)-cross linked. Ball
models based on previous work of these three structures are shown in Figure 4-4.1. Large balls
represent oxygen and small balls are titanium. On (1 x 1), the yellow oxygen and the grey titanium
are in the same plane, while the orange oxygen is in bridge site on the Ti, sticking out from the
surface. On (1 x 2), the brown oxygen and the blue titanium form an added row structure with Ti,Os
stoichiometry. The cross-linked surface is formed by breaking the (1 x 2) rows and shifting a group

of atoms along [110] into the channels between the (1 x 2) rows. Crystal directions are indicated by

=M

arrows.

(1x1)-MPc (1x2)-MPc
PR RN
[001] .:::. : W ' :
(] () - -
[110] (1x2)-CL (1x2)-CL-MPc
o o Ti e

Figure 4-4.1: Top view atomic models of three different surface terminations on rutile TiO,(110); (1x1), (1%2) and cross-

linked (1x2). Small balls represent Ti and large balls are oxygen. Crystal directions and unit cells are indicated by arrows or

red rectangles. The unit cells are 3.1A x 6.35A for (1x1) and 3.1A x 12.7A for (1x2)-CL. Phthalocyanine molecules are also
added to the surfaces; with a red central atom, green nitrogen, black carbon and white hydrogen.

Upon adsorption of MgPc, the metal ion is centered on top of an oxygen atom and the benzene rings
are arranged between the oxygen rows. When MgPc is adsorbed on a (1 x 2)-CL, there are two
possible positions for MgPc. If MgPc is adsorbed on the cross-linked part, it lies flat (Figure 4-4.2(b)).
However, visible from the same STM image, the neighboring molecules look smaller compared the

circled molecule, implying a tilted orientation on the added rows.
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4.4: Adsorption of MgPc on TiO2(110); 1x1 and 1x2-cross linked structures

Figure 4-4.2: STM images from the (1x2) cross linked surface, (a) 380x560A? (+3.0V, 254 pA) from the clean surface (b)
and 235x250A2 (+1.7V, 30 pA) with a monolayer of MgPc.

4.4.1. Thick film

XPS and NEXAFS from C and N of the thick film of MgPc on TiO, surface showed molecular spectra
as observed before for different MPc thick films®*®. Investigations on XA spectra showed that line
profile of N K-edge spectrum is more influenced by the central atom compared to C K-edge spectrum,

due to the direct binding of half of nitrogen atoms to the metallic center.

4.4.2 Low coverage

In Figure 4-4.3, N1s and C1s spectra from low coverage MgPc on TiO; (1 x 1) and (1 x 2)-CL are
presented. All low-coverage spectra contain both an interface component and a “bulk-like”
component. The energy separations between these two components for different spectra are
summarized here. AEy(1x1)=17¢eV, AE(1x1)=0.7¢eV, AEy(1x2)=18eV and
AE:5(1 x 2) = 0.8 eV. Variation in the chemical shift for different atoms points to an inhomogeneous
charge transfer at the interface observed before for ZnPc adsorbed on TiO,2L. Even though, the N,
chemical shifts are almost the same, there is a difference between Cy shifts as well as their position for
the different substrates, which is originated by their different positions on the surfaces, resulting in a
different electronic environment and final state screening possibilities.

NEXAFS results from the low-coverage MgPc on TiO, surface (not shown here), show that there are
reacted and un-reacted molecules on both (1 x 1) and (1 x 2)-CL. The first layer on (1 x 1) is tilted.
Its LUMO-related first XAS peak is shifted from the first resonance of the un-reacted molecules by
0.9 eV. The un-reacted second layer is lying parallel to the surface. On (1 x 2) un-reacted molecules

are standing on the surface as-deposited.
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Figure 4-4.3: N1s and C1s spectra recorded from thin MgPc layers on (1x1) and (1x2)-CL.

The near-Fermi region spectra are shown in Figure 4-4.4. Positions and the line shape of HOMO peaks
of the second layer are different on different substrates. Modification of the substrate with intermediate
layers as well as molecular configuration influence the interface dipole®®*%. Our results point to a
discrepancy in interface dipole, which is induced by different electronic structure of the two surfaces,

as well as various molecular configurations at these surfaces.
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Figure 4-4.4: Photoemission spectra from the HOMO region recorded from monolayer films
on the (1x1) and (1x2)-CL surfaces.
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4.4: Adsorption of MgPc on TiO2(110); 1x1 and 1x2-cross linked structures

4.4.3. Band bending

Ols spectra from both surfaces with and without MgPc are presented in Figure 4-4.5(a) and (b). The
peaks are single-component, representing both surface and bulk atoms. Shift of the whole spectrum to
higher BE (0.25 eV) indicates a downward band-bending on the (1 x 1) surface after MgPc
adsorption, which is nicely supported by Ti2p spectra.

Our heat treated TiO, sample is conductive and an n-type semiconductor with the Fermi level 3.0 eV
above the valence band edge. Given that the band gap is 3.2 eV, the Fermi level is 0.2 eV below CBM.
After MgPc adsorption the Fermi level is above CBM and the surface becomes metallic with a small
charge accumulation layer in the sub surface region. On the other hand, no band bending is observed
when MgPc is adsorbed on (1 x 2)-CL. The binding energy of Ol1s and Ti2p on TiO, (1 x 2)-CL are
at the same position as their respective spectra on (1 x 1) after MgPc adsorption. Therefore, the Fermi
levels are at the same energy with respect to the band edges, which means that the (1 x 2)-CL surface
is already metallic before adsorbing MgPc. The additional charge from the monolayer of MgPc does

not suffice to shift the Fermi level further up in the conduction band.
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Figure 4-4.5: Ols and Ti2p spectra recorded from (1 x 1) and (1 x 2)-CL with and without MgPc.
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4.5: 4TBP on Pt(111): Dissociative bonding

Room temperature adsorption of 4TBP on Pt(111) is studied by XPS, NEXAFS and density functional
theory (Paper VI). Figure 4-5.1, shows the optimized adsorption geometry of 4TBP on Pt(111), which
illustrate that 4TBP is attached to the substrate with N and a neighboring carbon to three Pt atoms.
This adsorption dissociatively breaks the C-H bond and the hydrogen atom remains in a top-site. The
saturation coverage at room temperature is 0.2 ML, leaving 0.2 ML of the surface atoms, free from
adsorbates (since four Pt atoms are engaged with one 4TBP molecule.). Our NEXAFS spectra
suggested an almost up-right configuration of the molecule on Pt(111) (~72°), which is in reasonable
agreement with the theoretically predicted orientation. N1s peak from the 4TBP layer on Pt(111) is
centered at 399.2 eV, close to reported values for N-containing adsorbates on Pt(111) and NH (399.0

and 399.7 eV respectively)'**

, confirming the N-Pt bond.

Pt 4f spectra from the clean Pt surface and under 4TBP are presented in Figure 4-5.2(a). In the clean
substrate spectrum, there are two peaks; S peak represent the surface atoms and B peak represent Pt
atoms from the bulk. The surface shift is 0.41 eV in agreement with literature'®'%. Upon adsorption
of 4TBP, as shown in Figure 4-5.2 (a), two more peaks develop on expense of the surface peak. The
sum of integrated area of two chemically-shifted peaks (C and H) and S is almost of the same size as S
on the clean surface. Relative intensity of the S peak is 11% at the saturation coverage, which is 1/5 of
its intensity in the clean Pt spectrum, pointing to the fact that 1/5 of Pt atoms are not influenced by

adsorption of 4TBP.

Figure 4-5.1: Optimized adsorption geometry from DFT.
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4.6: 4TBP on TiO2(110); Bond site and band bending
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Figure 4-5.2: (a) Pt4f spectra from clean Pt(111) and and after saturation of the surface by 4TBP. (b) C1s spectrum from
saturated layer of 4TBP on Pt(111).

C1s spectrum of saturated layer of 4TBP on Pt(111) in Figure 4-5.2 (b) consists of three peaks. From
the molecular configuration on Pt, given in Figure 4-5.1, C atoms can be classified in three groups;
butyl carbons (4 atoms), pyridine ring carbons (4 atoms) and pyridine carbon which is bound to Pt (1
atom). From the relative intensities presented by C1s curve-fitted spectra, C1 can be assigned to the C
which is bound to surface. C2 and C3 are separated from each other by 0.68 eV and according to our

calculations, C2 represent pyridine carbons and C3 is assigned to butyl carbons.

4.6: 4TBP on TiO,(110); Bond site and band bending

4 tert-butyl pyridine (4TBP), which is an important additive to the redox electrolyte in dye-sensitized
solar cells, is adsorbed on a single crystalline TiO,(110). In this study, the effect of 4TBP adsorption
on defect state of TiO,is studied using XPS and DFT calculations (Paper VII).

Ti2ps, and O1s spectra from clean substrate and under different layers of 4TBP are presented in
Figure 4-6.1(a) and (b) respectively. Our sample preparations cause reduction of the sample and
consequently creation of oxygen vacancies in the oxygen rows. This will create Ti** under the missing
oxygen. Ti*" shows up as a hump in the lower BE side of the main Ti2ps, peak. The main peak of
Ti2ps;, spectrum represents Ti*" (5-coordinated Ti at the surface and bulk Ti ions). Upon 4TBP
adsorption, there are two significant observations; disappearance of the Ti** peak and the shift of both
Ti2ps, and O1s to lower BE by 0.15 and 0.2 eV respectively. Vanishing of Ti** peak, already at 0.02
ML adsorption of 4TBP, indicates that the oxygen vacancy is the preferred bond site for 4TBP

molecules, also reported for 4-methylpyridine on TiO,'".
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Results and discussion
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Figure 4-6.1: Ti2p (a) and O1s (b) spectra from TiO,(110) after different preparations.

For binding energy shift to lower BE, from clean surface to 1ML (saturated layer), one could think of
chemical shifts, however presence of this shift already at 0.02 ML, suggest an adsorption-induced
band bending (shift of the band edges). As illustrated in Figure 4-6.2(a), there is a surface state at
about 1 eV below Fermi level, which corresponds to nonbonding Ti3d electrons at oxygen vacancies.
This state was reduced due to adsorption of 4TBP and since the reduction of surface state intensity is
more pronounced than the rest of the spectrum, it confirms the preferred 4TBP bond site, which is also

supported by our calculations.
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Figure 4-6.2: (a) Valence band spectra from the 4TBP/TiO, interface compared with that of clean sample. Inserted image is

the enlarged part of the VBM and surface state. Schematic illustration of the charge transfer and band bending (b) before and

(c) after 4TBP adsorption. Dash line is Fermi level (Eg). CB and VB are conduction band and valence band, respectively. Dot

lines in (c) are reproduced from the band edge of (b) to highlight the band shift. Arrows are indicating the direction of charge
transfer.

On the other hand, results of C1s and N1s (not shown here) demonstrate no BE shift for N1s, while
C1s experience a shift to higher BE upon 4TBP adsorption. The single N1s peak, which does not

undergo any coverage-dependent shift, indicate a homogenous adsorption geometry; our calculations
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4.6: 4TBP on TiO2(110); Bond site and band bending

also point to an up-right configuration, in which N is bonding to Ti, as demonstrated in Figure 4-6.3(a)
and (b). Besides, absence of coverage-dependent shifts in N1s spectra proves that nitrogen does not
play the role of either electron donor or acceptor. Thus it is not the reason for observed band bending.
As shown in Figure 4-6.2(b), upon heat treatment and formation of oxygen vacancies, substrate
becomes n-type and a downward band bending is expected. By adsorption of 4TBP, the electrons from
the surface state migrate to the molecules. Since nitrogen does not participate in this charge transfer,
electrons from surface state end up in the pyridine ring. Figure 4-6.3(b) demonstrates that N penetrates
in to the vacancy, enabling the molecular =* to hybridize with the Ti3d orbitals. This explains the
presence of coverage-dependent shifts in C1s spectra.

Typical density of oxygen vacancies in a good surface is ~ 8%, meaning that the dominant adsorption
site for 4TBP on this surface is Ti rows (Ti*"). Ti in these rows have less additional charge compared
to oxygen vacancies, resulting in higher BE of Cls spectra in 1ML compared to sub-monolayer

spectra.

Figure 4-6.3: (a) Optimum geometry in the vacancy given by the calculations.
(b) Calculated charge distribution Oxygen, titanium and nitrogen are indicated by red, white and blue spheres. Red, yellow
and blue areas in the distribution map label the high, medium and low density of electrons. Nitrogen binds with two
neighbouring titanium atoms, as indicated by the black arrows.
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Conclusion and future work

Chapter 5

Conclusion and future work

The research work presented in this thesis is focused on synchrotron-radiation-based

spectroscopy methods as well as STM, both conducted in UHV. The experiments were carried

out using three different MPcs (M: Fe, Zn, Mg) adsorbed on three different substrates;

Au(111), Pt(111) and TiO,(110). The molecular configuration in various coverages as well as

the charge transfer at the interface was studied. Besides, experiments on 4TBP adsorption on
Pt(111) and TiO,(110) were performed.
Moreover, the effect of iodine as an intermediate layer on Pt and Au as well as the influence

of different surface reconstructions on TiO,(110) was also investigated.

Monolayers and thick films of MPc (M: Fe, Zn, Mg) are adsorbed on Au(111),
Pt(111), TiO»(110) 1 x 1 and 1 x 2-cross-linked. General charge transfer is observed
for MPc adsorbed on Au(111) and TiO2(110) to be from molecules to the substrate.
However, when MPc was adsorbed on Pt(111), a different charge transfer direction
was perceived; from Pt(111) to MPc.

Both FePc and ZnPc were adsorbed on Au(111) and this study demonstrates the effect
of the d-orbital filling on the central metal atom of the Pc on the charge transfer at the
interface. Fe has unoccupied d orbitals and both HOMO and LUMO of FePc have
contributions from the Fe3d, while in Zn, the d-shell is fully filled. This induces
hybridization of Fe with Au and results in stronger bond between FePc and the
substrate with respect to ZnPc. The FePc film has a higher conductivity, manifested as
an absence of coverage-dependent shifts in the core level spectra. The direct
interaction of FePc with Au is nicely demonstrated in the appearance of the former

LUMO peak just below the Fermi edge.
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Beside, FePc and ZnPc which were lying flat on the substrate at the monolayer
regime, have different molecular at the thick film. FePc, possessing higher
intermolecular interaction in the thick film, holds an upright configuration, while ZnPc
molecules keep the flat configuration.

ZnPc was adsorbed on three substrates; Au(111), Pt(111) and TiO,(110). The
interfacial interaction was weaker on Au, compared to the two other surfaces. C1s and
N1s spectra from both a monolayer and a thick film of ZnPc on Au(111) showed
molecular line profile, whereas monolayer spectra of ZnPc on Pt and TiO, were
strongly disturbed, due to interaction with the substrate. Moreover, ZnPc form a well-
ordered monolayer on Au, while on Pt and TiO, molecules are arranged in different
layers already at the ML coverage. Stronger interfacial interaction with Pt and TiO,
also results in inhomogeneous charge transfer and a non-planar configuration for
ZnPc. Upon inserting the iodine layer between ZnPc and Pt, this interfacial interaction
as well as the inhomogeneity is reduced. The iodine between ZnPc and Au(111) also
led to reduction of charge transfer at the interface.

Adsorption of MgPc on TiO»(110) 1 x 1 and 1 x 2-cross-linked illustrated the
influence of the surface structure on the molecular configuration. Besides, adsorption
on 1x1 led to a 0.25 eV downward band bending at the surface. It creates a charge
accumulation layer, with the Fermi level above the conduction band minimum. In
1 x 2-cross-linked surface, Fermi level is already above CBM, and no further band
bending is observed.

Adsorption of 4TBP on Pt(111) dissociatively breaks the C-H bond, and the molecules
are adsorbed with N and the neighboring H-free carbon to Pt. However upon
adsorption of 4TBP on Pt(111)-1 surfaces, dissociation does not take place. Two

different iodine structures were formed at the surface. When 4TBP is adsorbed on Pt-
I(\/§ X \/§) a competition between 4TBP and iodine to directly bind to Pt(111) was

observed, but on Pt-1(v/7 X ¥/7), 4TBP was not in direct contact with Pt(111). Thus
4TBP may affect the adsorption and release in DSSCs.

4TBP adsorption on TiO,, demonstrated that oxygen vacancies are favored bond sites
for 4TBP at the low coverage. Adsorption of 4TBP on the oxygen vacancies “heal”
those sites and the gap state related to these vacancies is significantly reduced.
Electrons are transferred to m*orbitals of the pyridine ring, and as consequence of this

charge transfer, the substrate band edge is shifted.
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Conclusion and future work

There are a few suggested experiments, related to the work presented in this thesis which can

be of interest to be investigated in future.

Performing experiments on different molecules as dyes, preferably common dyes
which are proven to give high efficiency when applied in dye sensitized solar cells.
Also studying different substrates and intermediate layers to develop the atomic-level
studies closer to the realistic working situation of DSSCs. In order to do so, there
might be a need to use high pressure measurements and in liquids.

Performing X-ray Standing Wave measurements to study the atomic distances from
the substrate. Studies done in this thesis demonstrated that characteristics of the charge
transfer, the molecular configuration and the electronic structure are influenced by
atomic distances.

Carry out XMCD experiments on transition metal phthalocyanines to further
investigate their magnetic properties.

STM measurements on MPc adsorbed on Au-1(5 x v/3) and investigate the effect of
charge density waves on the MPc adsorption, both molecular configuration and

electronic distribution.
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